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Abstract

In recent years, elastocaloric cooling technology has been considered as one of the most promising
alternatives to vapor compression technology. Given that elastocaloric technology is only in the
early stages of development, a uniform method for evaluating the elastocaloric effect has not yet
been established, and the thermodynamics of different elastocaloric cooling cycles have not yet
been studied in detail. Therefore, the main goal of this work is to investigate these two important
areas. Here, multiple thermodynamic cycles were studied, focusing on the parameters of the
holding period of the cycle, which is essential for heat transfer between the elastocaloric material
and the heat sink/source. The cycles were applied to commercially available superelastic
thin-walled NiTi tubes under compressive loading and a thin NiTi wire under tensile loading.
Isostress cycles with constant stress throughout the holding period, isostrain cycles with constant
strain throughout the holding period and no-hold cycles (without a holding period) were studied
across multiple stress/strain ranges. Based on the experimental results, a previously developed
phenomenological model was applied to better understand and further evaluate the different
cycles. The results revealed that the applied thermodynamic cycle significantly affects the
thermomechanical response and thus the cooling/heating efficiency of the elastocaloric material.
We show that by using isostress cycles and partial transformations, a Carnot-like thermodynamic
cycle with improved heating/cooling efficiency can be generated. By applying the isostress cycles,
an adiabatic temperature change of 30.2 K was measured, which is among the largest directly
measured reproducible adiabatic temperature changes reported for any caloric material to date.
Ultimately, this study intends to serve as a basis for establishing a uniform method for evaluating
the elastocaloric effect in different materials that would allow for reliable and accurate one-to-one
comparison of the reported results in the rapidly growing field of elastocalorics.

1. Introduction

Alternative cooling/heat pumping technologies have recently attracted significant attention since current
technologies, which are based mainly on vapor compression, are failing to comply with future demands on
energy consumption and environmental protection. Apart from being over a century old, the great majority
of vapor compression technologies suffer from relatively low efficiency, yet their main drawback throughout
their development has been and still is the refrigerants that they use. The very first refrigerants used in vapor
compression cooling were natural refrigerants, such as ether, ammonia, carbon dioxide and hydrocarbons.
Nonetheless, their low efficiency, toxicity and flammability led to intensive research on alternative
refrigerants [1, 2]. The breakthrough came with the synthesis of stable and efficient chlorofluorocarbons
(CFCs). Later, however, the ozone-depleting effect of CFCs resulted in their ban and replacement by
hydrofluorocarbons (HFCs). Once again, it turned out that HFCs should also be banned and replaced by
other refrigerants because of their very high global warming potential. Along with the possible leakage of
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refrigerants from cooling/heat pumping devices in the course of their installation, operation and
maintenance, inappropriately disposing of such devices at the end of their life span would release
considerable amounts of HFCs into the atmosphere [3, 4]. Since preventing the refrigerants from leaking
into the atmosphere all around the globe is barely feasible, the next generation of refrigerants should be
made from naturally occurring compounds [5]. Accordingly, we should either go back to where it all started,
which is using natural refrigerants, such as carbon dioxide, ammonia and hydrocarbons, and try to overcome
their inherent shortcomings or move towards alternative non-vapor compression cooling technologies by
redefining the notion of refrigerant. Solid-state cooling/heat pumping technologies, such as electrocalorics,
magnetocalorics, barocalorics and elastocalorics are some of the alternative cooling technologies [6-9],
among which elastocalorics are recognized as the most promising non-vapor-compression cooling
technology according to the U.S. Department of Energy and the EU Commission [10, 11].

In elastocaloric cooling/heat pumping, the latent heat of the martensitic phase transformation that is
released/absorbed during loading/unloading of a superelastic material, such as a shape memory alloy (SMA)
in its superelastic state, is utilized for heating/cooling [12]. The elastocaloric effect of different SMAs
including NiTi-based [13—17], Cu-based [18, 19], Fe-based [20] and magnetic SMAs [21, 22], each of which
have their pros and cons, can be found in the literature (see [12] for more information). Binary NiTi is the
most studied SMA and is nowadays commercially available in different shapes, geometries and qualities. Of
particular interest for elastocaloric applications, is thin-walled tubes, thin sheets and wires that allow for fast
and efficient heat transfer due to their large surface-to-volume ratio. In addition to suitable geometry for
efficient heat transfer, elastocaloric devices require durable operation with large elastocaloric effect without
degradation upon cycling. Accordingly, elastocaloric effects in high-cycle regimes have been investigated in
the literature [16, 23-25]. Prior to this work, the largest directly measured durable (after 1 000 000 fatigue
cycles) adiabatic temperature change of 27 K was observed in thin-walled NiTi tubes under compression
[26]. Although larger adiabatic temperature changes have been reported in the literature, for example,

58 and 40 K in a NiTi alloy at room temperature [27, 28], 38.5 K in a NiTi alloy at 120 °C [29] and 31.5 K in
a Ni-Mn-Ti-B alloy [30], the reproducibility of these results was not investigated. As shown in [29], the
adiabatic temperature changes decrease with training (thermomechanical stabilization) and get stabilized
after about 100 cycles. Without training, the temperature changes and the mechanical response of the
elastocaloric material are unstable and not reproducible, as is evident from the decrease in the adiabatic
temperature changes from the first to the second cycle in [29] and the large residual strains after unloading in
(27, 28].

Above the elastocaloric material level, several elastocaloric devices using different geometries and
thermodynamic cycles have been designed and tested [31-42]. Although promising results in terms of
temperature span and specific cooling/heating power have been achieved, the research on designing
commercially viable elastocaloric devices that are durable and more efficient than their vapor compression
counterparts is still ongoing. More comprehensive reviews of elastocaloric materials and devices can be
found in the literature [12, 43].

1.1. The basics of the elastocaloric effect (martensitic transformation)

The phase transformation in NiTi is a non-diffusional (martensitic) phase transformation that, in its
simplest form, occurs between an austenite phase, which has a high symmetry CsCl-type B2 cubic unit cell
and a martensite phase, which has a low-symmetry B19’ monoclinic phase (hereafter, these two specific
crystaline structures are referred to as austenite and martensite). In general, depending on the temperature,
upon application of an external stress field, an SMA can generate shape memory effects or superelasticity.
Below the martensite finish temperature (M), shape memory effects can occur and above the austenite finish
temperature (Ar), superelasticity, which is the basis of the elastocaloric effect, occurs. In both cases, the
transformation is accompanied by a thermodynamic irreversibility [44, 45] that manifests itself as
temperature and stress hysteresis (more details about the phase transformation can be found elsewhere [46]).
In superelasticity, when the austenite is mechanically loaded, it transforms to the martensite (forward
transformation) and the latent heat of the transformation is released [47]. Upon unloading, the opposite
occurs (reverse transformation) and the latent heat is absorbed. The mechanical and thermal manifestations
of the transformation are coupled. Consequently, superelasticity is stress/strain rate sensitive. To elaborate,
two extremes can be considered. If the transformation occurs very slowly in infinitesimally small stress/strain
steps, i.e. under isothermal conditions, the latent heat dissipates to the surroundings and the entropy of the
material changes at a constant temperature. At the other extreme, i.e. under adiabatic conditions, the
transformation occurs so rapidly that the sample cannot thermally interact with its surroundings. Thus, the
released/absorbed latent heat and the consequent self-heating/cooling changes the temperature of the
material itself (AT,q). Due to thermomechanical coupling, self-heating/cooling suppresses the
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transformation, meaning that, compared to isothermal conditions, higher/lower stresses are required to
start/finish the forward/reverse transformation or to generate similar strains under adiabatic conditions.

The martensitic phase transformation and consequently the observed elastocaloric effect can be affected
by numerous variables. Therefore, a one-to-one comparison of the existing results in the literature is difficult,
if not impossible. The same elastocaloric material (i.e. the same geometry and chemical composition) can
generate considerably different elastocaloric responses depending on its thermomechanical history and
microstructure. For instance, modifying the grain size by severe plastic deformation and heat treatment [17],
the presence or absence of precipitations [48] and texture [49] and even the size of the sample relative to the
grain size and structure—microstructure interaction (size effects) [50-52] can significantly affect the phase
transformation and consequently the elastocaloric response of the material. Moreover, testing conditions,
such as the difference between the test temperature and A [53], loading mode (tension or compression)

[12, 13], applied stress/strain, stress/strain rate [54], holding period parameters and training cycles can alter
the observed elastocaloric effect [55]. The SMAs exhibit a tension-compression asymmetry [56], as a result of
which the transformation mechanism and the response of SMAs under tensile loading and compressive
loading are significantly different. In tension, the phase transformation occurs through discrete localized
nucleation and growth events, while in compression, a uniform continuous transformation occurs.
Therefore, in tension, the transformation plateau is almost flat but in compression, the transformation
plateau is sloped (similar to strain hardening behavior). The transformation start/finish stresses, the
maximum transformation strain and the hysteresis loop area are also different in tension and compression.
As a consequence, the elastocaloric response of materials with identical chemical composition and
microstructure would be completely different under tensile and compressive loading.

The efficiency of an elastocaloric material is usually expressed through the material’s coefficient of
performance (COPy,,) that is also used for material comparison. It is defined as the ratio between the
cooling/heating energy and the input energy and can also be affected by the abovementioned variables. For
instance, training significantly affects the hysteresis loop area, transformation stresses, transformation strain
and the measured (adiabatic) temperature changes [26, 55, 57]. Moreover, an untrained sample has an
unstable cyclic behavior and the response of the material, especially in the first few cycles of the training, can
change drastically, implying that the elastocaloric response of the material is not reproducible either (in the
untrained sample). In addition to the stable and reproducible responses, the elastocaloric material in a real
elastocaloric device must undergo a certain thermodynamic cycle [58, 59]. The most widely applied
thermodynamic cycle in elastocalorics is the Brayton cycle, which consists of four operational steps: adiabatic
loading, holding period (heat transfer period), adiabatic unloading and holding period (heat transfer
period). The holding period in the elastocaloric cycle allows for thermal interaction between the elastocaloric
element and the heat transfer medium (or heat sink/source) and is crucial for generating useful cooling or
heating power. Nonetheless, continuous cycling (without a holding period called no-hold cycles here) results
in considerably high [16, 17] but not practically realistic COP, values, since useful cooling/heating power
cannot be generated without the heat transfer that occurs during the holding period. Furthermore, in studies
that have applied a holding period, the duration of the holding period and the parameter that has been held
constant (typically strain rather than stress) have been chosen arbitrarily without considering the impact of
these parameters on the elastocaloric effect. Above all, the applied stress/strain (Ac/Ac) and the magnitude
of the transformation can significantly affect the adiabatic temperature changes (AT,q), the specific
heating/cooling energy (gn/q.), the input energy (w) and the COP,, values.

1.2. Aims and goals

Since in the current state of the art, the parameters and conditions under which the elastocaloric effect has
been measured and evaluated are mainly chosen arbitrarily, the aim of this work is to show, for the first time,
the effects of the applied thermodynamic cycle (especially the holding period parameters) on the
elastocaloric effect and its efficiency. Here, different elastocaloric thermodynamic cycles (no-hold, isostress
and isostrain cycles), which were applied to NiTi tubes under compression and a NiTi wire in tension across
different strain ranges, are comprehensively and systematically analyzed using both experimental (direct
measurements) and theoretical (phenomenological modeling) approaches. Changing the parameters of the
thermodynamic cycle alters its nature, and therefore drastically affects the achievable AT,4 and the
accompanying Ao and Ag, the specific heating/cooling energy, the input energy and the calculated COPyy.
It should be noted that, to date, the vast majority of elastocaloric cycles have been based on applying a
constant strain during the holding period (isostrain conditions, e.g. [14, 18, 26, 60]) or have been applied
without any holding period (no-hold cycles, e.g. [16, 17]). To the best of the authors” knowledge, the
elastocaloric cycles under isostress conditions have not yet been evaluated (although quasi-isostress
conditions were applied in some cases, e.g. [13, 61]). We show in this work that fixing the stress instead of the
strain during the holding period allows for an additional transformation that leads to additional latent heat
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release/absorption and more efficient thermodynamic cycles, which in some cases approach the Carnot
thermodynamic cycle. Ultimately, this study intends to serve as a basis for establishing a uniform method for
evaluating the elastocaloric effect in different materials that will allow a reliable and accurate one-to-one
comparison of reported results in the rapidly growing field of elastocalorics. Although NiT1i tubes and wires
have been selected for this study, the findings are closely tied to the phase transformation mechanism and are
generally applicable to any SMA of any geometry.

2. Materials and methods

2.1. Experimental

2.1.1. Materials and equipment

Experiments were performed on NiTi tubes under compression and a NiTi wire in tension. Two tubes with
18.18 mm gauge lengths, referred to as T1 and T2 hereafter, were cut using a low-speed diamond saw from a
longer medical grade (compatible with ASTM F 2063) superelastic NiTi tube with an outer diameter of

3.70 mm and a wall thickness of 0.625 mm. The two ends of each tube were made flat, parallel to one another
and perpendicular to the length of the tube by micromachining. According to the product datasheet (by
Vascotube), the austenite finish temperature (A¢) of the tube with 55.95 wt.% Ni (approximately 50.88 at.%
Ni) is between 0.7 °C and 1.5 °C. For tensile experiments, a wire of 1.5 mm diameter, 140 mm total length
and 40 mm gauge length (referred to as W1 hereafter) with chemical composition and A (according to the
product datasheet by SAES group) similar to those of the tubes was used. The reported A¢ temperatures are
in line with the observed room temperature superelasticity of T1, T2 and W1.

All mechanical tests were carried out under strain-rate controlled loading at room temperature
(23 £ 1 °C) using a Zwick Z050 universal testing machine (UTM). For compression tests, a 50 kN Gassmann
Theiss Messtechnik load cell with a maximum inaccuracy of £0.4% across the entire measuring range of the
load cell was used, and the displacement data were acquired using a long-stroke Zwick extensometer with an
accuracy of £0.002 mm. To ensure the application of a uniaxial compressive force on the tubes, a
custom-made holder [26] was used in all the experiments. It should be noted that because of the small size of
the tubes, the extensometer is attached to the moving part of the holder rather than the tube itself (to have
more accurate temperature measurements with an infrared camera). The extensometer was attached as close
to the tube as possible to exclude the deformation of the UTM and most parts of the holder. However, the
holder consists of multiple moving parts with different internal frictions. Therefore, the recorded mechanical
response might be slightly different to the real response of the tube. For the tension tests, a 5 kN Xforce
P-type Zwick/Roell load cell with a maximum inaccuracy of £1% across the entire measuring range of the
load cell was used, and for measuring the displacement (and subsequent strain calculations) the crosshead
data were used. All stress and strain values are engineering values calculated based on the initial lengths and
cross-sectional areas of the samples.

To capture the thermal response of the samples during the mechanical tests, they were first coated with a
thin layer of black LabIR paint for standard applications with an emissivity of 0.92, and then the selected
regions of interest were monitored with a FLIR A6750sc infrared camera at a frame rate of 120 Hz. The
camera, which was equipped with a 50 mm focal length lens, has an absolute accuracy of +2% of the
temperature reading, a 640 x 512 pixel IR sensor with a spatial resolution of 15 ym and a noise-equivalent
differential temperature of less than 20 mK. The measurement uncertainty of the temperature difference
between the individual pixels, which determines the accuracy of capturing the temperature changes of the
samples (the difference between a temperature peak and the ambient/initial temperature), is much smaller
than the absolute temperature reading uncertainty of the camera. The regions of interest were squares with
2 mm long edges at the center of each tube and a 35 mm long line with 0.3 mm thickness in the middle of the
wire. The reported temperature changes are the mean (averaged) values of the pixels within the regions of
interest.

2.1.2. Training cycles

In order to achieve reproducible and stable thermal and mechanical responses, both tubes and the wire were
first trained for 100 cycles (see table 1 for the details and appendix A, supplementary material for the results).
At the beginning of the training cycles and all subsequent elastocaloric cycles, preloads (see table 1 for
details) were applied to remove the displacements within the holder or the UTM parts. The recoverable
strain of the last cycle of training for each sample (T1, T2 and W1), referred to as Ae,y hereafter, was
considered as a reference to determine other strain ranges (fractions of Aep,y) that were applied in the
subsequent elastocaloric cycles (T1, T2 and W1 have Aep,y of 3.48%, 3.67% and 7.34%, respectively).
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Table 1. The evaluated elastocaloric cycles and their parameters.

Loading/unloading
Pre-strain Range
Rate (s71)? Holdingb Rate (s7!')? Range Max Min Hold®

Sample Tube—Compression

Preload For all cycles, at 2.27 x 10~ 57! load to 170 MPa and unload to ~0.07% and hold the strain
Training  N/A N/A 227 x 1077 N/A 1140 MPa 10 MPa N/A
Isostress 227 x 107% Hold stress  6.82 x 1072 Ag,; 0.625 X Aemax" 0.375 X A€max Hold stress

for20 s (Adiabatic) for 60 s

Ag; 0.750 X A€max  0.250 X A€max
Ae; 0.875 X Aemax  0.125 X Aemax

Aegy A€max 0.153%
Isostrain Hold strain Same as isostress ranges Hold strain
for 20 s . for 60 s
S-comp Two strain ranges: 1st range equal to

isostrain/isostress ranges and 2nd range equal to
¢ at the end of holding periods of isostress ranges

No-hold YANG! 0.625 X Aemax  0.375 X A€max N/A
Aes 0.875 X Acmax  0.125 X A&max

Aey AEmax 0.153%
Isothermal N/A N/A 9.09 x 10> N/A AEmax 0.005% N/A
Sample Wire—Tension
Preload For all cycles, at 2.27 x 10~%* s~ ! load to 10 MPa and hold the stress
Training N/A N/A 227 x 1073 N/A 565 MPa 10 MPa N/A
Isostress 7.42 x 10~> Hold 205%x 107" Ag; 0.369 X Aemax  1.72% Hold stress
;téesss for (Adiabatic) Acs 0.625 X Aems 2.75% for 180 s
Aes 0.813 X Aemax  2.22%
Aey A€max 2.22%
Isostrain Hold strain Same as isostress ranges Hold strain
for45s . for 90 s
S-comp Two strain ranges: 1st range equal to
isostrain/isostress ranges and 2nd range equal to
¢ at the end of holding periods of isostress ranges
Isothermal N/A N/A 3.50 x 1077 N/A A€ max 10 MPa N/A

2 In compression, identical for isostress, isostrain, s-comp and no-hold, and in tension, identical for isostress, isostrain and s-comp.
bIn compression, identical for isostrain, s-comp and no-hold, and in tension, identical for isostrain and s-comp.
¢T1, T2 and W1 have Aenmax of 3.48%, 3.67% and 7.34%, respectively.

2.1.3. Elastocaloric cycles

The thermomechanical responses of the tubes (T1 and T2) and the wire (W1) were evaluated for three
different elastocaloric cycles, namely isostrain cycles (constant strain throughout the holding period),
isostress cycles (constant stress throughout the holding period) and no-hold cycles. In addition, strain
compensation cycles (referred to as S-comp cycles hereafter) composed of a two-stage loading/unloading
were applied to estimate the latent heat released/absorbed during the isostress holding period. However, the
required strain rates (isothermal, adiabatic, training, etc) and holding period durations, which were
determined experimentally, are different for the tubes under compression and the wire under tension
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because of the tension-compression asymmetry of the phase transformation and the fact that different
geometries and dimensions (tubes versus wires) have different heat transfer properties. Table 1 shows the
parameters and description of the evaluated elastocaloric cycles.

Each cycle was evaluated at different strain ranges (later referred to as Ae,q) with respect to the Ae .
The evaluated strain ranges are equally distributed around the middle of the plateau (half of Aep,y). In this
way, the effects of applying partial transformation on the elastocaloric response of the samples that have
different Aepmay could be investigated more accurately (see the note at the bottom of table 1). It should be
noted that for the unloading, the minimum strain of Ag, for the tubes and the minimum strains of all
applied strain ranges for the wire were determined in such a way as to prevent exerting negative forces on the
samples at the end of the adiabatic unloading (negative force is a consequence of the inevitable self-cooling
and the UTM’s limitation in decelerating appropriately near the end of the defined strain range). The
self-cooling effect is more pronounced in tension, and the long thin wire is more prone to bending during
the fast unloading. Therefore, the minimum strains are well above zero in tension. All of the cycles were
applied around the middle of the transformation plateau of each tube and the wire, in order to avoid
straining the so-called pure austenite and martensite phases, which do not contribute much to the generated
adiabatic temperature changes but increase the magnitude of the applied stress/strain as discussed previously
elsewhere [25]. Therefore, each cycle begins with a quasi-isothermal pre-straining to the maximum strain in
each strain range. The pre-straining is followed by a short holding period with fixed stress for the isostress
cycles and fixed strain for all other cycles to ensure thermally stabilized conditions. Subsequently, the samples
are first adiabatically unloaded to the minimum strain in each strain range in all of the cycles.

The first adiabatic unloading is followed by a holding period during which the stress in the isostress
cycles and the strain in the isostrain cycles and S-comp cycles are held constant for a given period of time so
that the temperature of the sample equals the ambient temperature. After the first holding period of the
isostress and the isostrain cycles, the samples are adiabatically loaded to the maximum strain of each cycle.
The isostress and isostrain cycles were repeated three times across each strain range. Note that fatigue cycling
is beyond the scope of this work. However, as previously shown in [25, 26], the elastocaloric effect does not
degrade in a trained (stabilized) NiTi sample after several hundred thousand cycles. Accordingly, only three
consecutive cycles were applied for each cycle and each strain range to check the repeatability of the
thermomechanical response of the trained samples. In the no-hold cycles, which are only applied to T2
across three strain ranges, there are no holding periods, and the tube is continuously loaded/unloaded for 20
cycles. The S-comp cycles (applied to T2 and W1) are composed of two adiabatic loading and two adiabatic
unloading segments per cycle, each of which is followed by a holding period with constant strain (see figure 5
for a visual description of the cycle). The strain limits of the first adiabatic loading/unloading segments of the
S-comp cycles are equal to those of the isostress cycles of the same Ae, while in the second adiabatic
loading/unloading segments, the samples are loaded/unloaded to the strain that the corresponding isostress
cycle reaches at the ends of its holding periods (note that there is an additional transformation during the
holding period of the isostress cycles that generates the additional strain). The adiabatic temperature changes
of the second adiabatic loading/unloading segment of the S-comp cycles are used to estimate the latent heat
release/absorption during the additional non-adiabatic transformation that occurs during the holding
period of the corresponding isostress cycles (because of experimental limitations, A&, was not applied to
T2). To check the repeatability of the results, the S-comp cycles were repeated twice across each strain range.
Finally, the isothermal cycles were applied to T2 and W1 across the complete transformation range (Aepmay)
and were used as input data for the phenomenological model.

2.2. Thermodynamic modelling
To support and better understand the experimental results, a thermodynamic model was used to evaluate the
applied elastocaloric cycles. The model is based on a phenomenological model that was used to simulate the
superelastic and shape memory response of SMAs and was originally presented in [62] and in more detail in
[45]. The input data for the model, i.e. transformation strains, transformation temperatures, elastic moduli
and Clausius—Clapeyron factors were obtained experimentally from isothermal response of the tubes under
compression and the wire in tension. Figure 1 shows the stress—strain curves obtained experimentally and
theoretically (using the phenomenological model). Figure 1 also shows the stress—strain response calculated
by assuming a non-hysteretic behavior (averaging loading and unloading stress—strain curves). The model
and the details of the fitting parameters are presented in appendix A, supplementary material.

Based on the modeled superelastic response of the material at different temperatures and by using
basic thermodynamic relations (i.e. Maxwell relations), the elastocaloric response was calculated, and
temperature—total entropy (T—s) diagrams were constructed, as shown in figure 2 (see appendix A,
supplementary material for details). It is important to emphasize that entropy is a state function and
consequently, the total entropy change is determined solely by the initial and final states of the material and is
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Figure 1. Experimental and modeled isothermal superelastic response of NiTi tube under compression (a) and NiTi wire in
tension (b) at room temperature. Blue lines show experimental data, black lines show modeled data and dashed lines show

modeled data without hysteresis.
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Figure 2. T—s diagrams for NiTi tube under compression (a) and NiTi wire in tension (b). Red lines represent the isostress and

blue lines represent the isostrain conditions. In both cases, the stress ranges from 0-1500 MPa (with 300 MPa steps), while the
strain ranges from 0%—3.78% (with 0.756% steps) for compression and from 0%-10% (with 1% steps) for tension.

independent of the path taken between the two states. Therefore, the T—s diagram is constructed using the
non-hysteretic stress—strain behavior [45]. Since the aim of the theoretical analysis is to compare the isostress
and isostrain cycles and understand their thermodynamic behavior, the hysteresis losses were not included in
the model since doing so would have concealed the fundamental difference between the isostress and
isostrain cycles.

Figure 2 shows T—s diagrams for compressive and tensile cycles. Different transformation mechanisms in
tension and compression (tension-compression asymmetry) result in significantly different T—s diagrams.
An almost entirely flat stress—strain transformation plateau in tension (figure 1(b)) leads to almost flat
isostress lines between the total entropy values at zero and at the final stress/strain points, which is due to the
fact that the entire entropy change at constant stress occurs across a very narrow temperature range (almost
constant temperature). In compression, on the other hand, since the entropy change at constant stress occurs
across a wider temperature range, the transformation plateau is steeper (figure 1(a)), resulting in steeper
isostress lines. However, isostrain lines exhibit a significantly different trend due to a nonlinear mechanical
behavior, i.e. the entropy change at constant strain occurs over much wider temperature ranges for both
tension and compression, as discussed in [45]. The difference between the isostress and isostrain lines in the
T—s diagram opens up new avenues for manipulating the elastocaloric cooling cycle by utilizing isostress or
isostrain conditions.

3. Results and discussion

3.1. The importance of training

Training SMAs is crucial for achieving a reproducible and stable thermomechanical response. The reason is
that, in practice, in a superelastic cycle, the martensitic phase transformation is neither completely reversible
nor the only ongoing deformation process [63]. Consequently, during training under a fixed stress
magnitude, the hysteresis loop area, total strain, recoverable strain, residual strain and temperature changes
as well as the transformation start and finish stresses decrease in each consecutive cycle, while the
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accumulated residual strain increases by cycling (see appendix A, supplementary material figure A.1).
Towards the final cycles of the training, the residual strain becomes almost zero and the mechanical response
of the material becomes repeatable and stable. The thermal response of the material tends to become stable
somewhat earlier than its mechanical response [26].

On the one hand, the decrease in the recoverable strain and temperature changes upon training means
that an untrained sample generates superficially higher AT,q [26, 64]. On the other hand, the decrease in the
transformation stresses and the hysteresis loop area means that the input work of an elastocaloric cycle is
lower in a trained sample compared to an untrained sample. Therefore, assessing the elastocaloric
performance of SMAs in an untrained state is not relevant to real applications because both the temperature
changes and the input work, which are directly used to calculate the COP,,, change significantly during
training (see appendix A, supplementary material for details). Accordingly, directly comparing the
elastocaloric response of a trained and an untrained material would be erroneous. In addition, an
elastocaloric material can be used in a practical elastocaloric device only if it has a reproducible and durable
thermomechanical response, which is not the case for untrained SMAs.

3.2. Thermomechanical response under different thermodynamic cycles

Figure 3 shows the representative stress—strain curves and the corresponding temperature-time profiles for
the isostress and isostrain cycles applied to T1 and W1 under compression and tension across Ae; and Aes
(two of the four applied strain ranges). The results for the other two ranges (Ae, and Agy) are shown in
appendix A and supplementary material figure A.2.

The martensitic transformation responsible for the elastocaloric effect has a thermomechanical coupling
that results in a direct connection between the thermal and mechanical states of the samples and accordingly,
the equilibrium state of the sample is determined by a combination of stress/strain and temperature. The
applied stress/strain also indicates the magnitude of the transformation and the resulting phase fraction,
which is the proportion of the austenite to the martensite present in the sample. In addition to the
ambient temperature, accumulation of the released/absorbed transformation latent heat during a fast
loading/unloading (self-heating/cooling) changes the temperature of the sample and thus shifts the
stress/strain-temperature equilibrium or more precisely the phase fraction-temperature equilibrium. This
also results in a rate-dependent mechanical response of the samples (different mechanical responses under
isothermal and adiabatic conditions of identical Aeg).

In both tension and compression in figure 3, a small broad symmetrical peak with a minor temperature
change is observed during the initial quasi-isothermal (very slow) loading (dashed magenta lines from point
1 to point 2 in figure 3), while the subsequent adiabatic peaks are sharp and asymmetrical. Due to the minor
temperature changes and the absence of a pronounced self-heating during the initial quasi-isothermal
loading, it can be safely assumed that in both the isostress and the isostrain cycles before the first adiabatic
unloading (point 2), the samples have similar initial conditions with respect to their absolute temperature
(equal to the ambient) and equilibrium phase fractions. Therefore, the first adiabatic unloading, from point
2 to point 3, ends at a similar stress/strain in both the isostress and the isostrain cycles and thus generates
similar AT,q4, as shown in figures 3(c), (d), (g) and (h) and their insets.

The difference between the isostress and isostrain cycles begins at point 3 (figure 3), where the first
holding period is applied to the samples and the temperature of the samples increases from the generated T,g
(Tag = Tamb — ATad, 15t unload) towards the ambient air temperature (Tamp). This gradual temperature
change demands a gradual transition from stress/strain-T,4 towards stress/strain-T,, equilibrium.
Therefore, the magnitude of the transformation and the corresponding phase fraction can change
accordingly. Since the strain in the isostress cycles can freely change during the holding period, the additional
transformation (austenite to martensite after adiabatic loading and the reverse after adiabatic unloading) can
progress (from point 3 to point 4—see figure 3) and the new equilibrium is reached. This equilibrium is
identical to that of an isothermal cycle under the same stress (as clearly observable in figure 3(b), where point
4y coincides with the quasi-isothermal magenta line). In the isostrain cycles, on the other hand, where the
strain is constrained during the holding period, this additional transformation does not occur because there
is no room for the required change in the transformation strain. Therefore, the sample does not reach the
required equilibrium phase fraction and only stress relaxation (point 3 to point 4p—see figure 3) occurs with
the temperature change [65].

As the additional transformation occurs over the holding period of the isostress cycles, additional latent
heat is released/absorbed throughout this process. Therefore, as shown in figures 3(c) and (d) and their
insets, the sample heats up (towards the ambient) during the holding period by convection to the air and
conduction through the grips, but the additional transformation and latent heat absorption under the
isostress holding conditions slows down the temperature increase compared to the isostrain cycles. Since the
transformation and the latent heat release/absorption during compression is uniform, only the slope of the
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Figure 3. Stress—strain curves and their corresponding temperature-time profiles of the isostress and isostrain cycles applied to a
NiTi tube (T1) under compression (left column) and a NiTi wire (W1) in tension (right column) across two strain ranges Ae;

(a)—(d); and Aes (e)—(h).

temperature—time profile changes during the holding period under isostress conditions (see figure 3(c) and
supplementary video Bl in appendix B). In tension, on the other hand, where nonuniform transformation
occurs during the holding period, the nucleation and growth of the austenite phase are clearly seen as sharp
peaks (some marked with red asterisks) on the stress—strain curves and the temperature-time profiles in
figures 3(c) and (d). This is also clearly visible in the IR videos shown in supplementary video B2 in
appendix B. As shown in figures 3(a), (b), (e) and (f), as a result of the additional transformation during the
holding period of an isostress cycle, the strain at the end of the first holding period of the isostress cycle is
significantly larger than that of the isostrain cycle especially in tension. Compared to the isostrain cycles, the
samples that undergo an isostress cycle always reach the equilibrium phase fraction and consequently
generate larger strain and larger transformation at the end of the holding period and therefore generate
larger AT,q when subsequently loaded adiabatically to fixed target strain, as shown in figures 3(c)—(f).
Compared to compression, with its inherently sloped transformation plateau, the flat plateau in tension
results in much larger additional phase transformation and therefore larger latent heat release/absorption
and larger total entropy change during the holding period. In tension, this additional transformation occurs
through multiple discrete nucleation and growth events (see appendix B, supplementary videos) and as a
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consequence, since each nucleation and growth event decreases/increases the temperature significantly (see
the inset of figure 3(d)), the wire requires a longer time to reach the ambient air temperature compared to
the tube under compression, which undergoes a homogeneous transformation. Accordingly, in tension, the
maximum temperature in figure 3(d) is generated non-adiabatically through a large nucleation during the
holding time and immediately after the first adiabatic loading (a non-adiabatic maximum temperature
change was mentioned in [13] but not investigated further).

As can be seen in figures 3(e)—(h), as the applied adiabatic strain range increases and gets closer to A&,y
(more complete transformation during the adiabatic loading/unloading) there are less untransformed phases
after the adiabatic loading/unloading; therefore, the magnitude of the additional transformation during
the isostress holding periods decreases and the isostress and the isostrain cycles become more similar.
Nevertheless, since the transformation-suppressing effect of the self-heating/cooling is always present during
the adiabatic loading/unloading, the isostress and isostrain cycles would always have different outcomes,
although less pronounced at larger Ae.

3.3. Elastocaloric performance in different thermodynamic cycles—experimental results

3.3.1. Adiabatic temperature changes

Figure 4 shows AT,q generated by the isostress and isostrain cycles as a function of the total stress/strain
(Ao o, Acior) and adiabatic stress/strain (Ao ,q, A€aq). It should be noted that Ae,q and Ao ,q show the
variations that occur only during the adiabatic loading/unloading segment of each cycle and Ay, and Aot
include the stress/strain variations during the holding period of the cycles as well. In isostress cycles with
constant stress during the holding period, Aoy is equal to Ac,g (same data points). Similarly, in isostrain
cycles Aeyor is equal to Ae,q (same data points). The data points are the statistical means and standard
errors acquired from three consecutive cycles for each Ae. Since the condition of the samples during the
first adiabatic unloading after the quasi-isothermal loading is different to the rest of the adiabatic
loading/unloading segments (see temperature-time profiles in figure 3), AT,q of the first unloading is not
included in the mean value calculations.

It is important to note that, as table 1 shows, to avoid exerting negative stress on the thin wire and to
prevent it from bending during the unloading, the designated unloading strain limits of the wire are
relatively large (identical for Ae; and Aey) compared to those of the tubes. Consequently, smaller reverse
transformation and AT,q occur in the wire upon unloading. This is the reason for the non-monotonic trend
of unloading AT,q for the wire under tension observed in figure 4, where the unloading AT 4 for the
smallest strain range (Ae) is larger than that of the second-smallest strain range (Ae,); compare figure 3(b)
with figure A.2 of appendix A, supplementary materials. As will be discussed later (section 3.3.2), these
non-monotonic trends become monotonic once the additional transformation and the heat release/
absorption during the holding period are accounted for.

In all cases, AT,q increases with both Ae,q/Acaq and Aeior/ Ac o since the magnitude of the
transformation increases with the applied stress/strain range. Because of the flat plateau and large additional
transformation during the holding period, the difference between the isostress and isostrain cycles is more
pronounced in tension. As evidenced by figure 4, generating the same AT,q under tension requires lower
stresses and larger strains compared to compression (due to tension-compression asymmetry). It is
interesting to note (see figures 4 (f) and (h)) that in the case of tension there is a significant increase in AT,
at around 400 MPa for isostress cycles and at around 250 MPa for isostrain cycles, which corresponds to the
beginning of the flat transformation plateau in tension (see figure 3(f)). Compared to isostrain cycles, in
isostress cycles, the transformation plateau effectively occurs at higher stresses because of the larger
transformation that occurs and results in a more pronounced self-heating/cooling effect. Since the
transformation plateau under compression is much steeper and the transformation occurs over wider stress
ranges, this phenomenon is almost absent in the compression tests.

In compression, the largest AT 4 of 30.2 K for loading and 20.4 K for unloading are generated during the
isostress cycle across Aey and Ao g0 0f 1200 MPa. In tension, the largest AT,q of 27.2 K for loading and
15.1 K for unloading are also generated during the isostress cycles across Aey but with Ao g0 of only
around 480 MPa, which is more than 48% lower than the A g0t 0f 935 MPa that can generate similar ATy
in compression. The difference between Ae,g and Aey, (in the isostress cycles) is much larger in tension
than in compression because, as a consequence of the flat plateau of tension, the majority of the
transformation in smaller Ae ranges occurs throughout the holding period rather than the adiabatic
loading/unloading segment. Note that these adiabatic temperature changes are directly observed and the
corrected adiabatic temperature changes are even larger, as discussed in section 3.3.2.

With respect to the stress magnitude, an isostress cycle can generate significantly higher adiabatic
temperature changes at considerably lower stress magnitudes in both compression and tension. In
compression, with around 500 MPa of Ao, the isostress cycle generates AT,q of 16.2 and 9.1 K for loading
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Figure 4. Adiabatic temperature changes (AT,q) observed in the isostress and isostrain cycles of the tubes (T1 and T2) under
compression (left column) and the wire (W1) in tension as a function of (a) and (b) adiabatic strain magnitude; (c) and (d) total
(adiabatic plus holding period variations) strain magnitude; (e) and (f) adiabatic stress magnitude; and (g) and (h) total
(adiabatic plus holding period variations) stress magnitude. (All values are statistical mean values and their corresponding
standard errors acquired from three consecutive cycles at each strain range.)

and unloading, respectively, while the isostrain cycle generates only 9.2 and 8.0 K in loading and unloading,
respectively. Because of the flat plateau and larger additional transformation throughout the holding period,
this difference is significantly more pronounced in tension. Indeed, with Ao of even slightly lower than
500 MPa, isostress cycle in tension generates 27.2 and 15.1 K for loading and unloading, respectively, while
the isostrain cycle generates only 16.6 and 12.7 K for loading and unloading, respectively. Generating large
AT,q in lower Ao oyag is the key superiority of an isostress cycle, especially for practical applications where
the maximum applicable stress is limited by structural, functional and/or operational factors. It should be
noted that, as will be shown later (sections 3.3.2 and 3.4), the additional non-adiabatic transformation and
entropy change in an isostress cycle, which are not considered in AT,q shown in this section, further boosts
the cooling/heating performance of such a cycle.

Temperature (transformation) irreversibility, which is caused by hysteresis losses and is observed to be
the difference between the loading and unloading AT,q, has different trends in the isostress cycle with
complete transformation (the maximum that can be achieved under a given stress/strain) and the isostrain
cycles with constrained transformation. Accordingly, the temperature irreversibility is larger and almost
constant in the isostress cycles (loading and unloading AT ,q4 lines are almost parallel in the isostress). This is
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clearly visible in compression (figure 4), but not in tension due to the relatively large minimum unloading
strain upon unloading, as discussed above. In contrast, in isostrain cycles, the irreversibility increases with
the applied strain range (Ae,q, 1ot) since the magnitude of the transformation increases (loading and
unloading AT,q lines are not parallel). Therefore, when Ae,4 approaches Aep.x, as expected, the difference
between the isostrain and isostress cycles becomes less pronounced, although it does not disappear entirely
(the temperature irreversibility of the isostrain is equal to that of the isostress).

3.3.2. Coefficient of performance

Although COP is more meaningful for devices, to evaluate and compare the elastocaloric performance of
different materials, a variant of it, that is COP,,,, has been used extensively in the literature. Different
methods used for calculating the input work and subsequently COPy,,; are presented in detail in [59, 66].
Using experimental data, COP,,, is typically calculated using equation (1) [13, 35, 45, 60]:

ATad
pode’

COPpat = p X c X (1)

For elastocaloric materials, COPy,,, is the ratio between the generated thermal energy and the input
mechanical energy. In equation (1), p is the density of the material and c¢ is the specific heat capacity of the
material. Due to experimental difficulties and computational complexities in determining the in situ
variations in ¢ and p during adiabatic loading/unloading, where the phase fraction, stress, strain and
temperature all change, they are considered as constants with typical values of around 6500 kg m~2 for p and
430 J kg—! K~! for ¢ [67-71]. Under adiabatic conditions, the enthalpy change (¢ X AT,q) that manifests
itself as AT,q is usually considered equivalent to the latent heat of the stress-induced transformation. The
denominator, which is the input mechanical energy, can be considered equal to the area under the
stress—strain curve of the material that is significantly different in loading and unloading. With the
widespread assumption that the energy released during the unloading segment (the area under the unloading
curve in the stress—strain diagram) is completely recovered, the hysteresis loop area (the area between the
loading and unloading curves) is considered as the input mechanical energy of the elastocaloric cycle. It
should be noted that achieving a hundred-percent energy recovery and having the dissipated/irrecoverable
energy as the only input energy is questionable in practice, especially in a real device that inevitably has
multiple other losses [43]. As a consequence of all of the abovementioned issues, COP,,: should be
considered as an idealized notion that solely considers the material and consequently should not be compared
directly with COP of an actual cooling/heat-pumping system (e.g. an actual vapor-compression system).

In the current form of COP ., the only variable that represents the heating/cooling energy is AT 4.
Nevertheless, in an isostress cycle, a considerable portion of the latent heat is released/absorbed
non-adiabatically as a consequence of the ongoing transformation during the holding period. The negative
effect of this additional non-adiabatic heating/cooling energy, which is the significantly larger hysteresis loop
area, is considered in the input energy part of the COP,,, but its positive effect, which is the increased
entropy change and enhanced cooling/heating energy, is not reflected in AT,4. Therefore, a one-to-one
comparison between the COP,,,; of the isostress and isostrain cycles would be inaccurate and misleading. To
capture this additional non-adiabatic heating/cooling experimentally, a modified isostrain cycle, named
S-comp cycle, with two adiabatic loadings and two adiabatic unloading segments per cycle was applied to T2
in compression (with respect to Aey, Ae; and Aej; in table 1) and W1 in tension (with respect to all A¢ in
table 1). The aim of the second adiabatic loading and unloading segments is to capture the latent heat
released/absorbed during the holding period of the isostress cycles through measurable adiabatic
temperature changes. Since the enthalpy is a state function, it depends only on the initial and final conditions
of the sample/environment and is not affected by the path that the system takes between the two points.
Moreover, under adiabatic conditions, the enthalpy change that can be considered equal to the latent heat
release/absorption is manifested through AT,q4. Therefore, if the stress—strain changes that occur during the
holding period of an isostress cycle can be reproduced adiabatically, an additional AT,q can be measured and
used to assess the enthalpy change resulting from the additional transformation during the holding period.

Figure 5 shows the results of applying S-comp cycles in tension and compression across the smallest
strain range (Ae;). In the S-comp cycles, the initial quasi-isothermal loading (dashed magenta lines in
figures 5(a)—(d)) and the first adiabatic unloading that follows it (dotted black lines in figures 5(a)—(d)) are
identical to the normal isostrain cycles of the same strain range (Ae; in the case of figure 5). The final strain
of the second adiabatic unloading (dotted blue lines in figures 5(a)—(d)) is equal to the strain that the
isostress cycle of the same strain range (Ae; in the case of figure 5) reaches at the end of its constant-stress
holding period. The strain limits of the subsequent adiabatic loading/unloading (solid black and blue lines in
figures 5(a) and (b)) are determined in the same way. Consequently, the total strain range (Ae) covered by
the two adiabatic parts of the S-comp loading/unloading for each strain range is equal to Aeo of the
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Figure 5. Thermomechanical response of tube T2 under compression (left column) and wire W1 in tension (right column)
during the S-comp cycles; (a) and (b) representative stress—strain curves; (c) and (d) corresponding temperature-time profiles;
and (e) and (f) corrected loading and unloading adiabatic temperature changes (AT qad-corrected) as @ function of the total strain
(Agqor, solid lines and the bottom axis) and the total stress magnitudes (Ao, dashed lines and the top axis).

corresponding isostress cycle. The additional AT,q measured from the second adiabatic loading/unloading
of the S-comp cycles is added to the AT,q of the corresponding isostress cycles (shown in figure 4), and a
corrected AT,q (AT ad-corrected Shown in figures 5(e) and (f)) is used to calculate the COP,,, values shown in
figure 6. Once the adiabatic temperature changes are corrected, the benefits of the isostress cycles are better
understood. In tension, applying around 480 MPa of stress generates AT,qcorrected Of 28.9 and 22.4 K for
loading and unloading. In compression, applying around 955 MPa of stress generates AT 4 corrected Of

30.8 and 20.6 K for loading and unloading.

Although the S-comp cycle is a good (or perhaps the best) experimentally feasible method for estimating
the additional heating/cooling during the holding period of isostress cycles, it is not completely accurate. The
reason is that although state functions depend only on the initial and final states of the sample/environment,
the state of a sample (phase fraction—temperature or stress—strain—temperature combination) at the end of
the holding period of an isostress cycle is similar but not identical to its state at the end of the second
adiabatic loading/unloading segment of its corresponding S-comp cycle. The reason is that, throughout the
holding period of an isostress cycle, the stress is constant, and there is no considerable self-heating/cooling as
the transformation freely progresses towards its final equilibrium state. In contrast, the equivalent S-comp
cycle has two adiabatic segments, both with considerable self-heating/cooling and constrained strains during
the holding periods, both of which suppress the transformation. As a result, compared to the holding period
of an isostress cycle, the second adiabatic loading of the equivalent S-comp cycle generates higher/lower
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adiabatic loading/unloading segments and the holding periods).

stresses and somewhat smaller latent heat release/absorption. This means that the AT\ corrected Might
underestimate the total latent heat released/absorbed by the isostress cycle. Considering these limitations, a
phenomenological model, capable of capturing the entropy changes under non-adiabatic conditions, was
used to thoroughly understand the fundamental differences between the isostrain and isostress cycles (see
section 3.4).

Figure 6 shows that in both tension and compression, the COPy,,; decreases as the magnitude of the
transformation and consequently Ae, Ao, AT,q and the hysteresis loop area increase. Paradoxically, this
implies that by avoiding the transformation that generates the elastocaloric effect (reducing Ae, Ao, ATyg
and the hysteresis loop area), the elastocaloric efficiency of the material improves significantly. Similar trends
of a decrease in the COP,,,; with increasing the applied strain were previously shown in [26]. The hysteresis
loop area has the dominant effect, and maximizing AT,q and COPy, at the same time is not feasible
Therefore, a compromise should be made between the two to achieve the optimum outcome. Decreasing the
magnitude of the transformation or suppressing it, for instance, by decreasing the grain size down to the
nanoscale [50, 51], significantly decreasing the sample size to induce structure—microstructure interactions
[52] or having a large volume of non-transformable precipitations in the sample [72], would decrease the
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hysteresis loop area and increase the COP,,;. However, doing so decreases the adiabatic temperature changes
and the cooling/heating energy as well. As shown in figure 6, the maximum COP ¢ values of 15.2 and 13.8
for heating and cooling in compression and 12.8 and 11.3 for heating and cooling in tension are achieved in
the minimum applied stress/strain ranges that correspond to the minimum phase transformation magnitude
and minimum AT,q4. As the applied stress/strain and the magnitude of the transformation increase, the
isostress cycles outperform the isostrain cycles by offering the best combination of Acy, AT,q and
hysteresis loop areas in both tension and compression. Due to the complete phase transformation and
equilibrium phase fraction in isostress cycles, the COP,, values are less affected by variations in the applied
stress/strain ranges. Because of the flat transformation plateau, the stability of the COP,,, values is more
evident in tension. The stability of the COP, values indicates that the isostress cycles can fully exploit the
phase transformation in small stress ranges, which is highly beneficial for practical applications and devices
where the applicable stress/strain range is a limiting factor. The flat plateau in tension results in a
considerably large additional non-adiabatic transformation in the isostress cycles that in turn drastically
increases the hysteresis loop area and therefore decreases the COP ¢ values. It is interesting to note that the
best performance in terms of COP ., and AT,q4 (figure 6(e)), maximization of which is highly desirable in
practical devices, is demonstrated by the isostress cycle in compression, which compared to the isostress cycle
in tension, has a significantly smaller hysteresis loop area (see figures 6(g) and (h)) in similar AT,q.

3.3.3. No-hold cycles

One type of elastocaloric cycle (named the no-hold cycle here) that is sometimes reported in the literature
[16, 17] is a no-hold cycle. Applying this cycle excludes the time (period) required for heat transfer after
loading/unloading segments, meaning that the most of the released/absorbed latent heat from the
elastocaloric effect cannot be transferred to/from the heat sink/source and the cooling/heating power is
essentially zero (in particular if loading/unloading is performed under adiabatic conditions). Accordingly,
the hysteresis loop area is significantly reduced since there is no stress/strain decrease/increase as the
hysteresis related to the thermodynamic work required to pump the heat from the heat sink to the heat
source (or vice versa) is excluded and only the hysteresis of the material itself is included. As figure 7 shows,
when the holding period is omitted from an elastocaloric cycle, the self-heating/cooling effect of each cycle
accumulates. Thus, the transformation is suppressed and the hysteresis loop area is further decreased. Under
these circumstances, practically nonrealistic and superficially high COPy,,; values are obtained.

Figure 7 summarizes the thermal and mechanical behavior of T2 undergoing 20 consecutive no-hold
cycles (specifications are listed in table 1) across Ae; (see appendix A, supplementary material—figures A.3
and A.4 for the data of other strain ranges). Figure 7(a) shows the stress—strain response and figure 7(b)
shows the corresponding temperature-time profile. Figures 7(c), (d), (e) and (f), respectively, show
variations in the hysteresis loop area, AT, the stress magnitudes and COP,,,; with the number of
loading/unloading cycles. Some of the fundamental problems of the no-hold cycle will be discussed here. The
first issue is calculating the adiabatic temperature changes since it is not clear which temperature changes
should be considered as the adiabatic temperature changes of the elastocaloric effect. Typically, the
differences between the temperature peaks generated by the material (minimum and maximum of each cycle
as indicated by AT ,q in figure 7(b)) are considered as AT,q4 [16, 17]. It should be noted that this definition is
not applicable to the very first unloading, where the maximum temperature is the ambient temperature and
is not generated by the material (as indicated by the solid magenta line in figure 7(b)). The parameters of the
first unloading are denoted by magenta data points in figures 7(d)—(f). It is observed that in the absence of a
holding period, accumulation of hysteresis heat losses shifts both minimum and maximum temperatures up
and suppresses the forward exothermic transformation. Consequently, at the beginning and before
ultimately stabilizing, the loading adiabatic temperature changes decrease, while the unloading adiabatic
temperature changes increase (see figure 7(d)). Moreover, the hysteresis loop area decreases and the stress
range required to reach the fixed strain range (Ae; in the case of figure 7) increases in each cycle as a
consequence of the transformation suppression. As can be observed in figure 7(f), despite the fact that ATy
stabilizes after a certain number of cycles (figure 7(d)), since the hysteresis has the dominant effect on
COP ot and considering the fact that it keeps decreasing (figure 7(c)), COPy,,, increases with cycling and
reaches 19.95 for heating and 19.75 for cooling in the last cycle.

By definition, under the adiabatic conditions thus established, there is no thermal interaction between
the sample and the environment that in turn means that the input energy, assumed equal to the hysteresis
loop area, is solely used to heat up and cool down the sample itself rather than doing any actual thermal work
on the environment. Therefore, despite the fact that COP,,, values of no-hold cycles are considerably higher
because of the decreasing hysteresis loop area, zero thermodynamic work and suppressed transformation,
they do not reflect the capability of the material to do thermal work and therefore result in nearly zero
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Figure 7. Elastocaloric performance of the no-hold cycle applied to tube T2 under compression across Aey; (a) representative
stress—strain curve and (b) corresponding temperature-time profile and variations in (c) hysteresis loop area, (d) adiabatic
temperature changes (AT,q), (e) magnitude of the applied stress (Ao) and (f) material’s coefficient of performance (COPpat)
with the number of cycles.

cooling/heating power. Moreover, although instantaneous heat transfer is not theoretically impossible, in an
actual elastocaloric device, a holding period is required so that the generated/absorbed heat can be
transferred to the heat transfer fluid or the contact heat sink/source. Therefore, no-hold cycles cannot be
utilized in actual elastocaloric applications despite having superficially high COP,,, values. On the other
hand, it is possible to use an Ericsson thermodynamic cycle in which the heat transfer occurs during the
slower loading/unloading and the sample maintains isothermal conditions [59]. Nevertheless, since adiabatic
temperature changes are not generated under such circumstances, equation (1) cannot be used for COP
calculations.

3.4. Elastocaloric performance of the material under different thermodynamic
cycles—phenomenological modeling results

To capture the cooling/heating performance of the isostress and isostrain cycles in compression and tension,
theoretical analysis was performed as well. Similar to the isostress/isostrain experiments, the simulated cycles
include four basic operational steps: loading (elastocaloric effect heats up the material), holding the
stress/strain constant (material cools down back to the ambient temperature), unloading (elastocaloric effect
cools down the material), holding the stress/strain constant (material heats up back to ambient
temperature). In the simulations, both the isostress and isostrain cycles have a constant total entropy change
(identical Aeyor) and therefore a similar cooling energy. Similar to the experiments, different Ae ranges with
pre-straining to the middle of the transformation plateau were applied to each cycle.

The cycles were compared with respect to AT,q, specific cooling (q.) and heating (gy) energy and the
cooling and heating COPyy,,; values (COP pyt.c and COP p,ep). Using the T—s diagram, gy, is defined as the
area under the upper iso-field line (equation (2)), while 4. is defined as the area under the lower iso-field line
(equation (3)). The difference between the specific heating and the cooling energy is the input energy (w,
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Figure 8. T—s diagrams of isostress (solid lines) and isostrain (dashed lines) cycles with pre-strains corresponding to the middle of
the transformation plateau (1.85% of strain) for compressive loading (a) and the middle of the transformation plateau (3% of
strain) for tensile loading (b). Different colors represent different applied total strain ranges (Aeqor).

equation (4)), while the ratio between gy, and g.; and w is defined as COP .., (equation (5)) and COP .
(equation (6)), respectively:

o= / Tds 2)

high field
qc = / Tds, (3)
low field
w= qh - % (4)
Copmatfh = @a (5)
w
COPpmat—c = & (6)
w

Figure 8 shows the thermodynamic cycles in the T—s diagrams under fixed total strain conditions for
compressive and tensile loading (different colors represent different applied total strain ranges). It is
observed that the isostress and isostrain cycles generate different AT,4 when the entropy change is constant
(fixed Agyor). As previously explained, the strain does not change during the isostrain holding period, while
during the isostress holding period, the strain increases (when the sample is cooling down after being
loaded) or decreases (when the sample is heating up after being unloaded). Therefore, in order to have
identical Aeyy in both cycles, the applied strain Ae,q should be smaller in the case of the isostress cycle
(where the rest of the strain is generated during the holding period), which results in a lower AT, for the
isostress cycle, as also shown in figure 9(b). It is further evident that the difference between the isostress and
isostrain cycles exists only in the cycles with partial transformation (Ae < Aep,y). If the applied stress/strain
is large enough to induce a complete transformation, there would be no difference between the isostress and
isostrain cycles, as already explained in the experimental results.

Compared to compression, the difference between the isostress and isostrain cycles is significantly more
pronounced in tension (see figure 8). As explained earlier in the text, this is due to the almost entirely flat
transformation plateau in tension, which results in almost flat isostress lines between zero and final
stress/strain. Therefore, the entire entropy change at constant stress occurs in a very narrow temperature
range. In compression, on the other hand, the sloped transformation plateau results in steeper isostress lines
since the entropy change at constant stress occurs in a wider temperature range. Consequently, in tension
and under isostress conditions, a small portion of the transformation occurs adiabatically and the majority
of the transformation occurs throughout the holding period and during cooling/heating (approaching the
ambient temperature). As can be seen in figure 8(b), the isostress tensile cycles in which most of the
transformation occurs non-adiabatically during the holding period, are a good approximation of a Carnot
cycle, which appears as a perfect rectangle in an T—s diagram and is theoretically the most efficient
thermodynamic cycle since its input work is the minimum possible.

Figure 9 compares the performance of the isostrain and isostress cycles under compressive (left column)
and tensile loading (right column). Since both the isostrain and isostress cycles were modeled at identical
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Figure 9. Elastocaloric performance of the isostrain (dashed lines) and the isostress (solid lines) cycles with respect to the total
strain (Aeor) for compressive (left column) and tensile (right column) loading evaluated by using the phenomenological model;
(a) and (b) adiabatic temperature changes (AT,q); (c) and (d) specific cooling (blue) and heating (red) energy (g); (e) and
(f) specific input work (w); and (g) and (h) cooling (blue) and heating (red) material’s coefficient of performance (COPpq). All
cycles start with a quasi-isothermal pre-straining to the middle of the plateau.

Aéor, which results in the same entropy change, the specific cooling and heating energies are similar for the
isostrain and isostress cycles, as shown in figures 8(a) and 9(a). On the other hand, as already mentioned
above, in the case of the isostress cycles, the initial part of the transformation occurs adiabatically, while the
second part occurs non-adiabatically during the holding period. As a consequence, the adiabatic temperature
changes of the isostress cycles are smaller than those of the isostrain cycles (for the same applied strain). This
is more pronounced in tension, where AT, is only up to 5 K in the isostress cycle when the total strain is
limited to about 4%. At large strains with a more complete transformation, AT,q increases and reaches that
of the isostrain cycle at complete transformation (around 6% of strain). The major and most important
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difference between the isostrain and isostress cycle is in the input energy that is significantly smaller in the
isostress cycle since the enclosed area of the thermodynamic cycle in the T—s diagram of the isostress cycle is
smaller than that of the isostrain cycle. Consequently, as shown in figures 9(g) and (h), the isostress cycle
generates larger COPp,, values than the isostrain cycle, which is significantly more pronounced in tension,
where at small and moderate strains, the cycle approaches the Carnot thermodynamic cycle. For compression
and moderate strains, using the isostress instead of the isostrain cycle can improve COPy, by up to 50%,
while in the case of a complete transformation, the COP,,, values for both cycles would be the same and
close to 10 (see figure 8(g)). On the other hand, in the case of tensile loading and moderate strains, where the
cycle approaches the Carnot cycle, the COP,,, values of the isostress cycle are much larger compared to the
isostrain cycle (even 500% larger at strains of up to 4%). Once the strain is large enough to cover the entire
transformation plateau, both cycles show the same performance under tensile loading as well.

As already mentioned in the Materials and Methods section, a direct comparison between the
experimental and modeling results is not possible because the model that is used for the simulations does not
account for the hysteresis losses of the elastocaloric material. The modeling results indicate a potentially huge
improvement in the efficiency by using isostress cycles, particularly for tensile loading. Nevertheless, as
observed in the experiments, a smaller improvement could be achieved in reality because of the significant
hysteresis losses. From a theoretical point of view, it can be concluded that the isostress cycles are especially
interesting for elastocaloric materials with a rather flat transformation plateau (tensile loading) and a
small(er) hysteresis (e.g. Ni-Ti—Cu or Cu-based alloys have smaller hysteresis losses compared to binary
Ni-Ti alloys [45, 73-75]), where there would be the most significant improvement in efficiency. It should be
noted that, according to the experimental results, the isostress cycle is more beneficial for compressive
loading than tensile loading. Since the hysteresis loop area, which has the predominant effect in COP
calculations, is significantly larger in tensile isostress cycles, the theoretical and experimental analyses lead to
different conclusions.

4. Conclusion

Using commercially available superelastic thin-walled NiTi tubes for compression and a thin NiTi wire for
tension, different thermodynamic cycles were studied experimentally and theoretically with an emphasis on
the parameters of the holding period. The cycles were applied to the samples across multiple stress/strain
ranges at room temperature with constant stress throughout the holding periods (isostress cycles), constant
strain throughout the holding periods (isostrain cycles) and with no holding periods (no-hold cycles). The
results revealed that the applied thermodynamic cycle significantly affects the thermomechanical response
and thus the cooling/heating efficiency of the material. A Carnot-like thermodynamic cycle with enhanced
heating/cooling efficiency can be generated by applying isostress cycles and partial transformation. Large
reproducible (directly measured and repeatable in trained samples and in consecutive cycles without
degradation) adiabatic temperature changes of up to 30.2 K upon loading and 20.4 K upon unloading in
tubes and 27.2 K upon loading and 15.1 K upon unloading in the wire can be generated using isostress cycles
and commercially available NiTi. The observed adiabatic temperature changes are among the largest
reproducible adiabatic temperature changes directly measured in any caloric material.

In addition to improving the efficiency (COPy,q), one of the most important findings of this work is that
using the isostress cycle allows for generating larger adiabatic temperature changes at smaller stress levels.
From the application point of view, it is worth mentioning that medium- and large-scale elastocaloric devices
(e.g. based on an active elastocaloric regenerator [35]) are made out of multiple elastocaloric elements, such
as thin-walled tubes under compression or thin sheets or wires under tension. Longer elastocaloric elements
are expected to improve the performance of an active elastocaloric regenerator. However, the maximum
stress that can be applied to the tubes must be below the critical buckling stress, which itself decreases
significantly with increasing the length of the tubes [26]. Consequently, the large stress magnitude that can
induce a complete transformation and generate high adiabatic temperature changes cannot be applied to
long tubes. Although length is not a major concern for thin sheets and wires under tension in the absence of
buckling, the larger the applied stress is, the shorter the fatigue life would be, which is the main bottleneck of
tensile loading. Along with several other studies [25, 76, 77], our previous studies have shown that the tensile
fatigue life can be significantly improved when smaller stress magnitudes are applied and a partial phase
transformation occurs [25]. Therefore, by utilizing isostress cycles rather than isostrain cycles, the applied
stress can be decreased, while a large transformation is induced. Moreover, in an active regenerator
configuration [35], ideally, hundreds of elastocaloric elements need to be simultaneously loaded. Hence, the
significantly increased total cross-sectional area requires considerably large forces to induce the martensitic
transformation. This means that heavy-duty bulky actuators are required that would increase the size and
cost of the final device. Thus, isostress cycles, which allow for generating relatively large temperature changes
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under smaller applied stresses, can be utilized in active regenerators not only to enhance the tensile fatigue
life and increase the durability, but also to increase the number of elastocaloric elements and increase the
overall cooling or heat-pumping characteristics or decrease the required force and size of the driver.
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