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a r t i c l e

i n f o

Article history:
Received 17 March 2020
Revised 10 May 2020
Accepted 25 May 2020

Keywords:
Elastocaloric effect
Shape memory alloys
Fatigue life
Compressive loading
Buckling

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 106 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/)

1. Introduction
Shape memory alloys (SMAs) have two unique properties, i.e.,
their shape memory effect and their superelasticity, both of which
are consequences of a ﬁrst-order martensitic transformation between a high-temperature, high-symmetry phase (austenite) and a
low-temperature, low-symmetry phase (martensite). An important
feature of SMAs that has made them very promising candidates
for non-vapor-compression cooling applications [1] is their elastocaloric effect (eCE) [2], i.e., the ability to generate/absorb heat
when subjected to a suitable mechanical load. Accordingly, in elastocaloric cooling, superelastic SMAs are mechanically actuated so
that the latent heat of the transformation is released to a heat sink
(during the forward martensitic transformation) and absorbed by a
heat source (during the reverse martensitic transformation). When
these transformations occur at high strain rates (i.e., in nearly adia∗
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batic conditions), the latent heat does not have enough time to be
transferred to the surroundings and consequently the SMA heats
up during loading (forward transformation) and cools down during unloading (reverse transformation). In recent years the elastocaloric behavior of several SMAs has been investigated. The most
widely studied elastocaloric alloy is the binary Ni-Ti alloy, in which
adiabatic temperature changes of up to approximately 25 K have
been measured [3–5]. It has been shown that alloying Ni-Ti with
Cu, Co and/or V can reduce the hysteresis [6–8] and increase the
fatigue life [9,10], but in turn can reduce the adiabatic temperature 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
eCE with an adiabatic temperature change of 31.5 K has been discovered in the Ni-Mn-Ti-B alloy system [19]. This is the largest reproducible caloric effect ever measured directly in any solid material. Nevertheless, the structural and functional fatigue behavior of
this material has not been studied yet. Furthermore, recent investigations show that additively manufactured Ni-Ti components have
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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 polymer) 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 European Commission [26] selected elastocaloric cooling as the most
promising future alternative to vapor-compression cooling technology, which is over a century old, relatively ineﬃcient and continues 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 technology is becoming one of the most urgent environmental concerns. Here, elastocaloric cooling can play an important role, since
it can be more eﬃcient than vapor-compression [2] and environmentally friendly due to its use of harmless, solid-state refrigerants.
In recent years the ﬁrst elastocaloric proof-of-concept devices
have been developed and tested. They range from single-stage devices with a contact solid-to-solid [29–31] or convective [32] heat
transfer to more complex multi-stage devices utilizing heat recovery [33], active regeneration [2,34,35] and cascade [36–38] principles, most of which (except [33,36]) are based on tensile loading. In a single-stage elastocaloric cycle, the maximum temperature 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 signiﬁcant temperature span. On the other hand, multi-stage cycles can
generate temperature spans that can be much larger than the adiabatic temperature changes of the elastocaloric material itself. This
is crucial for most practical cooling applications where temperature 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 regenerators 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-boneshaped sheets that were subjected to tensile loading. In such a geometry, 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 fatigue life of SMAs (mostly the binary Ni-Ti alloy) subjected to tension 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 105 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 produced by sputtering deposition that can withstand 10 million loading cycles under tension with a strain of up to 2.5 % (and adiabatic 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

in practical cooling or heating applications. On the other hand, it
has been shown recently that SMAs under compression can have
a signiﬁcantly longer fatigue life compared to those under tension
[42,43]. The ﬁrst studies on Ni-Ti cylinders and cubes under compression conﬁrmed a signiﬁcant improvement in the fatigue life
compared to tension, with up to 70 million loading cycles [44,45].
This is very encouraging, but bulky cylinders or cubes are not
particularly interesting for elastocaloric technology (in comparison
with thin-walled geometries) because of their poor heat-transfer
properties (i.e., the long thermal time constant) and the required
high transformation forces due to their large cross-sectional areas. Due to the importance of a rapid heat transfer between the
elastocaloric material and the heat-transfer ﬂuid, thin-walled NiTi superelastic tubes loaded in compression appear to be ideal
candidates for applications in elastocaloric regenerators. However,
prior to their use in elastocaloric regenerators, their buckling stability [46–48], fatigue life and any possible degradation of the elastocaloric effect and its eﬃciency after fatigue cycling should be investigated in detail, which is the main objective of this work.
In addition, this work presents the new concept of a tubebased structure that can act as an eﬃcient elastocaloric regenerator (Figure 1). Our initial, experimental, thermo-hydraulic evaluation of such a structure shows that it could be an excellent compromise between packed-bed and parallel-plate geometries, which
are normally used for solid-state caloric cooling, since they exhibit
a high heat-transfer coeﬃcient and a small pressure drop [49]. The
seminal idea for this structure was ﬁrst proposed in 2018 by Tušek
et al. [50]. In the structure the tubes are stacked and supported
by additional elements that prevent them from buckling and guide
the heat-transfer ﬂuid in a cross-ﬂow around each tube (similar
to a shell-and-tube heat exchanger). Thus, the ﬂuid ﬂows from the
side of the regenerator and not through the bulky and complex
loading grips at the top/bottom of the regenerator, as in the case of
the ﬁrst presented tube-based elastocaloric structure [33], where
a tight bundle of tubes that support each other is used (and the
ﬂuid ﬂows inside the tubes). In the proposed conﬁguration shown
in Figure 1, the tubes are completely independent of each other.
Therefore, a thorough understanding of a single tube’s behavior
from the functional and fatigue-life points of view is crucial for
the fabrication of the mechanically stable and durable elastocaloric
regenerators proposed here. Furthermore, an important feature of
the tube-based elastocaloric regenerator shown in Figure 1 is also
the possibility of stacking tubes with different properties (i.e., different austenitic transformation ﬁnish temperatures – Af ) along the
length of the regenerator where the temperature span is established (i.e., a layered elastocaloric regenerator – see [51] for details). Each bundle of tubes in a layered tube-based elastocaloric
regenerator (where each covers a portion of the total temperature
span) could be made of different tubes with an appropriate Af that
is relatively near their working temperature. With that the temperature range that each tube needs to cover would be smaller and
the required transformation stress would be reduced compared to
the case where tubes of a single Af are used along the length of
the regenerator. This would also improve the tube’s buckling stability as well as the functional stability and adiabatic temperature
changes, which, in the case of Ni-Ti alloy, decrease with increasing the temperature range (and consequently the required transformation stress), as shown and discussed in [4, 52]. Applying a
layered elastocaloric regenerator, therefore, reduces the otherwise
crucial importance of covering a large temperature range with a
single elastocaloric element in practical devices (therefore, in this
work the tubes are evaluated only at a constant (ambient) temperature, with Af being –7.3°C). Nevertheless, each elastocaloric material needs to be evaluated at the required temperature range before being employed in an actual device (according to the desired
working 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.

the testing of different elastocaloric materials over a wider temperature range see, e.g., [4,8,11,13,15,17].
2. Results and discussion
2.1. Buckling-stability analysis
In the ﬁrst step of this study the buckling stability of the Ni-Ti
thin-walled tubes (with outer diameters of 3 mm and wall thicknesses of 0.25 mm) of various gauge lengths under different compressive loads was investigated both experimentally and theoretically. Figure 1 shows a schematic representation of the experimental setup, which consists of a universal testing machine equipped
with an optical and an infrared camera. A special custom-made
holder that supports both ends of the tube (see Figure 1) and ensures uniaxial loading of the tubes was used. The details of the
buckling-stability experiments are given in Section 4. Materials and
methods. Furthermore, a new numerical model for the buckling
analysis has been developed to simulate the relationship between
the critical buckling stress and the length of the tubes. The model
uses 1D truss-beam ﬁnite elements based on the Euler-Bernoulli
beam theory [53], also including the axial displacement. The details of the model are presented in Appendix A. Supplementary
data. Figure 2 (a) shows the critical stresses at which the ﬁrst
instabilities were experimentally detected in tubes of six different lengths and compares them with the model predictions. Both
the experimental and simulation results indicate the existence of a
critical length below which the buckling stress is high enough to
allow for a complete martensitic transformation, i.e., for the material to reach the end of the transformation plateau before the tube
buckles. The simulation results are shown for two different boundary conditions, i.e., for simple-simple (SS) and ﬁxed-ﬁxed (FF) supported ends of the tubes. As seen from Figure 2 (a), the model correctly predicts the trend of the dependency, but the critical buckling stresses for tube lengths longer than 12 mm are overpredicted
for both boundary conditions. This is most likely due to the 1D
nature of the model, which does not account for the local (shelllike) instabilities that initially occur in the tubes (see Figure 2 (b)),
and to various existing imperfections in the experiment, e.g., the
defects of the geometry of the tubes, the imperfect gripping, etc.
On the other hand, the experimentally determined critical length
at which the material can be fully transformed without the tube
buckling, lies between the results of the two boundary conditions
assumed in our model. This indicates that the actual supports at
the ends of the tube act elastically (in between the simple and the
ﬁxed conditions).
The buckling response is generally a function of the geometry, the material properties and the boundary conditions (type of
tube gripping). In uniaxial compressive experiments, such as ours,
the tube can act both as a shell (when relatively short) and as

a beam (when relatively long). This means that the loss of stability might be localized (a “shell-like” response) and/or that the
tube might bend globally (a “beam-like” response). Theoretically,
the critical buckling stress of a shell is independent of the length
of the shell, whereas the critical buckling stress of a beam scales
with the inverse of the square of the beam’s length [54]. In our
experiments both types of responses were observed. In the case of
a 14 mm long tube (Figure 2 (b)), we ﬁnd a “shell-like” response
with a non-axisymmetric buckling mode with two circumferential
waves, i.e., two dimples on the surface of the tube. Therefore, we
would expect these tubes to respond as a shell for lengths ≤ 14
mm and that the critical buckling stress would not be affected by
any further shortening of the tube, but as we ﬁnd, the tubes are
stable at the stress that corresponds to the end of the transformation plateau at lengths < 12 mm. We attribute this response to the
boundary effect due to the supported ends of the tube (the conditions near the supports/grips are not the same as in the mid-length
of the tube, where it can respond as a shell). This means that if the
tube is short enough the dimple wavelength can be comparable or
even longer than the length of the unaffected region of the tube,
away from the supports, which is why short tubes (< 12 mm) do
not buckle at all (even as a shell) and can therefore be loaded over
the entire transformation plateau. Furthermore, we ﬁnd that the
tube behaves like a beam when it is relatively long (compared to
the diameter), i.e., in the cases of 18 mm and 20 mm, as shown
in Figure 2 (c) and (d). Both 18 mm and 20 mm long tubes have
a similar snap-buckling mode at the beginning of the phase transformation with an ovalization of the cross-section that is followed
by kinking and then by global bending of the whole structure until it collapses. As shown in Figure 2, the 14 mm long tube showed
some instability in the ﬁrst loading cycle, but it only failed in the
third cycle, while longer tubes buckled in the ﬁrst loading cycle.
A particularly interesting phenomenon occurred during the testing
of 18 mm tubes (Figure 2 (c)), where after the initial instabilities
(point 2), the tubes buckled noticeably (point 3) and then unbuckled (point 4) before collapsing (point 5). A similar phenomenon
was also observed in another study [55], where it was attributed to
a special sequence of softening/stiffening caused by the asymmetrical progress of the phase transformation on the opposite sides of
a SMA tube.
2.2. 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.
Materials and methods for details. As shown in Figure 3, during
training, the typical stabilization of the superelastic response occurs [4,52,56] where the transformation start stress, hysteresis loop
area and recoverable strain decrease in each cycle, while the accumulated residual strain increases. It is interesting to note from
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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 stressstrain 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.

Figure 3 that after 100 training cycles the mechanical (superelastic) responses (in particular, the hysteresis loop area and the recoverable strain) are not yet fully stabilized, whereas after only 50
training cycles the temperature changes are already very well stabilized. After the training, four of the six tubes (F1, F2, F3 and F4)
were subjected to fatigue cycling, while two tubes (T1 and T2) remained in the trained-only condition to serve as a reference for
a later comparison of the adiabatic temperature changes with fatigued tubes (see Section 4. Materials and methods for details).
Most importantly, all four fatigue tubes (F1-F4) withstood 106 fatigue cycles (set as the runout value) without suffering any visible
structural damage, which is one of the most crucial preconditions
for practical elastocaloric applications. Figure 4 (a) shows representative stress-strain curves for the fatigue cycling (of tube F3)
and Figure 4 (b) shows the variations in the mean hysteresis-loop
area and the mean recoverable strain as a function of the number of cycles for all four fatigued tubes (the error bars indicate
the standard errors of the mean value). It is evident that although
the tubes were trained before the fatigue tests, their mechanical
response becomes completely stable only at about 7.0 × 105 cycles (this number is signiﬁcantly higher compared to the case of
tension, where full stabilization was achieved already after 104 cycles [41]). To evaluate the functional fatigue from the eCE point of
view, the adiabatic temperature changes of all the fatigued tubes
(F1-F4) as well as of the trained-only tubes (T1 and T2) were measured. Figure 5 (a) shows the representative adiabatic (for tube F3)
and isothermal (for tubes F3 and T1) stress-strain curves. A difference in the isothermal responses of the fatigued and the trainedonly tubes, which can be attributed to the additional mechanical
stabilization that occurs during fatigue cycling, is clearly visible.
Figure 5 (b) shows the mean adiabatic temperature changes as a
function of the mean applied strain with their corresponding standard errors of the mean value for the two trained-only tubes and
the four fatigued tubes. Both sets of tubes, the trained-only and the
fatigued ones, achieved adiabatic temperature changes of 27 K and
20 K at the ends of loading and unloading half cycles, respectively
(see Figure 5 (b)). As expected, the adiabatic temperature changes
during loading are larger than those of unloading, which is mostly
due to the intrinsic mechanical dissipative heat caused by the internal friction in the elastocaloric material during a superelastic
cycle that is also manifested through hysteresis [4,5,57]. However,
it is very encouraging that the fatigue cycling does not cause any
degradation of the thermal response, which is in contrast to the
mechanical response under the same conditions (Figure 4 (b)).
The adiabatic temperature changes of the fatigued tubes are, especially for the medium applied strains, even noticeably higher than
those of the trained-only tubes. This is related to the decrease in
the transformation stress during the fatigue cycling, which in turn
means that the transformation and the corresponding eCE occur
at lower strains (as also noticed in [44]), while the total amount
of transformed material remains the same (the adiabatic temperature changes at the end of the transformation plateau are the same
for the fatigued and trained-only tubes). To further investigate the
impact of the fatigue cycling, an X-ray diffraction analysis on fatigued (F4) and as-received tubes was performed. It is clear from
Figure 5 (d) that the residual martensite accumulates because of
the fatigue cycling, which is in line with the degradation of the
mechanical response (Figure 4). In the fatigued tube (compared to
the as-received one) the austenite peaks broaden slightly, their intensity decreases (some peaks are lost in the background and become undetectable) and an additional martensite peak becomes
visible, which is in agreement with [58].
Nevertheless, in addition to fast and eﬃcient heat transfer, a
precondition for an eﬃcient elastocaloric device is an eﬃcient eCE
of the material itself. The eﬃciency of the elastocaloric material
can 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.

(COPmat ) that is deﬁned as the ratio of the heat generated during
the elastocaloric effect and the input work required to (un)load the
material [59]:

COPmat =

ρ · c · Tad

,
σ dε

(1)

where ρ , c, Tad , σ and ε are the density of Ni-Ti (6500 kg/m3 ),
its speciﬁc heat (430 J/kgK), the adiabatic temperature changes, the

stress and the strain, respectively. Figure 5 (c) shows the mean material’s COP values of the trained-only tubes and the fatigued tubes
calculated based on the adiabatic temperature changes (shown in
Figure 5 (b)) and the corresponding stress-strain curves (shown in
Figure A5 in Appendix A. Supplementary data). We can see that
the calculated COPmat values decrease with the applied strain, since
the input work increases more rapidly with increasing the strain
than 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 (Tad ) 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).

the hysteresis losses, the heating COPmat values (during loading)
are larger than the cooling COPmat values (during unloading). As is
also clear from Figure 5 (c), the tubes after fatigue cycling exhibit a
higher COPmat than the trained-only ones (especially for moderate
applied strains), which is mostly due to higher adiabatic temperature changes of the fatigued tubes (see Figure 5 (b)). A maximum
COPmat value of above 20 was obtained at the smallest applied
strain, while a COPmat of around 6 was obtained at the highest applied strain. These values are, in general, comparable (with respect
to the applied strain/stress) with other materials’ COP values measured for Ni-Ti cubes, cylinders [44,45] and wires [3] under compressive loading and are higher than those measured under tensile
loading [3], thus showing signiﬁcant potential for developing eﬃcient elastocaloric devices.
3. Conclusions
In summary, we have shown that all the tested thin-walled NiTi superelastic tubes of a safe buckling length can survive more
than 106 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 temperature 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 temperature changes measured to date (considering the studies in which
the runout was set for the high-cycle fatigue regime (≥105 cycles)). We have shown that thin-walled elastocaloric tubes (that
allow for fast and eﬃcient heat transfer) are very promising geometries for elastocaloric cooling. The fatigue-resistant operation

of several identical tubes for over 1 million cycles (in combination
with a high, durable and eﬃcient eCE) shows enormous potential
for practical applications for which a fatigue life of well over 1 million cycles is commonly required [3]. This should inspire further
studies using the combined geometric (buckling stability), material (fatigue) and thermal optimizations of elastocaloric tubes and
tube-based elastocaloric regenerators initiated in this work.
4. Materials and methods
4.1. Materials and XRD analysis
Medical grade Ni-Ti tubes of 55.92 wt% Ni, an austenite ﬁnish
temperature (Af ) of –7.3 °C (determined by Bend and Free Recovery Method in accordance with ASTM F2082 standard), an outer
diameter of 3.0 ± 0.01 mm, an inner diameter of 2.5 ± 0.025
mm and different gauge lengths (10 to 20 mm) were supplied by
Memry corporation (SAES Group). The outer surfaces of the tubes
were centerless ground and the inner surfaces were oxide free. The
tubes were produced by a cold-drawing process (according to the
manufacturer’s standard commercial tubing process), having grains
elongated in the longitudinal (drawing) direction with mean sizes
of 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
a mean area of 1.2 ± 0.09 μm2 and a total area fraction of 1.5 %
in the longitudinal direction, while in the cross-sectional area, the
inclusions have a mean area of 0.4 ± 0.03 μm2 and a total area
fraction of 0.6 % (which is within the manufacturer’s and ASTM
F2063 standards).
An X-ray diffraction analysis (XRD) was performed using
a Philips PW3710 X-ray diffractometer with Cu-Kα radiation
(Kα 1 =1.54060 Å), a proportional counter and a secondary graphite
monochromator at a voltage of 40 kV and a ﬁlament current of
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30 mA. A ﬂat surface, which was required for the XRD, was created along the length of the tubes by ﬁne polishing the side
of the tubes and a 2θ range of 25° to 130° was scanned (see
Figure 5 (d)). Austenite (A) and martensite (M) peaks were indexed
according to the standard diffraction cards (PDF) 03-065-0917 and
00-019-0850 (for A) and 00-035-281 (for M). By comparing the
presented diffraction patterns (shown in Figure 5(d)) with standard
PDF cards, it can be observed that the relative peak intensities are
different, and some peaks are absent in the current patterns. Since
the tubes were cold drawn, this could be a good indication of the
presence of texture. Some other mechanical properties of the tubes
under consideration are also presented in Table A1 of Appendix A.
Supplementary data.
4.2. Buckling-stability testing and stabilization
The buckling stability was tested at a strain rate of 3 × 10−3
s−1 up to a maximum stress of 1600 MPa. The training (stabilization) was performed for 100 loading-unloading cycles at a strain
rate of 2.3 × 10−3 s−1 between 10 MPa and 1150 MPa. The maximum strain that is completely recovered in the last training cycle
of each tube (ε max ) was used in subsequent adiabatic and isothermal experiments. A Zwick Z050 universal testing machine (UTM)
equipped 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
this set of experiments. The deformation of the tubes was measured with a long-stroke Zwick extensometer with an accuracy of
± 0.002 mm. The tube buckling was monitored with a Nikon D
5600 camera equipped with an AF-P DX 18–55mm f/3.5-5.6G lens.
All the tests (including the fatigue and adiabatic/isothermal testing) were performed at ambient temperature (24 ± 2°C).

7

signiﬁcantly increase the adiabatic temperature changes compared
to no pre-strain conditions (which is in contrast to tension, where
due to a ﬂatter transformation plateau the advantage of the prestrain condition is more pronounced [41]). In all the adiabatic tests,
the strains were held constant for 60 s at the end of each loading and unloading half cycle to allow the tube’s temperature to
reach the ambient temperature before the next loading/unloading
step begins. Isothermal cycles were performed at a strain rate of
9.1 × 10−5 s−1 between 0.14 % and the ε max of each tube. All the
adiabatic and isothermal tests were performed on the same setup
(Zwick UTM) that was used for the stabilization and the bucklingstability testing.
The temperature changes were measured in the middle of the
tube using a FLIR A6750sc infrared camera with an absolute accuracy of ± 2 % of the reading, equipped with a lens of 50 mm
focal length and a 640 × 512 pixel IR sensor with a spatial resolution of 15 μm. With a noise-equivalent differential temperature
(NEDT) of below 20 mK, the measurement uncertainty of the temperature difference between the individual pixels is much smaller
than the absolute temperature uncertainty of the camera. To capture the rapid temperature changes at high strain rates, the thermal images were recorded with a frame rate of up to 120 Hz. The
samples were coated with a thin layer of LabIR paint for standard
applications with an emissivity of 0.92.
Data availability
All data used to generate these results is available in the main
text or supplementary materials. Further details could be obtained
from the corresponding authors upon request.
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4.3. Fatigue testing
In the fatigue testing, the tubes were initially loaded to the
middle of the transformation plateau and then cycled in loadcontrolled conditions between 185 MPa and 1015 MPa (full transformation plateau range) with a cycling frequency of 5 Hz. By
applying this stress range, straining of the pure austenitic phase
without the transformation (and therefore no eCE) was avoided
[41]. The runout was set to 106 cycles. For the fatigue experiments, an Instron 8802 servo-hydraulic UTM, equipped with a 25
kN load cell with an uncertainty of ± 0.50 % FS, was used and the
strain was measured with an Instron 2620-604 clip-on extensometer with a measuring range of 15 mm and a measurement error of
0.1 % FS.
4.4. Adiabatic/isothermal testing
Prior to the adiabatic tests, the strain rate that fulﬁlls the adiabatic condition was evaluated. Tube T1 was compressed at a wide
range of strain rates (9.1 × 10−5 s−1 to 0.1 s−1 ) between 0.14 %
and ε max of tube T1, which was 4.47 %. Based on this, a strain rate
of 6.8 × 10−2 s−1 , which fulﬁlled the adiabatic conditions, was applied for further adiabatic experiments. The corresponding stressstrain curves and the temperature changes are shown in Figure A6
of Appendix A. Supplementary data.
Six strain ranges, each consisting of three sequential adiabatic
cycles (at 6.8 × 10-2 s−1 ), were applied to each tube and the
stress-strain responses and adiabatic temperature changes were
recorded (Figure 5 (a) and (b)). To be consistent with the loading
paths of the fatigue cycles, the adiabatic cycles were applied to all
the tubes around the middle of the transformation plateau (Figure
A5 of Appendix A. Supplementary data). As seen from Figure A7
of Appendix A. Supplementary data, cycling the Ni-Ti tubes around
the middle of the transformation plateau in compression does not
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J. Tušek, A. Žerovnik, M. Čebron, M. Brojan, S. Zupan, Challenges in designing
elastocaloric regenerators, Thermag VIII Int. Conf. Caloric Cool., 2018.
K. Engelbrecht, Future prospects for elastocaloric devices, J, Phys. Energy. 1
(2019) 021001 https://doi.org/10.1088/2515-7655/ab1573.
S. Miyazaki, T. Imai, Y. Igo, K. Otsuka, Effect of cyclic deformation on the pseudoelasticity characteristics of Ti-Ni alloys, Metall. Trans. A. 17 (1986) 115–120
https://doi.org/10.1007/BF02644447.
S. Analysis, Creating Silicon Brains with New Integrated Circuits, Springer,
Netherlands, Dordrecht, 2009 https://doi.org/10.1007/978- 90- 481- 2516- 6.

L. Porenta, P. Kabirifar and A. Žerovnik et al. / Applied Materials Today 20 (2020) 100712
[54] S.P. Timoshenko, J.M. Gere, Theory of Elastic Stability (Dover Civil and Mechanical Engineering), Dover Publications (2009) http://www.amazon.com/
Theory- Elastic- Stability- Mechanical- Engineering/dp/0486472078.
[55] R.T. Watkins, J.A. Shaw, Unbuckling of superelastic shape memory alloy
columns, J, Intell. Mater. Syst. Struct. 29 (2018) 1360–1378 https://doi.org/10.
1177/1045389X17733331.
[56] M. Schmidt, J. Ullrich, A. Wieczorek, J. Frenzel, A. Schütze, G. Eggeler, S. Seelecke, Thermal Stabilization of NiTiCuV Shape Memory Alloys: Observations
During Elastocaloric Training, Shape Mem. Superelasticity. 1 (2015) 132–141
https://doi.org/10.1007/s40830-015-0021-4.

9

[57] M. Zhou, Y. Li, C. Zhang, S. Li, E. Wu, W. Li, L. Li, The elastocaloric effect of
Ni 50.8 Ti 49.2 shape memory alloys, J, Phys. D. Appl. Phys. 51 (2018) 135303
https://doi.org/10.1088/1361-6463/aaafc2.
[58] K. Engelbrecht, J. Tušek, S. Sanna, D. Eriksen, O.V. Mishin, C.R.H. Bahl, N. Pryds,
Effects of surface ﬁnish and mechanical training on Ni-Ti sheets for elastocaloric cooling, APL Mater 4 (2016) 064110 https://doi.org/10.1063/1.4955131.
[59] J. Tušek, K. Engelbrecht, L. Mañosa, E. Vives, N. Pryds, Understanding the Thermodynamic Properties of the Elastocaloric Effect Through Experimentation and
Modelling, Shape Mem. Superelasticity. 2 (2016) 317–329 https://doi.org/10.
1007/s40830- 016- 0094- 8.

