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Abstract
Caloric cooling enlisting solid-state refrigerants is potentially a promising eco-friendly alternative
to conventional cooling based on vapor compression. The most common refrigerant materials for
elastocaloric cooling to date are Ni-Ti based superelastic shape memory alloys. Here, we have
explored tuning the operation temperature range of Ni50.8Ti49.2 for elastocaloric cooling. In
particular, we have studied the effect of thermal treatments (a.k.a. aging) on the transformation
temperature, superelasticity, and elastocaloric effects of Ni50.8Ti49.2 shape memory alloy tubes. The
isothermal compressive test revealed that the residual strain of thermally-treated Ni-Ti tubes at
room temperature approaches zero as aging time is increased. Short-time aging treatment at
400 ◦C resulted in good superelasticity and elastocaloric cooling performance with a large tunable
austenite finish (Af) temperature range of 24.7 ◦C, as determined from the Af temperature of the
samples that were aged 5–120 min. The main reason of the property change is the formation of a
different amount of Ni4Ti3 precipitates in the NiTi matrix. Our findings show that it is possible to
tailor the Af temperature range for development of cascade elastocaloric cooling systems by
thermally treating a starting single composition Ni-Ti alloy.

1. Introduction

Elastocaloric cooling is attracting attention as an alternative eco-friendly cooling technique with potentials to
be comparable in efficiency to conventional vapor compression [1–4]. It is based on the elastocaloric effect,
where uniaxial stress applied to a superelastic material leads to release and then absorption of latent heat
associated with a phase transition. Ni-Ti alloys are versatile shape memory alloys which have been
implemented for a variety of applications, including medical stents, vibration dampers for aircrafts, and now
the elastocaloric effect [2]. The unique elastocaloric behavior of Ni-Ti is based on its thermoelastic phase
transformation. In order to continue the development of cooling devices based on the elastocaloric effect, it
is important to explore how the properties of Ni-Ti can be tuned [1, 3]. In particular, it is imperative to
implement elastocaloric materials whose optimum operating temperatures are properly tuned for the
development of cascade regenerators [5, 6].

To date, there have been many studies on the metallographic features of binary Ni-Ti alloys, which are
delicately sensitive to the average composition and annealing conditions [7, 8]. It is well-known that the
martensitic transformation temperature in Ni-Ti shape memory alloys can be adjusted by over 100 ◦C by
incorporating appropriate third elements [7–11]. Frenzel et al, have demonstrated that a 1% change in the Ni
concentration can change the transformation temperature by over 100 ◦C [8]. Also, while the nominal
50 at% Ni nitinol (NiTi) has an austenitic transformation finish Af temperature close to room temperature,
the Af temperature can be lowered by 100 ◦C by adding 4 at% of V (vanadium), or increased by as much as
150 ◦C by adding 15 at% of Hf (hafnium) [7]. Such a significant degree of transition temperature tunability
is not achievable in other caloric materials.
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According to the stress-temperature diagram of Ni-Ti alloys [12], the critical stress to induce superelastic
transformation plays an important role in elastocaloric properties. In particular, the thermomechanical
properties can be maximally utilized by setting the austenite finish (Af) temperature to be slightly lower than
the ambient temperature [13, 14]. In multi-stage caloric cascade regenerators, where the goal is to establish a
giant temperature lift (∆T) across the regenerators, it is desirable to implement different elastocaloric
materials whose Af temperatures are varied from stage to stage. This idea is borrowed from magnetocaloric
cascade regenerators whose refrigerants in successive stages have continuously tuned transformation
temperatures (Curie temperatures) [15]. In a direct analogy, therefore, it is desirable to have Ni-Ti-based
alloys whose Af temperatures are tunable.

The thermomechanical picture of Ni-Ti, including the influence of the microstructure on Af

temperature, is complex because of the metallographic intricacies of Ni-Ti alloys [12, 16]. On the other hand,
heat treatments can enable control of the transformation temperatures of bulk Ni-Ti alloys in a
straightforward manner. Therefore, tailoring thermal process procedures for Ni-Ti might provide a way to
help construct an elastocaloric device having multi-Af solid-state refrigerants. Based on the equivalent phase
diagram [8] and time–temperature–transformation (TTT) diagram [12], superelastic Ni-Ti alloys have been
investigated to improve the shape memory effect and superelastic properties [14, 17]. However, the
appropriate aging treatment of Ni-Ti alloys to improve elastocaloric effects has not been fully understood.

While large tunability via controlled introduction of a third element is attractive from a materials design
point of view, they represent complexities in composition control, leading to possible additional
manufacturing challenges of the overall regenerators. Thus, in this study, we opted to focus on establishing
thermal processing techniques for systematically tuning the Af temperature from a single type of superelastic
Ni-Ti alloy. To accomplish this goal, commercial Ni50.8Ti49.2 alloy tubes were subjected to various thermal
treatments such as annealing and low-temperature aging processes, and the subsequent isothermal/adiabatic
mechanical responses were investigated. This study presents the results of the influence of these treatments
on the crystal structure, transformation temperatures, isothermal superelastic properties, and adiabatic
elastocaloric effect of Ni-Ti tubes.

2. Experimental

2.1. Sample preparation
Commercially available Ni50.8Ti49.2 (at%) alloy tubes (SE508, Confluent Medical Technologies) were used in
this study. The sample geometry is a thin-walled tube with an inner diameter of 3.75 mm, an outer diameter
of 4.72 mm, and a height of 20.0 mm, as shown in figure 1(a). The thin-walled tube used in this study
possesses a large volume-to-surface ratio, which is ideal from the perspective of the heat exchange process
and crucial for solid-state refrigerant applications [2].

Various thermal processing involving systematic variations in time and temperature were conducted
based on the phase diagram of Ni-Ti as shown in figure 2. The samples were initially annealed at
900 ◦C–1000 ◦C for 60 min and subsequently quenched into a water bath as a homogenizing (solution)
treatment. Here, it should be noted the quenching temperature of 900 ◦C and 1000 ◦C was high enough for
homogenization of Ni-Ti according to solid-solution region in Ni-Ti phase diagram [9]. The first group of
samples was then annealed for various aging periods ranging from 5 to 120 min at 400 ◦C (which we refer to
as the aging treatment). The second group of samples was subjected to various aging temperatures ranging
from 400 ◦C to 700 ◦C for 60 min (annealing treatment). After annealing, the samples in both groups were
quenched into a water bath again. These heat treatments were performed in a quartz tube filled with argon
gas.

2.2. Evaluation of austenite-martensite transformation temperatures
The austenite (B2)—martensite (B19′) phase transformation temperature was evaluated by differential
scanning calorimetry (DSC; Q100, TA instruments) operated from−80 to 80 ◦C at the cooling/heating rate
of 10 ◦C min−1. Each measurement was conducted for two cycles in a flowing nitrogen gas atmosphere at
50 ml min−1. The specimens were cut into small pieces (20–40 mg) from the edge of the tube sample. The
transformation start/finish temperatures in the cooling and heating processes (Ms,Mf, As, and Af) and the
latent heat (∆HA→M and∆HM→ A) unit per weight were determined from the DSC curves.

2.3. Crystal structure analysis
The crystal structure and the formation of Ni-rich intermetallic phases were identified using an x-ray micro
diffractometer (µXRD) (RINT-RAPID-S, Rigaku), with Cu-kα radiation of 1.5418 Å. The specimen was cut
from a small piece of Ni-Ti tube, and it was measured with a collimator size of 0.3 mm and an imaging plate.
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Figure 1. (a) The geometry of the Ni-Ti tube and the experimental setup for (b) compressive stress–strain mechanical test with
the extensometer and (c) elastocaloric test with thermocouples.

Figure 2. Phase diagram of Ni-Ti alloy with the highlighted NiTi single-phase (B2). Reprinted from [9], Copyright (2010), with
permission from Acta Materialia Inc. Published by Elsevier Ltd.

Then, using 2D data processing software 2DP (Rigaku), pre-processing, such as 1D conversion, background
subtraction, and smoothing, was carried out to identify the crystal structure contributing to the
enhancement of the thermomechanical response.

2.4. Compressive stress–strain tests
The superelasticity of Ni-Ti tubes was evaluated under isothermal cyclic tests using an MTS 810 hydraulic
universal testing machine with an axial extensometer (Model 632.26, MTS systems). The compressive
stress–strain response was controlled by the displacement in the loading/unloading process at room
temperature (∼20 ◦C), as shown in figure 1(b). The mechanical response was evaluated by continuously
applying 2%–7% displacement to the sample at a strain rate of 0.02 s−1. As a superelastic property, the strain
energy (Eε) was measured from the stress–strain loop of 7%-displacement-based strain, and the residual
strain (εres) was determined after the last cyclic test. Displacement calibration was conducted before each
measurement, and each stress–strain curve was run for five cycles.

2.5. Adiabatic temperature changes measurements
To evaluate the elastocaloric effect, compression cycle tests were conducted under an adiabatic loading and
unloading condition in continuous operation at 1 Hz. Each stress–strain curve was run for four cycles under
a range of displacement-based strains from 2%–7% at a strain rate of 0.2–0.7 s−1. The temperature
changes/lifts during the heating and cooling process (∆Th,∆Tc) were obtained using T-type thermocouples,
which were calibrated against a P795 resistance temperature detector. Post-displacement calibration was
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performed before each measurement, while no pre-training was conducted. A holding period of 180 s was
allotted to ensure that the temperature had returned to ambient and was stable after each loading/unloading
process.

3. Results and discussion

3.1. Tuning Af temperature via aging treatment
Figure 3 shows the DSC curves of Ni-Ti alloys undergoing various aging treatments for the first group of
samples (homogenized first and then aged at 400 ◦C) with different durations ranging from 5 to 120 min.
The vertical axis indicates the heat flow as a function of time, with convex upper graphs representing
exothermic reactions and convex lower graphs representing endothermic reactions. Table 1 presents the
transformation temperatures and latent heat per unit weight of the thermally-treated Ni-Ti alloys during the
heating and cooling processes for both groups of samples.

We found that both transformation start/finish temperatures and the latent heat of Ni-Ti alloys
systematically increased with increasing aging time periods in the range of 5–120 min. Notably, the Af

temperature, which is a key parameter for determining the elastocaloric cooling operation temperature, was
observed to be near room-temperature (21.2 ◦C) for a 10 min aged sample. The maximum Af temperature of
45.9 ◦C was observed for the sample aged for 120 min. The DSC curve for the sample aged for 30–120 min
during the cooling process exhibits a double peak, indicating the two-stage transformation of martensite
(B19′)—R-phase—austenite (B2), which is the intermediate phase generated during martensitic
transformation. The R-phase generated during the multi-stage martensitic transformation has been
attributed to the formation of Ni4Ti3 precipitates during aging treatments [18, 19].

Figure 4 shows the dependence of Af temperature on the aging time at 400 ◦C (first group) and annealing
temperature (second group). The results of DSC analysis indicated that Af temperature increased rapidly
with the aging time period, saturating at approximately 45 ◦C after 120 min. This is attributed to the
formation of a metastable phase compound in the aging process, which alters the Ni concentration and, as a
result, Af temperature [9]. Furthermore, the Af temperature dropped sharply with the annealing treatment at
temperatures above 500 ◦C and remained constant for processing temperatures between 600 ◦C–700 ◦C.
These changes of both Af andMf temperatures are consistent with previous studies [20–24]. These Af

temperature behavior are similar in terms of function of annealing temperature to a previous work by Feng
et al, which showed that the transformation temperatures increased when annealed at a lower temperature
(i.e. 350 ◦C–450 ◦C) [25] and it decreased when annealed at a relatively higher temperature (i.e.
550 ◦C–650 ◦C) [23, 25]. Also, the increase of Af in the annealing temperature range of 600 ◦C–700 ◦C is
consistent with the findings reported by Xu et al [22].

The latent heat∆HM→ A, which is an important parameter for the elastocaloric effect, showed a peak
value of 17.6 J g−1 for the 650 ◦C/60 min samples, and it decreased with the increase of annealing
temperature (figure 4(f)). In terms of the Af temperature for these samples, it appears to be optimal for the
samples aged at 400 ◦C for 5–10 min and annealed at 500 ◦C–550 ◦C for achieving elastocaloric materials for
operation near room temperature. However, several studies revealed that superelastic properties, especially
the recoverable and plateau stresses of Ni-Ti wires annealed at temperatures above around 500 ◦C–600 ◦C,
decreased significantly, likely due to the plastic deformation of the austenite phase occurring before the
stress-induced martensite transformation or due to the formation of large Ni4Ti3 precipitates in the NiTi
matrix [20, 26, 27]. It also should be noted that we might have achieved optimal Af temperature, but not
necessarily optimal fatigue behavior depending on the size, morphology, and distribution of the precipitates.
The elastocaloric behavior also depends on these nano-scale features, but indirectly. Therefore, a further
study on the influence of aging treatment at relatively low temperatures on superelasticity and elastocaloric
effects with a focus on the microstructure is in order.

3.2. Crystal structure characterization
The crystal structure was analyzed to gain insight into the metallurgical origin of significant superelasticity
and the elastocaloric effect following the thermal processing. Figure 5 illustrates the XRD 2D images and 1D
patterns for the homogenized and aged samples. The µXRD results indicated that the Ni-Ti specimens
possessed a polycrystalline texture with submicron grains. The XRD patterns showed that the homogenized
sample was composed of a single phase of Ni-Ti matrix, and the other samples consisted of the Ni-Ti matrix
and additional Ni-rich intermetallic phases, such as Ni4Ti3, Ni3Ti2, and Ni3Ti, which are consistent with
previous literature [8, 28, 29]. As the duration of low-temperature aging is increased, Ni4Ti3 phase was
formed in the 10 min-aged samples, and Ni3Ti2 and Ni3Ti phases were formed in the sample aged for over
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Figure 3. DSC curves for (a) heating and (b) cooling processes with the austenite-martensite transformation of superelastic Ni-Ti
alloys in as-cut, homogenized and aged for 5, 10, 30, 60, and 120 min at 400 ◦C.

Table 1. Austenite-martensite transformation temperature and latent heat for thermally-treated Ni-Ti alloys.

Samples

Cooling process Heating process

Ms (
oC) Mf (

oC)
∆HA→M

(J g−1) As (
oC) Af (

oC)
∆HM→ A

(J g−1)

as-cut 13.7 −38.8 2.6 −20.6 22.2 3.5
Homogenized −19.6 −54.1 3.8 −26.2 5.1 8.3

Group 1a 400 ◦C/5 min 13.6 −2.7 2.9 3.6 21.2 3.1
400 ◦C/10 min 21.5 3.5 3.7 10.2 28.2 3.5
400 ◦C/30 min 30.8 16.9 4.0 26.3 36.8 4.6
400 ◦C/60 min 33.2 22.4 4.9 33.2 43.7 5.2
400 ◦C/120 min 35.7 26.7 5.9 35.6 45.9 5.5

Group 2a 500 ◦C/60 min 17.0 −26.9 5.3 22.3 32.4 12.0
550 ◦C/60 min −7.9 −31.6 14.2 5.7 18.0 17.6
600 ◦C/60 min −29.7 −47.4 5.9 −5.0 −19.8 7.7
650 ◦C/60 min −25.1 −43.5 6.8 0.2 −15.0 7.7
700 ◦C/60 min −25.6 −41.0 6.5 −5.6 −15.2 8.1

a Group 1 was homogenized first at 1000 ◦C and then samples underwent aging at 400 ◦C for specified periods. Group 2 was

homogenized at 900 ◦C and treated at the specified temperatures for 60 min.

30 min. The formation of these phases is in agreement with the results of previous studies on the relationship
between thermal processing and microstructure [30]. This dependence on aging time is attributed to the
evolution of the density and size of Ni4Ti3 precipitates. Based on the TTT diagram [16], the formation of
nano-Ni4Ti3 precipitates has previously been confirmed by Transmission electron microscopy (TEM)
diffraction images in the aging effect at low temperatures around 250 ◦C–400 ◦C [18].

Surikov et al reported that the introduction of nano-Ti4Ni3 precipitates smaller than 10 nm into the
matrix phase of NiTi improves superelasticity [31] and allows for the tuning of the transformation
temperatures due to composition changes [32]. They furthermore confirmed that both Ni4Ti3 and Ni3Ti2
phases are intermediate phases, and the diffusional transformations occur in the following order with
increasing aging temperature and time, Ni3Ti being the equilibrium phase: metastable Ni4Ti3 →metastable
Ni3Ti2 → stable Ni3Ti. At lower aging temperatures and shorter aging time periods, the Ni4Ti3 phase
appears. Conversely, at higher aging temperatures and longer aging periods, the Ni3Ti phase appears, and at
intermediate temperatures and times, the Ni3Ti2 phase appears [25]. They also observed that by prolonging
aging, the preexisted Ni4Ti3 phase is absorbed in the matrix, leading to an increase in density and the size of
the Ni3Ti2 phase.

It has been reported that precipitation hardening caused by the precipitation of Ni4Ti3 produced by the
age-hardening treatment contributes to the improvement of superelasticity by making the alloy less
susceptible to slip [28]. These results revealed that it is important to control the microstructures and

5



J. Phys. Energy 5 (2023) 024020 T Yamazaki et al

Figure 4. (a), (b) Austenite finish (Af) temperature and the latent heats (c), (d)∆HA→M and (e), (f)∆HM→ A obtained from
DSC curves for the homogenized sample and samples subsequently aged for 5–120 min at 400 ◦C and the as-cut sample and
heat-treated samples annealed at 400 ◦C–700 ◦C for 60 min.

Figure 5. Crystal structure analysis. (a) 2D DeBye-Scherrer XRD images and (b) integrated XRD patterns for as-cut,
homogenized, and samples aged for 10, 30, 60, and 120 min at 400 ◦C.

transformation temperatures to enhance superelasticity. The next step in our work is to design and develop
the multi-stage cascade regenerator [6] with multi-Af materials based on the thermal processing procedures
identified in this study.
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Figure 6. The isothermal stress–strain curves of the superelastic Ni-Ti alloys for (a) homogenizing and annealing at 400 ◦C aged
for (b) 5 min, (c) 10 min, (d) 30 min, (e) 60 min, and (f) 120 min.

3.3. Aging effect on the compressive stress–strain properties
Figure 6 illustrates the aging effect on the superelasticity of Ni-Ti alloys. The homogenized samples displayed
limited superelasticity and buckled at 6% applied strain during displacement control. As the aging time
period was increased, the plateau stress at which phase transformation began decreased, and the residual
strain became smaller (indicating nearly full recovery). When the aging period was 5 min, the residual strain
was substantial, indicating that the aging process was inadequate. Conversely, when the aging period was 10
and 30 min, the residual strain was small, and exceptional superelastic properties were observed. An aging
treatment of 60 min or longer resulted in very low plateau stress and almost no residual strain in the loading
process. The reduced superelasticity was due to the Af temperature being higher than room temperature
(around 20 ◦C). Also, it is expected that in this instance, the martensitic phase remained in the unloading
process without being transformed into the austenitic phase. Furthermore, the strain showing plateau stress
was also lower, indicating that the superelastic properties had deteriorated at ambient temperature.

The strain energy generated in the loading/unloading process is from the total volume of phase
transformation, and it was highly correlated with the latent heat obtained from the DSC curve. The strain
energy, which corresponds to the enclosed area of the stress–strain curve, was found to have a maximum
value of 23.8 [MJ m−3] when the aging period was 10 and 30 min. As the residual strain is highly correlated
with the cyclical fatigue properties of superelastic materials, the smaller the residual strain, the better the
superelastic properties.

3.4. Elastocaloric effect under the adiabatic compression loading/unloading
Figure 7 shows the elastocaloric effect for aged Ni-Ti samples. The adiabatic temperature changes in the
loading and unloading process (∆Th,∆Tc) were determined under cyclical compressive stress. As the
applied strain was increased from 0.0034 to 0.030,∆Th and∆Tc of the sample aged at 400 ◦C for 10 min
increased (figure 7(b)). The relatively larger temperature lift∆Th compared to∆Tc may be attributed to
strain energy loss during the loading and unloading process associated with the austenite-martensite
transformation of the Ni-Ti alloy wires [33]. Figure 7(c) illustrates the dependence of∆Tc on compressive
strain for each Ni-Ti tube. The highest value of∆Tc, 9.4 K, was obtained from the sample aged at 400 ◦C for
10 min at 3.0% strain.

The thermomechanical properties of Ni-Ti alloy specimens are summarized in table 2. As the aging
period increased, the Af temperature and the∆HM→ A increased. The strain energy (Eε) obtained from the
stress–strain loop and the residual strain (εres) after the last cyclic test was measured as isothermal
superelastic properties. It can be observed that∆Tc is highly correlated with Af and superelasticity,
particularly the shape of the unloading process of stress–strain curves. On the other hand, the maximum
temperature change∆Th of the sample aged at 400 ◦C for 60 min showed the largest value of 14.8 K at 3.2%
strain. These results indicate that different temperature lifts between∆Th and∆Tc were based on the
thermomechanical loss during the hysteresis loop and the difference between martensite start temperatures
and austenite start temperatures [34]. Additionally, the relatively low values of temperature lifts of the sample

7



J. Phys. Energy 5 (2023) 024020 T Yamazaki et al

Figure 7. Adiabatic temperature lifts based on elastocaloric effect for aged Ni-Ti samples. (a) Temperature profile as a function of
time under cyclic compressive loading and unloading, (b) Temperature changes in the loading (∆Th) and unloading (∆Tc)
process, (c) The dependence of∆Tc on the compressive strain, and (d) the maximum∆Tc of the Ni-Ti alloys.

Table 2. The thermomechanical properties for homogenized and aged Ni-Ti alloys.

Samples

Superelasticity (isothermal) Elastocaloric adiabatic temperature lifts

Strain energy,
Eε (MJ m−3)

Residual
strain, εres (%) Maximum∆Th (K) Maximum∆Tc (K)

As-cut 22.3 0.48 14.8 9.3
Homogenized 1.49 N.D. 5.7 4.7
400 ◦C/5 min 19.4 2.41 11.3 8.0
400 ◦C/10 min 23.8 0.44 13.7 9.4
400 ◦C/30 min 23.8 0.26 14.1 9.2
400 ◦C/60 min 20.7 0.15 14.8 6.5
400 ◦C/120 min 17.0 0.13 10.5 4.8

aged at 400 ◦C for 120 min can be attributed to the metallurgical features of Ni-Ti alloys. In particular, the
over-aging might have resulted in larger Ni4Ti3 precipitates and/or the formation of other Ni-rich
intermetallic phases, such as Ni3Ti2, which are detrimental to the thermomechanical strength [35, 36]. In
terms of the mechanism of elastocaloric cooling, it appears that Af temperature and∆HM→ A affect the
temperature lifts∆Th and∆Tc. The result indicates that the Af temperature should be slightly below the
ambient temperature to obtain the higher∆Tc. These findings suggest that the difference between Af

temperature and ambient temperature can significantly impact the elastocaloric cooling performance.
As per the above results, it was revealed that the as-cut, 400 ◦C/10 min, 400 ◦C/30 min, and

400 ◦C/60 min samples of commercial Ni-Ti tubes exhibited superior elastocaloric cooling at around 3%
strain. The Af temperatures for these samples were found to increase on the order of 22.3 ◦C, 28.2 ◦C,
36.8 ◦C, and 43.7 ◦C for samples aged for 10, 30, and 60 min, respectively. These findings indicate that
thermal treatments have been successful, resulting in the production of Ni-Ti alloys with robust cooling
capabilities and a maximum Af temperature range of 24.7 ◦C, as determined from the Af temperature of the
samples that were aged for periods between 5–120 min. It is expected that these results will contribute to the
development of cascade elastocaloric regenerators with multiple Af materials.

4. Conclusions

We investigated the impact of thermal processing on commercial Ni50.8Ti49.2 alloy tubes in order to
understand the correlation between aging treatment and the elastocaloric properties of Ni-Ti alloys. Our
results showed that improvement in superelastic properties, such as reduction in residual strain, was
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observed as the aging time was increased. Conversely, an increase in Af temperature resulted in a decrease in
elastocaloric temperature lifts. The optimal short-time aging treatment at 400 ◦C appears to result in good
superelasticity and elastocaloric cooling performance with a large tunable austenite finish (Af) temperature
range of 24.7 ◦C, as determined from the Af temperature of the samples that were aged for 5–120 min. The
exceptional superelasticity might imply the formation of the appropriate amount of Ni4Ti3 precipitation in
the NiTi matrix phase.

In summary, our work suggests that heat treatment techniques are a valuable tool for fine-tuning the
temperature range of superelastic Ni-Ti alloys for elastocaloric cooling. By modifying the microstructure and
thermomechanical properties of Ni-Ti alloys, the temperature range of the elastocaloric effect can be adjusted
to be more favorable for practical use. We are now actively developing a cascade elastocaloric regenerator
incorporating different Af Ni-Ti tube materials using the procedures we have uncovered in this work.
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[6] Ahčin Ž, Liang J, Engelbrecht K and Tǔsek J 2021 Thermo-hydraulic evaluation of oscillating-flow shell-and-tube-like regenerators

for (elasto) caloric cooling Appl. Therm. Eng. 190 116842
[7] Frenzel J, Wieczorek A, Opahle I, Maaß B, Drautz R and Eggeler G 2015 On the effect of alloy composition on martensite start

temperatures and latent heats in Ni–Ti-based shape memory alloys Acta Mater. 90 213–31
[8] Otsuka K and Ren X 2005 Physical metallurgy of Ti-Ni-based shape memory alloys Prog. Mater. Sci. 50 511–678
[9] Frenzel J, George E P, Dlouhy A, Somsen C, Wagner M X and Eggeler G 2010 Influence of Ni on martensitic phase transformations

in NiTi shape memory alloys Acta Mater. 58 3444–58
[10] Ma J, Karaman I and Noebe R D 2010 High temperature shape memory alloys Inter. Mater. Rev. 55 257–315
[11] Benafan O, Brown J, Calkins F T, Kumar P, Stebner A P, Turner T L, Vaidyanathan R, Webster J and Young M L 2014 Shape memory

alloy actuator design: CASMART collaborative best practices and case studies Int. J. Mech. Mater. Des. 10 1–42
[12] Otsuka K and Shimizu K 1986 Pseudoelasticity and shape memory effects in alloys Int. Met. Rev. 31 93–114
[13] Schmidt M, Schütze A and Seelecke S 2016 Elastocaloric cooling processes: the influence of material strain and strain rate on

efficiency and temperature span APL Mater. 4 064107
[14] Shahmir H, Nili-Ahmadabadi M and Naghdi F 2011 Superelastic behavior of aged and thermomechanical treated NiTi alloy at Af+

10 CMater. Des. 32 365–70
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