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We report on the elastocaloric effect of a superelastic Ni-Ti wire to be used in a cooling device.

Initially, each evaluated wire was subjected to 400 loading/unloading training cycles in order to sta-

bilize its superelastic behavior. The wires were trained at different temperatures, which lead to dif-

ferent stabilized superelastic behaviors. The stabilized (trained) wires were further tested

isothermally (at low strain-rate) and adiabatically (at high strain-rate) at different temperatures

(from 312 K to 342 K). We studied the impact of the training temperature and resulting superelastic

behavior on the adiabatic temperature changes. The largest measured adiabatic temperature change

during loading was 25 K with a corresponding 21 K change during unloading (at 322 K). A special

focus was put on the irreversibilities in the adiabatic temperature changes between loading and

unloading. It was shown that there are two sources of the temperature irreversibilities: the hystere-

sis (and related entropy generation) and the temporary residual strain immediately after unloading,

respectively. The latter results in the temporary bending of the wire and reduced negative adiabatic

temperature change. The paper also shows the impact of the applied strain on the adiabatic temper-

ature changes as well as the distribution of the elastocaloric effect over the wire during loading in

the case of two wires trained at different temperatures and the virgin wire, respectively. In the end,

we propose guidelines about the required material properties for an efficient elastocaloric cooling

device. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4913878]

I. INTRODUCTION

Solid materials can change their temperature when sub-

jected to a sudden change of an external field such as mag-

netic (magnetocaloric effect), electric (electrocaloric effect),

mechanical stress (elastocaloric effect), or hydrostatic pres-

sure (barocaloric effect). These properties are in general

known as the caloric effects1 and are related to a change in

the material’s entropy and/or temperature when an external

field is applied. A large effort nowadays is devoted to inves-

tigating solid-state refrigeration using the magnetocaloric

effect (change of temperature upon application of a magnetic

field)—see Refs. 2–4. However, the possibility of inducing a

thermodynamic transition by means of mechanical stress,

i.e., the elastocaloric effect (eCE) in superelastic materials,

opens up new routes for solid-state refrigeration.

The eCE is observed as the entropy change under isother-

mal conditions or temperature change under adiabatic condi-

tions when a mechanical stress is applied or released in a

given material. This is directly related to the phenomenon of

reversible solid-to-solid martensitic phase transformation.5

Martensitic transformation (i.e., from austenite to martensite)

is a first-order diffusionless structural transformation, which

can be induced by reducing the temperature or by applying an

external stress. The reverse transformation takes place by

heating from the martensitic state or by releasing the stress,

which also restores the original shape of the particular mate-

rial. This effect is also known as the shape-memory effect

(temperature-induced transformation) or superelastic effect

(stress-induced transformation). In order to generate the eCE,

the stress-induced transformation is required. When stress is

applied to the elastocaloric (superelastic) material, the exo-

thermic austenitic-martensitic transformation occurs. If that

happens fast enough, the material heats up. For some materi-

als, the released latent heat can be as high as 20 J/g.6 Upon

stress removal, the reverse endothermic martensitic-austenitic

transformation occurs, the material cools down, and heat can

be absorbed from the surroundings. This process (as a cooling

cycle) is schematically shown in Fig. 1.

The first shape memory and superelastic effect were

observed in the 1930s in Au-Cd and later in a Cu-Zn alloy.7

However, so-far the most widely used and analyzed

FIG. 1. A schematic show of the elastocaloric cooling cycle.a)E-mail: jatu@dtu.dk
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shape-memory and superelastic alloy is near-equiatomic Ni-

Ti alloy first presented in 1963. In the later years, a number

of shape-memory and superelastic alloys were developed

and characterized;7 e.g., Ni-Ti alloys (doped with Cu, Co,

Pd, etc.); Cu-based (doped with Al, Ni, Zn, Mn, etc.), and

Fe-based (doped with Pd, Mn, Si, Ni, etc.). The shape mem-

ory and superelastic effects are also exhibited by polymers,

although not caused by the martensitic transformation (see

Ref. 8).

As explained by Moya et al.,9 the eCE was first detected

already in early 19th century in Indian rubber by rapidly

stretching and releasing it. Some fifty years later Joule

reported modest temperature changes (�0.2 K) caused by re-

versible elastic heat in some metals and dry woods.9

However, the first studies on the latent heat and related tem-

perature changes in superelastic materials at room tempera-

ture were performed in the 1980s, mostly in Ni-Ti and Cu-

based alloys,10–13 while more recent studies can be found in

Refs. 14–16. Those studies were not focused on properties

relevant to refrigeration or heat-pumping purposes, but rather

on the strain-rate impact and the origin of these thermal

effects. In 1992, Nikitin et al.17 published the eCE in Fe-Rh

alloy near room temperature. They measured a negative adi-

abatic temperature change of 5.2 K (and indirectly, using the

Clausius-Clapeyron equation, estimated a change of 8.7 K)

under the stress removal of 529 MPa at 305 K. In 2008,

Bonnot et al.18 analyzed the eCE of single-crystalline Cu-

Zn-Al alloy and estimated its adiabatic temperature change

of 15 K when they applied a mechanical stress of 28.5 MPa

at 300 K (by Clausius-Clapeyron equation). In recent years,

the eCE of this alloy was further analyzed by Vives et al.19

and Manosa et al.,20 who measured a negative adiabatic tem-

perature of about 6 K in a temperature range between 200

and 350 K under the removal of the applied stress up to

275 MPa. Cui et al.5 analyzed the eCE of poly-crystalline

Ni-Ti wires at room temperature (295 K) and measured an

adiabatic temperature change of 25.5 K when they applied a

stress of 650 MPa and �17 K when the stress was removed.

Similarly, Ossmer et al.21,22 analyzed the eCE in Ni-Ti thin

film and measured a positive adiabatic temperature change

of 17 K and negative of 16 K. Bechtold et al.23 compared the

eCE and functional stability of Ni-Ti and Ni-Ti-Cu thin

films. They concluded that adding Cu to the Ni-Ti alloy

results in more stabilized superelastic behavior and, there-

fore, potentially better fatigue life than an undoped sample,

but the doping also increased transformation temperatures

significantly above room temperature. In 2013, Xiao et al.24

reported the eCE of single-crystalline Fe-Pd alloy, which

undergoes a continuous structural transformation. Its supere-

lastic behavior shows near-zero hysteresis, which can be a

great advantage due to smaller irreversibility losses; how-

ever, its eCE is limited to about 2 K in the temperature range

between 240 and 280 K. Furthermore, Guyomar et al.25 ana-

lyzed the eCE in natural rubber (ASTM D200 AA), which is

a shape memory polymer and measured the adiabatic tem-

perature change of 10 K when the sample was elongated for

70% at room temperature (297 K).

Although the eCE has been recognized as a potential

cooling mechanism, there is still a lack of knowledge in

designing practical cooling devices. Some demonstration

devices have been designed,26,27 and as explained by Moya

et al.9 also tested by researchers at the University of

Maryland. Furthermore, according to the report of the US

Department of Energy28 on the alternative cooling technolo-

gies from 2014, the elastocaloric cooling shows the largest

potential among all alternative non-vapor-compression

HVAC technologies.

The goal of this work is to analyze the eCE of Ni-Ti

wires for its possible usage in a practical elastocaloric cool-

ing device around room temperature. Recently performed

studies5,18–25 on the eCE show a promising potential for its

application in a room temperature refrigerator (or heat

pump). However, more detailed studies are needed to evalu-

ate its actual potential. The first step in this direction is to an-

alyze the eCE over a wider temperature range (e.g., 30 K

which is required for almost all practical applications) to-

gether with the associated irreversibilities (the difference

between positive and negative adiabatic temperature change)

and the impact of the maximum applied strain on the eCE,

which are the main goals of this work. These material prop-

erties are crucial to how a particular elastocaloric material

will perform in an elastocaloric cooling device and are not

yet sufficiently addressed in the literature.

II. EXPERIMENTAL

Initially, the Ni-Ti wires were subjected to 400 loading/

unloading cycles in order to get a stabilized superelastic

response (see Refs. 29–32 for details on the stabilization

effect). The trained samples with good functional stability

were further tested at two different strain-rates: at low strain-

rate (isothermal conditions) and at high strain-rate (adiabatic

conditions) at four different temperatures (from 312 K to

342 K with the step of 10 K). At high strain-rate, the adia-

batic temperature changes were directly measured using

thermocouples. The temperatures were also measured during

the training and the isothermal tests in order to verify the

assumption of the isothermal conditions. Furthermore, we

also analyzed the impact of the maximum applied strain on

the adiabatic temperature changes and, by applying an IR

camera, also the position and homogeneity of the eCE distri-

bution over the wire during loading.

The tested samples were commercial poly-crystalline

Ni-Ti wires with the composition of Ni48.9Ti51.1 and the aus-

tenitic finish temperature (TAf) around room temperature

(�295 K). The samples were 80 mm long with a diameter of

0.7 mm. All the tests were performed under tension loading.

The tests (except those using the IR camera) were performed

in a thermostatic chamber with the Instron 8874 axial servo-

hydraulic testing system and the Dynacell load cell (61 kN).

The experimental set-up is shown in Fig. 2. The strain was

measured with the dynamic mechanical extensometer

Instron (with a gage length of 10 mm and range of 61 mm),

while the temperature was measured by means of two thin

thermocouples (type E), with a wire diameter of 0.13 mm

mounted on the samples using high-conductivity thermal

paste in order to reduce the thermal time constant as much as

possible and capture fast temperature changes. Due to speed

124901-2 Tu�sek et al. J. Appl. Phys. 117, 124901 (2015)
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of the measurements, the sampling frequency of the thermo-

couples was as high as 80 Hz. In order to analyze the distri-

bution and the homogeneity of the eCE along the sample, we

also performed some room temperature tests with the IR

camera (FLIR X6540sc) with a frame-rate of 290 fps.

III. RESULTS AND DISCUSSION

A. The training impact

It is well known that during the cycling loading of poly-

crystalline Ni-Ti alloy, its superelastic behavior degrades,

but the effect reaches a steady response after a certain num-

ber of cycles. In order to get repeatable results and functional

stability, it is therefore crucial to “train” the sample until it

reaches the stabilized superelastic behavior before further

tests are performed. As explained by various authors, the fol-

lowing is observed during cyclical loading of a virgin (non-

trained) sample:29–32

(1) The critical stress of the transformation plateau associ-

ated with the loading (the forward transformation) and

unloading (the reverse transformation) decreases with

cycling loading.

(2) The hysteresis area decreases because the decrease of the

loading plateau is greater than the unloading plateau.

(3) The initially flat transformation plateau takes on an

increasingly positive slope after a certain number of

cycles.

(4) Gradual increase of irreversible strain and consequential

decrease of the transformation strain.

(5) The training impacts are most pronounced during the ini-

tial cycles and tend to be significantly lower after a cer-

tain number of cycles.

(6) The training effects are more pronounced at higher tem-

peratures (due to higher stresses required for

transformation).

These training effects and the stabilization of the supere-

lastic behavior in general strongly depend on the material

composition, thermal treatment prior cycling, deformation

history, texture, grain size, and temperature.32 According to

Miyazaki et al.,29 the cause for these training degradations is

the occurrence of the slip deformation of the crystals during

the preceding deformation (at the previous cycle). The inter-

nal stress formed by these slip deformations results in resid-

ual (locked-in) martensite in the unloaded state and assists

the formation of the stress-induced martensite during loading

in the next cycle. Therefore, the critical applied stress to

induce the transformation decreases. Since the internal stress

field (from the previous cycles) has a gradient in its strength,

the applied stress for inducing the martensite increases with

increasing strain at the transformation plateau. As a result,

the transformation plateau is not flat anymore, but rather

sloped with smoother transformation knees (also known as

the work-hardened superelasticity) as seen in Fig. 3. The

degradation becomes insensitive to the cyclic loading after a

certain number of cycles (i.e., steady state superelasticity)

when no additional slip deformation occurs. Different studies

showed approaching a stable level between 100 and 400

cycles.31 It should be further noted that the superelastic func-

tional stability is only obtained within a limited temperature

range, namely, above the austenitic finish temperature (TAf),

which is a precondition for reversible superelasticity and

below the certain temperature at which (too) high stress is

required for the transformation.32 In the latter case, the resid-

ual martensite is widespread throughout the sample (on the

account of austenite) and therefore the martensite transfor-

mation does not take place anymore.

Figure 3 shows the superelastic behaviors during the

training of the Ni-Ti wires at two different temperatures

(312 K and 332 K). The same training was applied also at

322 K and 342 K, but since the results have the same trend of

dependency, they are not shown here. The wires were sub-

jected to 400 loading/unloading cycles with the strain-rate of

0.001 s�1 between 5 N (�13 MPa) and above the stress

required to finish the transformation (the end of the transfor-

mation plateau) in the first training cycle at the particular

temperature. It is evident that the results shown in Fig. 3

fully agree with the previously observed training effects

described above. Namely, the critical stress of transforma-

tion plateau, the hysteresis area, and the transformation strain

are decreasing during the cycling. The superelastic behavior

is well stabilized after 400 cycles with sufficient functional

stability to ensure the reproducibility of the results. It is fur-

ther evident that the training temperature has an important

role on the stabilized superelastic behavior. Training at

higher temperatures and stresses results in smaller stabilized

FIG. 2. Schematic show of the experimental set-up.
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transformation strain, smaller hysteresis, and smoother trans-

formation knees compared to the training at lower tempera-

tures (closer to TAf). A direct impact of the training

temperature on the eCE is shown and discussed in Sec. III B.

It should be mentioned that the strain-rate applied for train-

ing causes temperature changes in the wire of about 62.5 K

(under stable conditions). The chosen strain-rate for the

training can influence the stabilization process and the eCE

and its impact should be analyzed more in detail in the

future.

However, a typical superelastic cycle is as follows (see

Fig. 3(up)). Initially, at the low stresses the strain increases

almost linearly with the stress (elastic response of the austen-

itic phase) until the critical transformation stress is reached,

where a large (transformation) strain occurs at almost con-

stant stress over the transformation plateau. This corresponds

to the stress-induced transformation from the austenitic to

the martensitic phase and is associated with the released

latent heat. After the transformation is completed, the mate-

rial further elastically deforms in the martensitic phase.

Upon unloading an analogous response occurs, where the

strain is recovered with a hysteresis at the transition region.

B. The eCE of the samples trained at different
temperatures

The stabilized wires at all four evaluated temperatures

were further tested isothermally (at the strain-rate of

0.0002 s�1) and adiabatically (at the strain-rate of 0.2 s�1) at

the temperatures at which the wires were trained. The

isothermal strain-rate was defined according to Churchill

et al.,33 who suggested that isothermal tests in air should be

performed with the strain-rate 0.0004 s�1 or less. At the

strain-rate applied for the isothermal tests, the temperature

changes of the wire did not exceed 61 K, which is small

enough to be considered isothermal. On the other hand,

Vives et al.19 and Ossmer et al.22 showed that adiabatic con-

ditions (in air) are well approached with a strain-rate of

0.2 s�1 or higher. The measured isothermal and adiabatic

superelastic responses of the stabilized wires are shown in

Figs. 4 and 5 at four different evaluated temperatures. In the

case of isothermal tests, the wires were (un)loaded between

13 MPa and the stress-limit applied at the training (different

for each particular temperature). On the other hand, the adia-

batic tests were performed with the applied strain limits

between the zero strain and the strain, which corresponds to

the stress level applied in the isothermal measurements and

training (at the particular temperature). The reason for the

latter is that the device can overshoot the desired stress when

the strain-rate is very high. Due to the self-heating and self-

cooling (eCE) of the samples at adiabatic conditions, we

hold the samples for 60 s at both final positions in order to

reach the ambient temperature. As seen in Fig. 4, the stress

drops during that time in the loaded wire due to cooling (nat-

ural convection) of the sample at constant strain. This indi-

cates that the transformation was not yet fully completed

after loading.

The difference between the superelastic behaviors in the

case of isothermal and adiabatic test is clearly seen from

FIG. 3. Up: The superelastic training at two different temperatures. Down: The critical stress at the middle of the transformation plateau as a function of the

number of cycles.
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Fig. 4. As also explained in the literature,14,30,34 the high

strain-rates (adiabatic conditions) cause a self-heating (cool-

ing) of the sample, which results in a higher slope of the

transformation plateau. In Fig. 5, the impact of the training

temperature is evident. As already explained in Sec. III A,

the impact of the training is more pronounced at higher tem-

peratures due to the higher stress needed to induce the trans-

formation. This results in smaller hysteresis, smaller

transformation strain, and larger slope of the transformation

plateau at higher temperatures. However, the elastic modulus

in austenitic and martensitic phase remains unchanged (not

affected by the training temperature).

Figure 6(a) shows an example of the temperature varia-

tions during the adiabatic tests of the wire trained at 342 K.

The same tests were performed also at different temperatures

and the results are collected in Fig. 6(b).

Figure 6(b) shows the positive adiabatic temperature

change (during loading) and negative adiabatic temperature

change (during unloading). It should be noted that all the adi-

abatic tests were performed for 10 successive cycles (with

fully reversible superelastic behavior) and the temperature

was measured with two thermocouples placed at different

parts of the wire (see Fig. 2). Figure 6(b) therefore shows the

average adiabatic temperature change of all 10 cycles for

both thermocouples, while the error bars show the standard

deviation of the measurements. Figure 6(b) also shows the

adiabatic temperature changes of the wire trained at 342 K

and further adiabatically tested at lower temperatures as

explained and shown in Sec. III C. However, in the case of

FIG. 4. A comparison of the isothermal (strain-rate of 0.0002 s-1) and adiabatic (strain-rate of 0.2 s-1) superelastic behavior of the stabilized Ni-Ti wires at four

different temperatures.

FIG. 5. A direct comparison of temperature dependence of the isothermal

(a) and adiabatic (b) superelastic behavior of the stabilized Ni-Ti wires.
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the wires trained separately at each evaluated temperature,

the adiabatic temperature change is increasing with the tem-

perature to the temperatures of about 322 K (where the larg-

est positive adiabatic temperature change is around 25 K and

the largest negative one around 21 K). At the temperatures

above 332 K, both positive and negative adiabatic tempera-

ture changes start to decrease, which is due to the more pro-

nounced training impacts at higher temperatures, namely,

smaller transformation strains which directly results in

smaller eCE (see Eq. (2)).

The adiabatic temperature changes presented in Fig.

6(b) were not obtained for constant applied stress nor strain

change as usually presented for magnetocaloric effect with

the constant applied magnetic field change (see Refs. 1–3 for

details). Our goal was to apply the stress (or strain) changes

required to complete the transformation (to a certain amount)

at each particular evaluated temperature. Since the critical

stress and strain required for the transformation increase

with temperature, the applied stress and strain were therefore

increased as well. It should be noted that the transformation

is not fully completed at the end of the usually quite well

defined plateau, since some, although minor continuing

transformation takes place in some parts of the wire even

beyond it.35 Strictly speaking, the transformation does not

occur exclusively during the stress plateau, but some trans-

formations occur also just before and after the plateau, which

are responsible for nonlinearities (smooth transformation

knees) observed at both ends of the plateau.33 In order to per-

form equal level of transformation at each temperature, a

stress of approximately 200 MPa above the stress level asso-

ciated with the end of the transformation plateau was applied

at each temperature (see Fig. 5(a)).

One should note that there are two types of heat sources

that result in the adiabatic temperature change, the latent

heat of the phase transformation (eCE) and intrinsic mechan-

ical dissipative heat of internal friction (seen in the hystere-

sis), respectively.36 The latter causes an entropy generation,

which results in increased adiabatic temperature change dur-

ing loading and decreased adiabatic temperature change dur-

ing unloading. Here, it is assumed that the entire dissipative

energy due to the hysteresis transforms into heat (and not

into sound or other vibrations). Figure 7 shows the measured

temperature irreversibilities (the difference between the adia-

batic temperature change during loading and unloading

shown in Fig. 6(a)) and the irreversibilities calculated based

on the hysteresis area (Qhyst) of the isothermal tests. The lat-

ter was calculated using the following equation:

DTirr ¼
T

c
Dsirr ¼

T

c

Qhyst

T
¼ 1

qc

þ
r � deð Þ; (1)

where the density (q) is 6500 kg/m3 and the specific heat (c)

is estimated to 450 J/kg K.37 It should be noted that the irre-

versible entropy generation is obtained from the hysteresis

area of the isothermal tests since the adiabatic hysteresis

additionally includes the thermodynamic work needed to

perform the cooling cycle with self-heating and self-cooling

of the material. This is also clearly seen by comparing the

isothermal and adiabatic tests in Fig. 4. Figure 7 also shows

the temperature irreversibilities of the wire trained at 342 K

and further adiabatically tested at lower temperatures as

explained in Sec. III C. However, in the case of separately

trained wires it is evident that the measured as well as the

calculated temperature irreversibilities are decreasing with

temperatures. Such a trend was expected, since the hysteresis

area is decreasing with temperatures as well (see Figs. 4 and

5). Comparing the measured and calculated temperature irre-

versibilities, it can be concluded that there is another source

of the irreversibilities. This can be attributed to some

FIG. 6. The temperature variations of both thermocouples during the adia-

batic testing at 342 K (a). The adiabatic temperature changes during loading

and unloading as a function of temperature at the temperatures at which the

wires were trained and for the wire trained at 342 K and tested at lower

temperatures, respectively (b).

FIG. 7. The measured and calculated temperature irreversibilities at the tem-

peratures at which the wires were trained and for the wire trained at 342 K

and tested at lower temperatures, respectively.
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temporary residual strain as also explained in Ref. 38. When

the wire is adiabatically unloaded (with self-cooling), the

reverse transformation remains incomplete with residual

strain (martensite) when the zero stress is reached (see Fig.

5(b)). That means that the martensite is not fully transformed

back to austenite and as a result a slight bending of the wire

occurs. The strain is self-recovered afterwards and the wire

is straightened as it is heated back to ambient temperature,

which causes the reminder of the martensite to transform to

austenite. Full reversibility of the superelastic reverse trans-

formation is therefore limited and the related negative adia-

batic temperature change is reduced. As seen in Fig. 5(b),

this is more pronounced at lower temperatures, as at higher

temperatures the plateaus occur at higher stresses and the

transformation can be more completed when the zero stress

is reached. This shows that in order to reduce the irreversibil-

ities (and increase the performance of the potential cooling

device) this particular wire should be applied at the tempera-

tures well above its austenitic finish temperature (TAf) or bet-

ter, the materials with more completed reverse

transformation after the unloading should be applied. The

latter can be potentially achieved by reducing the training

effects, such as work-hardening and smoothing of the trans-

formation knees, which can be accomplished by special heat

treatment prior to the loading cycling and can result in much

less sensitive superelastic behavior against cycling deforma-

tion—see Refs. 29 and 39. The level of the incomplete trans-

formation after unloading can also be reduced by increasing

the heat transfer between the specimen and ambient, which

can potentially lead to isothermal (un)loading that is utilized

in, for example, an Ericsson-like thermodynamic cycle.

However, one should distinguish between both sources of

the irreversibilities and its impact on the elastocaloric cool-

ing device. The irreversible entropy generation due to the

hysteresis results in additional input work to perform the

elastocaloric thermodynamic cycle (increasing the heating

power and decreasing the cooling power of the potential de-

vice). On the other hand, the irreversibilities due to the tem-

porary residual strain disable the utilization of the available

latent heat of the reverse transformation, thus decreasing the

cooling power of the potential elastocaloric device, but do

not significantly influence the input work into the thermody-

namic cycle.

If one compares the temperature irreversibilities

obtained in this work, with the previously published val-

ues5,22 in Ni-Ti alloy the following conclusion can be made.

In Cui et al.,5 the temperature irreversibilities of above 8 K

were measured in the Ni-Ti wire, while in Ossmer et al.22

the temperature irreversibilities of 1 K were measured in the

Ni-Ti thin film. Since both areas of the stress-strain hystere-

sis are relatively similar, it can be concluded that in the Ni-

Ti wire analyzed by Cui et al.5 the temporary residual strain

(or even irreversible strain) after the unloading was signifi-

cantly larger compared to the Ni-Ti thin film analyzed by

Ossmer et al.22 This can be mainly due to larger difference

between the austenitic finish temperature and the testing tem-

perature in experiment performed by Ossmer et al.22 com-

pared to the experiment performed by Cui et al.,5 the

difference in the microstructure between thin film and bulk

samples and different history of the samples.

C. The eCE of the samples trained at 342 K

Most practical cooling devices operate at temperature

spans between the heat source and the heat sink of approxi-

mately 30 K or more. Utilizing the eCE, this can be effi-

ciently accomplished by the application of a regenerative

cycle as demonstrated in magnetic refrigeration with the

active magnetic regenerator (see Refs. 40 and 41 for details).

During the operation of such device, a temperature profile is

established along its length which means that each part of

the material in the regenerator should be able to work at dif-

ferent temperatures. In order for Ni-Ti wires to be applied in

the elastocaloric regenerator, they will have to be able to re-

producible operate over a range of temperatures. However,

the wire trained at, e.g., 312 K will change its superelastic

response when loaded at higher temperatures and stresses as

it was not trained at these stresses. On the other hand, Fig. 8

shows the isothermal and adiabatic superelastic behaviors at

four different temperatures of the wire trained at 342 K. Both

types of tests were performed the same as for the separately

trained wires described in Sec. III B. As shown in Fig. 8(a)

and previously also by various authors,14,30,35 the isothermal

superelastic stress-strain curves of stabilized material at dif-

ferent temperatures fit to the same austenitic and martensitic

elastic modulus lines, with the same transformation strain,

but different critical stress of the transformation. We can

FIG. 8. A comparison of the isothermal (a) and adiabatic (b) superelastic

responses of the stabilized Ni-Ti wire trained at 342 K at different

temperatures.
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therefore conclude that the wire trained at 342 K can be

repeatable cyclically loaded also at lower temperatures with

no additional degradation of superelastic behavior, which

makes it possible to apply it in the elastocaloric regenerator.

The results shown in Fig. 8(a) can be further used to

estimate the isothermal entropy change using the Clausius-

Clapeyron equation:

Ds ¼ � 1

q
et

@rcr

@T

� �
: (2)

According to Fig. 8(a), the transformation strain (et) is

0.03 and the Clausius-Clapeyron factors (@rcr=@T), which

present the slope of the critical transformation stress (see

inset in Fig. 8(a)) are 7.6 MPa/K for loading and 7.34 MPa/K

for unloading. Using Eq. (2), the estimated isothermal en-

tropy change is 35.1 J/kg K for loading and 33.9 J/kg K for

unloading over the analyzed temperature range. The differ-

ence in entropy changes for loading and unloading represents

the irreversible entropy generation due to hysteresis and

result directly from the difference in the Clausius-Clapeyron

factors of the forward and reverse transformation. It should

be noted that the estimated values of the entropy changes

assume that a complete transformation was performed,

which is due to the fact that some minor transformations usu-

ally occur even beyond the plateau, rather hard to achieve in

reality.

Figure 8(b) shows the adiabatic superelastic behavior at

four different temperatures, while the associated adiabatic

temperature changes are shown in Fig. 6(b). As expected

according to Manosa et al.,20 the adiabatic temperature

change is increasing with temperature for the entire analyzed

temperature range. Comparing the adiabatic temperature

changes of the wires trained separately at lower temperatures

and the wire trained at 342 K, we can conclude that in the lat-

ter case the sample exhibits smaller eCE, mostly due to

smaller transformation strains (comparing Figs. 5 and 8).

Furthermore, as shown in Fig. 7 the wire trained at 342 K

also shows smaller irreversibilities, which was expected due

to smaller hysteresis compared to the wires trained at lower

temperatures. However, the calculated temperature irreversi-

bilities due to the hysteresis are slightly increasing with the

temperature as the hysteresis areas are increasing as well,

while we measured quite larger irreversibilities with the

decreasing trend. As already explained is Sec. III B, this is

due to the temporary residual strain after the unloading,

which is more pronounced at lower temperatures.

D. The impact of the maximum applied strain

We further studied the eCE and its dependence on the

maximum applied strain. The wire was trained at the same

way as for the previous tests, but to larger maximum stress

(in order to be able to evaluate the eCE also at larger strains

with the stabilized behavior). As seen in Fig. 9(a), this train-

ing causes even less distinctive transformation plateau with

smoother transformation knees compared to the previous

case when the wire was trained to lower maximum stress

(grey line in Fig. 9(a)). As seen from Fig. 9(a), this further

causes larger degree of the temporary residual strain immedi-

ately after the unloading and therefore larger temperature

irreversibilities. However, Fig. 9 shows the adiabatic supere-

lastic behaviors at 342 K at different maximum applied

strains and the related adiabatic temperature changes. It is

evident that the positive as well as the negative adiabatic

temperature changes are increasing with the increased

applied strain, with a kind of inflection point between 4%

and 5%, which is related with the end of the transformation

plateau (see Fig. 9(a)). It can be concluded that at the strain

of 5.5%, the forward transformation is not yet fully com-

pleted. It is to be expected that this would occur at even

larger strain at which the (positive) adiabatic temperature

change will not increase with strain anymore. This is

strongly related with the fact that the transformation is not

fully completed at the end of the transformation plateau, but

some transformations occur even beyond (and before) the

plateau, as already explained above. It is also evident from

Fig. 9(b) that the temperature irreversibilities are increasing

with the increased strain. Namely, both sources of the tem-

perature irreversibilities are increasing with the increased

strain, since larger strain results in larger hysteresis as well

as in larger degree of the temporary residual strain after

unloading (see Fig. 9(a)). It can be concluded that in order to

obtain the largest adiabatic temperature change the strains

above the transformation plateau should be applied. On the

other hand, in order to reduce the input work to perform the

cooling cycle and the temperature irreversibilities, as well as

FIG. 9. The adiabatic superelastic responses at different applied strains at

342 K, where the grey line shows the results from Sec. III C (a) and the

related adiabatic temperature changes (b).
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to potentially increase the fatigue life, it might be beneficial

to limit the applied strain to smaller values.

E. The distribution and the homogeneity of the eCE

It is important to know how the eCE and the related adi-

abatic temperature changes are spatially distributed over the

sample during the transformation. This is especially impor-

tant for application of the elastocaloric material in a practical

device, where the homogeneous distribution of the eCE is

strongly desirable. As clearly shown by Churchill et al.,33

during uniaxial tensile stress-induced transformation many

Ni-Ti alloys have well-known material-level instabilities that

result in localized deformation and propagation of transfor-

mation fronts (so-called L€uders bands—see Refs. 42 and 43

for details). During low strain-rate transformation (forward

and reverse), the transformation occurs by the propagation of

usually two boundaries separating nearly uniform high-strain

and low-strain regions. However, higher strain-rates result in

the nucleation of more fronts as mechanical nucleation bar-

riers are surmounted via the non-uniform temperature fields

in the sample. Similar was also shown by Vives et al.,19 who

analyzed the temperature contour maps (distribution of the

adiabatic temperature changes) in the single-crystalline Cu-

Al-Zn alloy using thermography. They showed markedly in-

homogeneous temperature profile along the sample, with sig-

nificant distribution of the adiabatic temperature change.

Figure 10 (Multimedia view) shows the temperature dis-

tribution over Ni-Ti wires measured with a FLIR X6540sc

IR camera during loading at adiabatic conditions. Here, only

one time-segment during the transformation is shown—see

"Multimedia view" for the transient temperature response

during the entire transformation. Three samples were ana-

lyzed; the virgin wire, the wire trained at 312 K, and the wire

trained at 342 K. Due to the space limitation in the thermo-

static chamber, the measurements were performed at room

temperature (around 300 K). Furthermore, since the austen-

itic finish temperature of this particular material is around

room temperature, a significant temporary residual strain

occurs during the high strain-rate unloading (and subsequent

cooling) at this temperature. This is the reason for analyzing

the distribution of the eCE only during loading. However, as

shown in Ref. 42 similar behavior is expected for forward

and reverse transformation (although with potentially differ-

ent number of transformation fronts), but in the latter case

the transformations first appear at those locations where the

previous forward transformation ended.22 It is also important

to note that the emissivity of the wires was not well con-

trolled and therefore all IR images do not necessarily repre-

sent high accuracy temperature measurements. All IR figures

and videos are intended to demonstrate the magnitude and

uniformity of the temperature change but were not used to

characterize material properties.

Comparing the results shown in Fig. 10 (Multimedia

view), we can conclude that the eCE in the virgin wire is

nucleated randomly along the wire and shows significant

instabilities and transformation fronts (L€uders bands). A sim-

ilar effect is observed in the wire trained at 312 K but this

time the distribution of the nucleation is “spread out” over

the whole sample, while the eCE is almost completely homo-

geneous in the wire trained at 342 K without any possibility

to identify where the nucleation starts. The different nature

of the transformation, which results from different training

conditions, is related to the superelastic behavior at the trans-

formation plateau. The localized, L€uders-like transformation

fronts are observed at the flat transformation plateau, while

they become diffuse and no longer discernible when the pla-

teau takes on a positive slope in the trained samples.43,44

Due to similar transformation plateaus during loading and

unloading at the particular temperature and training condi-

tions (see Figs. 5 and 8), one can therefore expect similar na-

ture of the transformation as observed during loading also

during unloading (with significant instabilities in the case of

virgin wire and almost completely homogeneous eCE in the

case of the wire trained at 342 K). However, this should be

evaluated and analyzed in the future. As expected, the

FIG. 10. The distribution of the temperature changes during loading: (a) vir-

gin wire; (b) wire trained at 312 K, and (c) wire trained at 342 K. The emis-

sivity of the Ni-Ti wire was estimated to 0.75.45 (Multimedia view) [URL:

http://dx.doi.org/10.1063/1.4913878.1] [URL: http://dx.doi.org/10.1063/

1.4913878.2] [URL: http://dx.doi.org/10.1063/1.4913878.3]
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adiabatic temperature change in the virgin sample is higher

compared to the trained ones.

IV. CONCLUSION

A detailed study of the superelastic behavior and the

related eCE of the Ni-Ti wire was conducted at different

temperatures. The wires were initially trained to stabilize the

superelastic behavior and to ensure the reproducible opera-

tion. The stabilized wires were further tested isothermally

(strain-rate of 0.0002 s�1) and adiabatically (strain-rate of

0.2 s�1) to measure the adiabatic temperature changes. It was

shown that the training temperature has an important impact

on the eCE. Higher the training temperature is larger the deg-

radation of the superelastic behavior will be, which reduces

the eCE as well as the associated irreversibilities. The largest

adiabatic temperature change was measured at around 322 K

(also trained at this temperature), where the wire heats up for

about 25 K during loading and cools down for about 21 K

during unloading. For the wire trained at 342 K and adiabati-

cally tested at lower temperatures, which will be the case

also in the practical elastocaloric regenerator-based cooling

device, the positive adiabatic temperature changes are

between 17 K (at 312 K) and 21 K (at 342 K) and the nega-

tive adiabatic temperature changes are between 13 K (at

312 K) and 19 K (at 342 K). The estimated isothermal en-

tropy changes using the Clausius-Clapeyron equation are

35.1 J/kg K for loading and 33.9 J/kg K for unloading,

respectively. It was shown that there are two sources of the

temperature irreversibilities, the hysteresis (and related en-

tropy generation) and the occurrences of the temporary resid-

ual strain, which decreases the adiabatic temperature change

during the unloading especially at lower temperatures (closer

to TAf).

We further analyzed the impact of the maximum applied

strain on the adiabatic temperature changes. It was shown

that both the positive and the negative adiabatic temperature

changes are increasing with the applied strain (for the ana-

lyzed strain range) and the temperature irreversibilities are

increasing as well. With the increased applied strain, both

sources of the temperature irreversibilities (the entropy gen-

eration due to hysteresis and the temporary residual strain)

are increasing. It should be noted that with the maximum

applied strain we have not yet reached the complete marten-

sitic transformation, which would occur at even larger strains

(where the adiabatic temperature change would not increase

with strain anymore).

We also evaluated the homogeneity and the distribution

of the eCE and the related adiabatic temperature changes

over the wire during loading using the IR camera. It was con-

cluded that the virgin wire exhibits significant instabilities

and highly nonhomogeneous distribution of the eCE during

loading, while with training (especially at higher tempera-

tures—well above the TAf) the eCE becomes diffuse and

highly uniform. The latter is preferable for the application of

the Ni-Ti wire in the cooling device.

If one compares the eCE of the Ni-Ti wire with other ca-

loric effects, especially the magnetocaloric effect which is

up-to-date the most widely analyzed for its application in the

future environmental-friendly solid-state cooling device, it

can be concluded that the elastocaloric adiabatic temperature

changes are significantly larger. The best magnetocaloric

materials in the magnetic fields accessible with the perma-

nent magnets (up to 1.5 T) only have the adiabatic tempera-

ture change up to 5 K and in much narrower temperature

range compared to the eCE (see Refs. 9 and 20 for detailed

comparison). The eCE therefore shows a large potential to

be applied in the cooling (or heat-pumping) device.

However, beside the large eCE the following is required in

order the elastocaloric material to be implemented in the real

(and efficient) device, which is our final goal

(1) Both sources of the irreversibilities, the hysteresis (which

decreases the efficiency of the device) and the temporary

residual strain after the unloading (which decreases the

negative adiabatic temperature change and therefore the

cooling power of the device) should be reduced as much

as possible. This will have to be evaluated through the

numerical modeling of the potential cooling device in

the future. Bending of the sample during unloading asso-

ciated with the temporary residual strain presents also a

serious issue for the operation of the device and should

be avoided.

(2) Materials with suitable transformation temperatures. In

particular, the austenitic finish temperature should be

around but lower than the refrigeration temperature (to

avoid any non-recoverable strain). The material eval-

uated in this work can be applied in cooling applications

with the refrigeration temperature above 310 K (but the

knowledge obtained with this material can be analo-

gously applied also for materials with lower transforma-

tion temperatures at lower and more suitable

temperatures for wider cooling applications). At the

same time, the austenitic finish temperature should not

be too low in order to avoid high stresses to perform the

transformation.

(3) Long fatigue life and good functional stability. This is

currently the main limitation of this technology. The

elastocaloric materials to be implemented in the cooling

device will have to be able to perform up to 108 cycles

(in the life time of 10 yr). This is currently still not

achievable; however, the latest results46 on Ni-Ti thin

films doped with Cu and Co are very promising and

show no fatigue and good functional stability even after

106 cycles. This is an important step forward in the de-

velopment of the applicable elastocaloric materials.
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