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a b s t r a c t 

Elastocaloric cooling is emerging as one of the most promising alternatives to vapor-compression cooling 

technology. It is based on the elastocaloric effect (eCE) of shape memory alloys (SMAs), which occurs 

due to a stress-induced martensitic transformation (superelasticity). In recent years, several elastocaloric 

proof-of-concept devices have been developed and the best of them have already achieved commercially 

relevant cooling characteristics. However, the proposed devices are not yet ready for commercialization, 

mostly due to their short fatigue life, which is a consequence of the tensile loading. The fatigue life 

can be significantly improved if the material is instead subjected to compressive loading, but mechanical 

instabilities (buckling) and the poor heat transfer of bulky geometries (favorable for compression) are 

the major challenges to overcome when designing compressed elastocaloric elements. Here, we show 

for the first time that thin-walled Ni-Ti tubes, which allow for the rapid heat transfer, can withstand 

more than 10 6 compressive loading cycles without any degradation of the eCE while maintaining high 

efficiency (coefficient of performance) and adiabatic temperature changes as high as 27 K. This is the 

largest, directly measured, durable eCE for any elastocaloric material in the high-cycle fatigue regime to 

date, and so opens up new avenues in the development of durable and efficient elastocaloric devices. 

© 2020 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license. 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Shape memory alloys (SMAs) have two unique properties, i.e.,

heir shape memory effect and their superelasticity, both of which

re consequences of a first-order martensitic transformation be-

ween a high-temperature, high-symmetry phase (austenite) and a

ow-temperature, low-symmetry phase (martensite). An important

eature of SMAs that has made them very promising candidates

or non-vapor-compression cooling applications [1] is their elas-

ocaloric effect (eCE) [2] , i.e., the ability to generate/absorb heat

hen subjected to a suitable mechanical load. Accordingly, in elas-

ocaloric cooling, superelastic SMAs are mechanically actuated so

hat the latent heat of the transformation is released to a heat sink

during the forward martensitic transformation) and absorbed by a

eat source (during the reverse martensitic transformation). When

hese transformations occur at high strain rates (i.e., in nearly adia-
∗ Corresponding author. 
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atic conditions), the latent heat does not have enough time to be

ransferred to the surroundings and consequently the SMA heats

p during loading (forward transformation) and cools down dur-

ng unloading (reverse transformation). In recent years the elas-

ocaloric behavior of several SMAs has been investigated. The most

idely studied elastocaloric alloy is the binary Ni-Ti alloy, in which

diabatic temperature changes of up to approximately 25 K have

een measured [3–5] . It has been shown that alloying Ni-Ti with

u, Co and/or V can reduce the hysteresis [6–8] and increase the

atigue life [ 9 , 10 ], but in turn can reduce the adiabatic tempera-

ure changes. The eCE has also been analyzed in some Cu-based

11–13] and Fe-based [ 14 , 15 ] SMAs as well as in magnetic SMAs

 16 , 17 ] and shape memory polymers [18] . Very recently, a colossal

CE with an adiabatic temperature change of 31.5 K has been dis-

overed in the Ni-Mn-Ti-B alloy system [19] . This is the largest re-

roducible caloric effect ever measured directly in any solid mate-

ial. Nevertheless, the structural and functional fatigue behavior of

his material has not been studied yet. Furthermore, recent investi-

ations show that additively manufactured Ni-Ti components have
under the CC BY-NC-ND license. 
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very promising mechanical and elastocaloric properties [ 20 , 21 ], but

further research in this relatively new field [22] is necessary before

such components can be widely applied. The interesting concept of

a composite element (made of a thin Ni-Ti strip and a base poly-

mer) subjected to bending, which can reduce the required forces

for the transformation, while keeping the Ni-Ti strips under pure

tension or compression loading, has been proposed in [23] . A more

comprehensive review of elastocaloric materials can be found in

[ 24 , 25 ]. 

Based on these large and potentially very efficient eCEs, the

US Department of Energy [1] and more recently also the Euro-

pean Commission [26] selected elastocaloric cooling as the most

promising future alternative to vapor-compression cooling technol-

ogy, which is over a century old, relatively inefficient and contin-

ues to use refrigerants that are harmful to the environment [27] .

Due to the expected exponential worldwide increase in cooling and

in particular air-conditioning demands in the coming decades [28] ,

the development of an alternative, non-vapor-compression tech-

nology is becoming one of the most urgent environmental con-

cerns. Here, elastocaloric cooling can play an important role, since

it can be more efficient than vapor-compression [2] and environ-

mentally friendly due to its use of harmless, solid-state refriger-

ants. 

In recent years the first elastocaloric proof-of-concept devices

have been developed and tested. They range from single-stage de-

vices with a contact solid-to-solid [29–31] or convective [32] heat

transfer to more complex multi-stage devices utilizing heat recov-

ery [33] , active regeneration [ 2 , 34 , 35 ] and cascade [36–38] prin-

ciples, most of which (except [ 33 , 36 ]) are based on tensile load-

ing. In a single-stage elastocaloric cycle, the maximum tempera-

ture span is limited by the adiabatic temperature changes of the

elastocaloric material. Therefore, such systems can only operate

around the surrounding temperature, without generating a signifi-

cant temperature span. On the other hand, multi-stage cycles can

generate temperature spans that can be much larger than the adi-

abatic temperature changes of the elastocaloric material itself. This

is crucial for most practical cooling applications where tempera-

ture spans (between the heat sink and the heat source) of more

than 30 K are typically required. To date, the best overall cooling

and heat-pumping characteristics have been obtained using active

elastocaloric regenerators (analogous to the active magnetic regen-

erators widely applied in magnetic refrigeration [39] ) in which a

temperature span of 20 K, a specific heating power of 800 W per

kilogram of the elastocaloric material and an exergy efficiency of

20 % were demonstrated [ 34 , 35 ]. The aforementioned elastocaloric

regenerator [34] was made out of 0.25 mm thick Ni-Ti dog-bone-

shaped sheets that were subjected to tensile loading. In such a ge-

ometry, thin walls, a small hydraulic diameter and a large specific

heat-transfer area provide fast and efficient heat transfer between

the elastocaloric material and the heat-transfer fluid, which results

in good cooling and heat-pumping properties, but a very limited

fatigue life (only up to 60 0 0 cycles [35] ) as a result of the tensile

loading. 

However, despite the considerable number of studies on the fa-

tigue life of SMAs (mostly the binary Ni-Ti alloy) subjected to ten-

sion or bending [40] , their fatigue life in compression has been

studied much less. For example, it has been shown that in tension,

a durable operation (with a high-cycle fatigue of over 10 5 cycles)

can be achieved in the Ni-Ti alloy with strains below 2 %, which

correspond to relatively small eCEs (up to 8 K) [ 40 , 41 ]. Chluba et al.

[ 9 , 10 ] demonstrated an ultra-low-fatigue Ni-Ti-Cu-Co thin film pro-

duced by sputtering deposition that can withstand 10 million load-

ing cycles under tension with a strain of up to 2.5 % (and adia-

batic temperature changes of up to 10 K). However, the applied

sputtering-deposition technique is still too time consuming for the

large-scale production of this material, which would be required
n practical cooling or heating applications. On the other hand, it

as been shown recently that SMAs under compression can have

 significantly longer fatigue life compared to those under tension

 42 , 43 ]. The first studies on Ni-Ti cylinders and cubes under com-

ression confirmed a significant improvement in the fatigue life

ompared to tension, with up to 70 million loading cycles [ 44 , 45 ].

his is very encouraging, but bulky cylinders or cubes are not

articularly interesting for elastocaloric technology (in comparison

ith thin-walled geometries) because of their poor heat-transfer

roperties (i.e., the long thermal time constant) and the required

igh transformation forces due to their large cross-sectional ar-

as. Due to the importance of a rapid heat transfer between the

lastocaloric material and the heat-transfer fluid, thin-walled Ni-

i superelastic tubes loaded in compression appear to be ideal

andidates for applications in elastocaloric regenerators. However,

rior to their use in elastocaloric regenerators, their buckling sta-

ility [46–48] , fatigue life and any possible degradation of the elas-

ocaloric effect and its efficiency after fatigue cycling should be in-

estigated in detail, which is the main objective of this work. 

In addition, this work presents the new concept of a tube-

ased structure that can act as an efficient elastocaloric regener-

tor ( Figure 1 ). Our initial, experimental, thermo-hydraulic evalua-

ion of such a structure shows that it could be an excellent com-

romise between packed-bed and parallel-plate geometries, which

re normally used for solid-state caloric cooling, since they exhibit

 high heat-transfer coefficient and a small pressure drop [49] . The

eminal idea for this structure was first proposed in 2018 by Tušek

t al. [50] . In the structure the tubes are stacked and supported

y additional elements that prevent them from buckling and guide

he heat-transfer fluid in a cross-flow around each tube (similar

o a shell-and-tube heat exchanger). Thus, the fluid flows from the

ide of the regenerator and not through the bulky and complex

oading grips at the top/bottom of the regenerator, as in the case of

he first presented tube-based elastocaloric structure [33] , where

 tight bundle of tubes that support each other is used (and the

uid flows inside the tubes). In the proposed configuration shown

n Figure 1 , the tubes are completely independent of each other.

herefore, a thorough understanding of a single tube’s behavior

rom the functional and fatigue-life points of view is crucial for

he fabrication of the mechanically stable and durable elastocaloric

egenerators proposed here. Furthermore, an important feature of

he tube-based elastocaloric regenerator shown in Figure 1 is also

he possibility of stacking tubes with different properties (i.e., dif-

erent austenitic transformation finish temperatures – A f ) along the

ength of the regenerator where the temperature span is estab-

ished (i.e., a layered elastocaloric regenerator – see [51] for de-

ails). Each bundle of tubes in a layered tube-based elastocaloric

egenerator (where each covers a portion of the total temperature

pan) could be made of different tubes with an appropriate A f that

s relatively near their working temperature. With that the temper-

ture range that each tube needs to cover would be smaller and

he required transformation stress would be reduced compared to

he case where tubes of a single A f are used along the length of

he regenerator. This would also improve the tube’s buckling sta-

ility as well as the functional stability and adiabatic temperature

hanges, which, in the case of Ni-Ti alloy, decrease with increas-

ng the temperature range (and consequently the required trans-

ormation stress), as shown and discussed in [ 4 , 52 ]. Applying a

ayered elastocaloric regenerator, therefore, reduces the otherwise

rucial importance of covering a large temperature range with a

ingle elastocaloric element in practical devices (therefore, in this

ork the tubes are evaluated only at a constant (ambient) temper-

ture, with A f being –7.3 °C). Nevertheless, each elastocaloric mate-

ial needs to be evaluated at the required temperature range be-

ore being employed in an actual device (according to the desired

orking temperatures and the temperature span). For details on
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Figure 1. Schematic representation of a tube-based regenerator and the experimental setup for testing a single tube. 
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he testing of different elastocaloric materials over a wider tem-

erature range see, e.g., [ 4 , 8 , 11 , 13 , 15 , 17 ]. 

. Results and discussion 

.1. Buckling-stability analysis 

In the first step of this study the buckling stability of the Ni-Ti

hin-walled tubes (with outer diameters of 3 mm and wall thick-

esses of 0.25 mm) of various gauge lengths under different com-

ressive loads was investigated both experimentally and theoreti-

ally. Figure 1 shows a schematic representation of the experimen-

al setup, which consists of a universal testing machine equipped

ith an optical and an infrared camera. A special custom-made

older that supports both ends of the tube (see Figure 1 ) and en-

ures uniaxial loading of the tubes was used. The details of the

uckling-stability experiments are given in Section 4 . Materials and

ethods. Furthermore, a new numerical model for the buckling

nalysis has been developed to simulate the relationship between

he critical buckling stress and the length of the tubes. The model

ses 1D truss-beam finite elements based on the Euler-Bernoulli

eam theory [53] , also including the axial displacement. The de-

ails of the model are presented in Appendix A. Supplementary

ata. Figure 2 (a) shows the critical stresses at which the first

nstabilities were experimentally detected in tubes of six differ-

nt lengths and compares them with the model predictions. Both

he experimental and simulation results indicate the existence of a

ritical length below which the buckling stress is high enough to

llow for a complete martensitic transformation, i.e., for the mate-

ial to reach the end of the transformation plateau before the tube

uckles. The simulation results are shown for two different bound-

ry conditions, i.e., for simple-simple (SS) and fixed-fixed (FF) sup-

orted ends of the tubes. As seen from Figure 2 (a), the model cor-

ectly predicts the trend of the dependency, but the critical buck-

ing stresses for tube lengths longer than 12 mm are overpredicted

or both boundary conditions. This is most likely due to the 1D

ature of the model, which does not account for the local (shell-

ike) instabilities that initially occur in the tubes (see Figure 2 (b)),

nd to various existing imperfections in the experiment, e.g., the

efects of the geometry of the tubes, the imperfect gripping, etc.

n the other hand, the experimentally determined critical length

t which the material can be fully transformed without the tube

uckling, lies between the results of the two boundary conditions

ssumed in our model. This indicates that the actual supports at

he ends of the tube act elastically (in between the simple and the

xed conditions). 

The buckling response is generally a function of the geome-

ry, the material properties and the boundary conditions (type of

ube gripping). In uniaxial compressive experiments, such as ours,

he tube can act both as a shell (when relatively short) and as
 beam (when relatively long). This means that the loss of sta-

ility might be localized (a “shell-like” response) and/or that the

ube might bend globally (a “beam-like” response). Theoretically,

he critical buckling stress of a shell is independent of the length

f the shell, whereas the critical buckling stress of a beam scales

ith the inverse of the square of the beam’s length [54] . In our

xperiments both types of responses were observed. In the case of

 14 mm long tube ( Figure 2 (b)), we find a “shell-like” response

ith a non-axisymmetric buckling mode with two circumferential

aves, i.e., two dimples on the surface of the tube. Therefore, we

ould expect these tubes to respond as a shell for lengths ≤ 14

m and that the critical buckling stress would not be affected by

ny further shortening of the tube, but as we find, the tubes are

table at the stress that corresponds to the end of the transforma-

ion plateau at lengths < 12 mm. We attribute this response to the

oundary effect due to the supported ends of the tube (the condi-

ions near the supports/grips are not the same as in the mid-length

f the tube, where it can respond as a shell). This means that if the

ube is short enough the dimple wavelength can be comparable or

ven longer than the length of the unaffected region of the tube,

way from the supports, which is why short tubes ( < 12 mm) do

ot buckle at all (even as a shell) and can therefore be loaded over

he entire transformation plateau. Furthermore, we find that the

ube behaves like a beam when it is relatively long (compared to

he diameter), i.e., in the cases of 18 mm and 20 mm, as shown

n Figure 2 (c) and (d). Both 18 mm and 20 mm long tubes have

 similar snap-buckling mode at the beginning of the phase trans-

ormation with an ovalization of the cross-section that is followed

y kinking and then by global bending of the whole structure un-

il it collapses. As shown in Figure 2 , the 14 mm long tube showed

ome instability in the first loading cycle, but it only failed in the

hird cycle, while longer tubes buckled in the first loading cycle.

 particularly interesting phenomenon occurred during the testing

f 18 mm tubes ( Figure 2 (c)), where after the initial instabilities

point 2), the tubes buckled noticeably (point 3) and then unbuck-

ed (point 4) before collapsing (point 5). A similar phenomenon

as also observed in another study [55] , where it was attributed to

 special sequence of softening/stiffening caused by the asymmet-

ical progress of the phase transformation on the opposite sides of

 SMA tube. 

.2. Functional fatigue and fatigue life 

In the next step, six identical tubes of 10 mm gauge lengths

safe buckling length) were trained (stabilized) – see Section 4 .

aterials and methods for details. As shown in Figure 3 , during

raining, the typical stabilization of the superelastic response oc-

urs [ 4 , 52 , 56 ] where the transformation start stress, hysteresis loop

rea and recoverable strain decrease in each cycle, while the ac-

umulated residual strain increases. It is interesting to note from



4 L. Porenta, P. Kabirifar and A. Žerovnik et al. / Applied Materials Today 20 (2020) 100712 

Figure 2. (a) Critical buckling stress of the tubes under compression as a function 

of a tube’s gauge length observed experimentally and predicted by the theoretical 

model under fixed-fixed (FF) and simple-simple (SS) support conditions and stress- 

strain curves together with the corresponding images of (b) a tube of 14 mm length, 

(c) a tube of 18 mm length and (d) a tube of 20 mm length. 
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igure 3 that after 100 training cycles the mechanical (superelas-

ic) responses (in particular, the hysteresis loop area and the re-

overable strain) are not yet fully stabilized, whereas after only 50

raining cycles the temperature changes are already very well sta-

ilized. After the training, four of the six tubes (F1, F2, F3 and F4)

ere subjected to fatigue cycling, while two tubes (T1 and T2) re-

ained in the trained-only condition to serve as a reference for

 later comparison of the adiabatic temperature changes with fa-

igued tubes (see Section 4 . Materials and methods for details).

ost importantly, all four fatigue tubes (F1-F4) withstood 10 6 fa-

igue cycles (set as the runout value) without suffering any visible

tructural damage, which is one of the most crucial preconditions

or practical elastocaloric applications. Figure 4 (a) shows repre-

entative stress-strain curves for the fatigue cycling (of tube F3)

nd Figure 4 (b) shows the variations in the mean hysteresis-loop

rea and the mean recoverable strain as a function of the num-

er of cycles for all four fatigued tubes (the error bars indicate

he standard errors of the mean value). It is evident that although

he tubes were trained before the fatigue tests, their mechanical

esponse becomes completely stable only at about 7.0 × 10 5 cy-

les (this number is significantly higher compared to the case of

ension, where full stabilization was achieved already after 10 4 cy-

les [41] ). To evaluate the functional fatigue from the eCE point of

iew, the adiabatic temperature changes of all the fatigued tubes

F1-F4) as well as of the trained-only tubes (T1 and T2) were mea-

ured. Figure 5 (a) shows the representative adiabatic (for tube F3)

nd isothermal (for tubes F3 and T1) stress-strain curves. A differ-

nce in the isothermal responses of the fatigued and the trained-

nly tubes, which can be attributed to the additional mechanical

tabilization that occurs during fatigue cycling, is clearly visible.

igure 5 (b) shows the mean adiabatic temperature changes as a

unction of the mean applied strain with their corresponding stan-

ard errors of the mean value for the two trained-only tubes and

he four fatigued tubes. Both sets of tubes, the trained-only and the

atigued ones, achieved adiabatic temperature changes of 27 K and

0 K at the ends of loading and unloading half cycles, respectively

see Figure 5 (b)). As expected, the adiabatic temperature changes

uring loading are larger than those of unloading, which is mostly

ue to the intrinsic mechanical dissipative heat caused by the in-

ernal friction in the elastocaloric material during a superelastic

ycle that is also manifested through hysteresis [ 4 , 5 , 57 ]. However,

t is very encouraging that the fatigue cycling does not cause any

egradation of the thermal response, which is in contrast to the

echanical response under the same conditions ( Figure 4 (b)).

he adiabatic temperature changes of the fatigued tubes are, espe-

ially for the medium applied strains, even noticeably higher than

hose of the trained-only tubes. This is related to the decrease in

he transformation stress during the fatigue cycling, which in turn

eans that the transformation and the corresponding eCE occur

t lower strains (as also noticed in [44] ), while the total amount

f transformed material remains the same (the adiabatic tempera-

ure changes at the end of the transformation plateau are the same

or the fatigued and trained-only tubes). To further investigate the

mpact of the fatigue cycling, an X-ray diffraction analysis on fa-

igued (F4) and as-received tubes was performed. It is clear from

igure 5 (d) that the residual martensite accumulates because of

he fatigue cycling, which is in line with the degradation of the

echanical response ( Figure 4 ). In the fatigued tube (compared to

he as-received one) the austenite peaks broaden slightly, their in-

ensity decreases (some peaks are lost in the background and be-

ome undetectable) and an additional martensite peak becomes

isible, which is in agreement with [58] . 

Nevertheless, in addition to fast and efficient heat transfer, a

recondition for an efficient elastocaloric device is an efficient eCE

f the material itself. The efficiency of the elastocaloric material

an be expressed through the material’s coefficient of performance
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Figure 3. (a) Stress-strain curves of tube T2 during training and variations in (b) the mean hysteresis-loop area, (c) the mean total strain, (d) the mean recoverable strain 

and (e) the mean residual strain of all the tubes during training (with error bars showing standard errors of the mean values); and (f) temperature changes of tube T2 during 

loading and unloading as a function of the number of training cycles. 

Figure 4. (a) Stress-strain curves of tube F3 during fatigue cycling and (b) the corresponding variations in the mean hysteresis-loop area and the mean recoverable strain as 

a function of the number of fatigue cycles. 
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t  
 COP mat ) that is defined as the ratio of the heat generated during

he elastocaloric effect and the input work required to (un)load the

aterial [59] : 

O P mat = 

ρ · c · �T ad ∮ 
σdε 

, (1) 

here ρ , c, �T ad , σ and ε are the density of Ni-Ti (6500 kg/m 

3 ),

ts specific heat (430 J/kgK), the adiabatic temperature changes, the
tress and the strain, respectively. Figure 5 (c) shows the mean ma-

erial’s COP values of the trained-only tubes and the fatigued tubes

alculated based on the adiabatic temperature changes (shown in

igure 5 (b)) and the corresponding stress-strain curves (shown in

igure A5 in Appendix A. Supplementary data). We can see that

he calculated COP mat values decrease with the applied strain, since

he input work increases more rapidly with increasing the strain

han the adiabatic temperature changes do. As expected, due to
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Figure 5. (a) Adiabatic and isothermal stress-strain curves of fatigued tube F3 and isothermal stress-strain curve of trained-only tube T1; (b) mean adiabatic temperature 

changes ( �T ad ) of the fatigued and the trained-only tubes as a function of mean strain during loading and unloading; (c) mean material’s COP values of the trained-only 

tubes and fatigued tubes as a function of applied strain (error bars indicate standard errors of the mean values) and (d) X-ray diffraction patterns of an as-received and a 

fatigued tube (F4). 
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m  
the hysteresis losses, the heating COP mat values (during loading)

are larger than the cooling COP mat values (during unloading). As is

also clear from Figure 5 (c), the tubes after fatigue cycling exhibit a

higher COP mat than the trained-only ones (especially for moderate

applied strains), which is mostly due to higher adiabatic tempera-

ture changes of the fatigued tubes (see Figure 5 (b)). A maximum

COP mat value of above 20 was obtained at the smallest applied

strain, while a COP mat of around 6 was obtained at the highest ap-

plied strain. These values are, in general, comparable (with respect

to the applied strain/stress) with other materials’ COP values mea-

sured for Ni-Ti cubes, cylinders [ 44 , 45 ] and wires [3] under com-

pressive loading and are higher than those measured under tensile

loading [3] , thus showing significant potential for developing effi-

cient elastocaloric devices. 

3. Conclusions 

In summary, we have shown that all the tested thin-walled Ni-

i superelastic tubes of a safe buckling length can survive more

than 10 6 fatigue cycles without any visible structural damage.

Subsequent adiabatic cycles applied to both the fatigued and the

trained-only tubes showed that in both cases, adiabatic temper-

ature changes of 27 K and 20 K in the loading and unloading

half cycles could be generated. This confirms that, in contrast to

the mechanical response, the eCE of the tubes does not degrade

during the fatigue cycles (and even increases for medium applied

strains). The adiabatic temperature changes measured in this study

are significantly larger than any other durable adiabatic tempera-

ture changes measured to date (considering the studies in which

the runout was set for the high-cycle fatigue regime ( ≥10 5 cy-

cles)). We have shown that thin-walled elastocaloric tubes (that

allow for fast and efficient heat transfer) are very promising ge-

ometries for elastocaloric cooling. The fatigue-resistant operation
f several identical tubes for over 1 million cycles (in combination

ith a high, durable and efficient eCE) shows enormous potential

or practical applications for which a fatigue life of well over 1 mil-

ion cycles is commonly required [3] . This should inspire further

tudies using the combined geometric (buckling stability), mate-

ial (fatigue) and thermal optimizations of elastocaloric tubes and

ube-based elastocaloric regenerators initiated in this work. 

. Materials and methods 

.1. Materials and XRD analysis 

Medical grade Ni-Ti tubes of 55.92 wt% Ni, an austenite finish

emperature ( A f ) of –7.3 °C (determined by Bend and Free Recov-

ry Method in accordance with ASTM F2082 standard), an outer

iameter of 3.0 ± 0.01 mm, an inner diameter of 2.5 ± 0.025

m and different gauge lengths (10 to 20 mm) were supplied by

emry corporation (SAES Group). The outer surfaces of the tubes

ere centerless ground and the inner surfaces were oxide free. The

ubes were produced by a cold-drawing process (according to the

anufacturer’s standard commercial tubing process), having grains

longated in the longitudinal (drawing) direction with mean sizes

f 23.4 ± 1.3 μm (in the longitudinal direction) and 12.5 ± 0.6 μm

in the cross-sectional area). The tubes contain inclusions (TiC) of

 mean area of 1.2 ± 0.09 μm 

2 and a total area fraction of 1.5 %

n the longitudinal direction, while in the cross-sectional area, the

nclusions have a mean area of 0.4 ± 0.03 μm 

2 and a total area

raction of 0.6 % (which is within the manufacturer’s and ASTM

2063 standards). 

An X-ray diffraction analysis (XRD) was performed using

 Philips PW3710 X-ray diffractometer with Cu-K α radiation

K α1 = 1.54060 Å), a proportional counter and a secondary graphite

onochromator at a voltage of 40 kV and a filament current of
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0 mA. A flat surface, which was required for the XRD, was cre-

ted along the length of the tubes by fine polishing the side

f the tubes and a 2 θ range of 25 ° to 130 ° was scanned (see

igure 5 (d)). Austenite (A) and martensite (M) peaks were indexed

ccording to the standard diffraction cards (PDF) 03-065-0917 and

0-019-0850 (for A) and 00-035-281 (for M). By comparing the

resented diffraction patterns (shown in Figure 5 (d)) with standard

DF cards, it can be observed that the relative peak intensities are

ifferent, and some peaks are absent in the current patterns. Since

he tubes were cold drawn, this could be a good indication of the

resence of texture. Some other mechanical properties of the tubes

nder consideration are also presented in Table A1 of Appendix A.

upplementary data. 

.2. Buckling-stability testing and stabilization 

The buckling stability was tested at a strain rate of 3 × 10 −3 

 

−1 up to a maximum stress of 1600 MPa. The training (stabiliza-

ion) was performed for 100 loading-unloading cycles at a strain

ate of 2.3 × 10 −3 s −1 between 10 MPa and 1150 MPa. The maxi-

um strain that is completely recovered in the last training cycle

f each tube ( εmax ) was used in subsequent adiabatic and isother-

al experiments. A Zwick Z050 universal testing machine (UTM)

quipped with an Xforce P load cell, with a measuring range of

5 kN and an accuracy of ± 0.4 % of full scale (FS), was used for

his set of experiments. The deformation of the tubes was mea-

ured with a long-stroke Zwick extensometer with an accuracy of

0.002 mm. The tube buckling was monitored with a Nikon D

600 camera equipped with an AF-P DX 18–55mm f/3.5-5.6G lens.

ll the tests (including the fatigue and adiabatic/isothermal test-

ng) were performed at ambient temperature (24 ± 2 °C). 

.3. Fatigue testing 

In the fatigue testing, the tubes were initially loaded to the

iddle of the transformation plateau and then cycled in load-

ontrolled conditions between 185 MPa and 1015 MPa (full trans-

ormation plateau range) with a cycling frequency of 5 Hz. By

pplying this stress range, straining of the pure austenitic phase

ithout the transformation (and therefore no eCE) was avoided

41] . The runout was set to 10 6 cycles. For the fatigue experi-

ents, an Instron 8802 servo-hydraulic UTM, equipped with a 25

N load cell with an uncertainty of ± 0.50 % FS, was used and the

train was measured with an Instron 2620-604 clip-on extensome-

er with a measuring range of 15 mm and a measurement error of

.1 % FS. 

.4. Adiabatic/isothermal testing 

Prior to the adiabatic tests, the strain rate that fulfills the adia-

atic condition was evaluated. Tube T1 was compressed at a wide

ange of strain rates (9.1 × 10 −5 s −1 to 0.1 s −1 ) between 0.14 %

nd εmax of tube T1, which was 4.47 %. Based on this, a strain rate

f 6.8 × 10 −2 s −1 , which fulfilled the adiabatic conditions, was ap-

lied for further adiabatic experiments. The corresponding stress-

train curves and the temperature changes are shown in Figure A6

f Appendix A. Supplementary data. 

Six strain ranges, each consisting of three sequential adiabatic

ycles (at 6.8 × 10-2 s −1 ), were applied to each tube and the

tress-strain responses and adiabatic temperature changes were

ecorded ( Figure 5 (a) and (b)). To be consistent with the loading

aths of the fatigue cycles, the adiabatic cycles were applied to all

he tubes around the middle of the transformation plateau (Figure

5 of Appendix A. Supplementary data). As seen from Figure A7

f Appendix A. Supplementary data, cycling the Ni-Ti tubes around

he middle of the transformation plateau in compression does not
ignificantly increase the adiabatic temperature changes compared

o no pre-strain conditions (which is in contrast to tension, where

ue to a flatter transformation plateau the advantage of the pre-

train condition is more pronounced [41] ). In all the adiabatic tests,

he strains were held constant for 60 s at the end of each load-

ng and unloading half cycle to allow the tube’s temperature to

each the ambient temperature before the next loading/unloading

tep begins. Isothermal cycles were performed at a strain rate of

.1 × 10 −5 s −1 between 0.14 % and the εmax of each tube. All the

diabatic and isothermal tests were performed on the same setup

Zwick UTM) that was used for the stabilization and the buckling-

tability testing. 

The temperature changes were measured in the middle of the

ube using a FLIR A6750sc infrared camera with an absolute ac-

uracy of ± 2 % of the reading, equipped with a lens of 50 mm

ocal length and a 640 × 512 pixel IR sensor with a spatial reso-

ution of 15 μm. With a noise-equivalent differential temperature

NEDT) of below 20 mK, the measurement uncertainty of the tem-

erature difference between the individual pixels is much smaller

han the absolute temperature uncertainty of the camera. To cap-

ure the rapid temperature changes at high strain rates, the ther-

al images were recorded with a frame rate of up to 120 Hz. The

amples were coated with a thin layer of LabIR paint for standard

pplications with an emissivity of 0.92. 
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