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Abstract  It is widely acknowledged that shape-memory 
alloys have an enormous potential for future developments 
of an environmentally friendly new solid-state refrigeration 
technology, thanks to their excellent elastocaloric proper-
ties. In the present review paper, after a brief summary of 
the historical milestones that have led to the present state-
of-the-art of the subject of elastocaloric effect and materi-
als, we develop its thermodynamic bases and review recent 
advances of the elastocaloric effect in non-magnetic and 
magnetic shape-memory alloys. We show that in this last 
family of alloys, multicaloric effects can occur induced by 
the combination of mechanical and magnetic fields and that 
this possibility might open new avenues for applications.

Keywords  Elastocaloric effect · Conventional and 
Inverse caloric effects · Mechanocaloric effects · 
Multicaloric effects

Introduction

In 1859, James Prescot Joule published a paper entitled, 
On some thermo-dynamic properties of solids [1]. The 
abstract of this paper starts with the sentence: After 

finding the numerical relation between heat and work in 
1843, it immediately occurred to me to investigate various 
phenomena in which heat is involved by mechanical 
means… These phenomena in which heat is involved by 
mechanical means provide the basis of caloric effects. 
Actually, a caloric effect can be defined in terms of the 
reversible thermal response of a given material to the work 
exchanged when it is subjected to an external field [2]. In 
his paper, Joule assumed that work was of mechanical nature 
but, in fact, it can be performed by application or removal 
of any kind of external field, either mechanical, electric or 
magnetic, and the corresponding caloric effect is denoted 
as mechanocaloric, electrocaloric or magnetocaloric, 
respectively. Joule reported measurements of the temperature 
change in solids such as natural rubber caused by the 
removal of a uniaxial force [3]. This corresponds to a kind 
of mechanocaloric effect that, at present, is denoted as the 
elastocaloric effect. Unfortunately, the measured temperature 
changes were very small, due to an inefficient measurement 
technique. Perhaps this negative result has been responsible 
for the fact that solid-state cooling using this mechanical 
method has remained unexplored for very long.

It has been often considered that giant elastocaloric effect 
was reported for the first time by Rodríguez and Brown 
[4]. In that paper, the authors aimed at determining the 
martensitic transition entropy change of a Cu–Al–Ni shape-
memory alloy and for that purpose they used a method that 
is often used to characterize caloric effects. However, the 
authors did not mention either that the measured thermal 
effect was related to other caloric effects nor its interest 
for refrigeration applications. In fact, the resurgence of the 
elastocaloric effect must be attributed to Nikitin et al. who 
back in 1992 reported a large effect near room temperature 
in FeRh [5]. The possibility giant elastocaloric effects in 
shape-memory alloys and its potential use for solid-state 
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refrigeration was established in [6]. That paper established 
the thermodynamic analogies of the mechanocaloric effect 
and other caloric effects such as the magnetocaloric and 
electrocaloric effects, which prompted research on the 
study of the elastocaloric effect and the development of 
new elastocaloric materials with improved properties for 
refrigeration applications. Later on, Cui et al. showed the 
high efficiency of elastocaloric cooling in NiTi shape-
memory wires from direct measurement of cooling effects 
induced by adiabatic release of an applied load [7].

The possibility of inducing other mechanocaloric 
effects was confirmed soon after the elastocaloric effect 
was established. Particularly, the possibility of a giant 
barocaloric effect, which is a mechanocaloric effect induced 
by hydrostatic pressure, was confirmed to occur in the 
Ni–Mn–In metamagnetic shape-memory alloy, thanks to 
the anomalously large volume change accompanying the 
symmetry change of the unit cell at the martensitic transition 
[8]. The paper already corroborated that the volume change 
in this class of shape-memory materials is a consequence 
of the huge change of magnetization taking place at the 
martensitic transition. Moreover, it opened up the possibility 
of multicaloric effects since it clearly established the 
existence of materials where caloric effects may be induced 
by application of multiple fields.

At present, elastocaloric effect is a well-known subject 
with a great potential for refrigeration applications [9, 10]. 
As a matter of fact, the U.S. Department of Energy has 
acknowledged that thermoelastic cooling technology based 
on the elastocaloric effect in shape-memory materials has 
the highest potential for avoiding the environment impact 
of the conventional and widely used vapour-compression 
technology in near room-temperature refrigeration 
applications [11].

The present paper aims at briefly reviewing elastocaloric 
effects in shape-memory materials. It is organized as 
follows. First, the thermodynamics of the elastocaloric effect 
is summarized in "Thermodynamics of the Elastocaloric 
Effect" section. Recent advances in elastocaloric effect 
in shape-memory alloys are discussed in "Elastocaloric 
Materials" section, and the combination of the uniaxial 
stress with non-mechanical fields as a strategy to optimize 
caloric effects is considered in "Multicaloric Effects" 
section. Finally, we summarize and conclude.

Thermodynamics of the Elastocaloric Effect

In general, a mechanocaloric effect is quantified from the 
entropy change isothermally and reversibly induced in 
a material by application or removal of stress, or by the 
corresponding temperature change that occurs when the 
stress is applied or removed adiabatically. In contrast with 

the electrocaloric and magnetocaloric effects in which 
electric and magnetic fields have a vectorial nature, stress 
is a rank-2 tensor. The most immediate consequence of 
this fact is that even in elastically isotropic materials, a 
complete characterization of the mechanocaloric effect 
requires studying the thermal response of the material to 
two independent stress modes such as hydrostatic pressure 
and shear [9]. For practical reasons, instead of shear, the 
response to a uniaxial stress, which is a combination of 
hydrostatic pressure and shear, is often considered. In 
this case, the components of a uniaxial stress applied in a 
given direction � are of the form, �ij = ��i��j� . Here, �ij is 
a Krönecker delta and subscripts indicate space direction. 
Note that 𝜎 > 0 represents an applied tension and 𝜎 < 0 a 
compression. On the other hand, for an hydrostatic pressure, 
�ij = −p�ij , where the minus sign is included to take into 
account that hydrostatic pressure corresponds to an isotropic 
compression effect. It is interesting to note that in both cases 
the relevant fields, � and p can be treated as scalars.

For the elastocalor ic effect,  the isothermal 
response to an applied stress �  is  given as, 
�T = (�S∕��)T = (��∕�T)� and the adiabatic one as, 
�S = (�T∕��)S = −(��∕�S)� = −(T∕C)�T  ,  where � is 
the strain induced in the direction of the applied stress, S 
entropy, T  temperature and C heat capacity. In both cases, 
adequate Maxwell relations have been taken into account. 
Therefore, the corresponding isothermal change of entropy, 
ΔS , and adiabatic change of temperature, ΔT  , induced by 
application of a uniaxial stress � , are obtained by integration 
of the corresponding response functions as

and

Note that in the second equation T  is in fact the initial 
temperature at � = 0. Usually, the change of temperature is 
small, ΔT∕T ≪ 1 , and assuming that C is stress independent, 
ΔT  can be simply given as

Both ΔS and ΔT  may be very large when �T is large. This 
is expected to occur in the neighbourhood of a structural 
phase transition involving a change of symmetry and volume 
of the unit cell. It is worth to note that when the transition 
involves only a volume change, the material will show both 
barocaloric and elastocaloric effects but, instead, when it 
is only associated with a change of symmetry given by a 
pure shear, it will only display elastocaloric effect since 

(1)ΔS(0 → �) = ∫
�

0

�
T
d�,

(2)ΔT(0 → �) = T

[

exp

(

−∫
�

0

�
T

C
d�

)

− 1

]

.

(3)ΔT(0 → �) ≅ −
TΔS(0 → �)

C
.
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barocaloric effect requires volume change. The latter case 
is precisely the case corresponding to martensitic transitions 
in non-magnetic alloys, which occur through a dominant 
shear mechanism with a negligibly small volume change.

For 𝜉T < 0 the entropy will increase while temperature 
will decrease under an applied stress, which corresponds 
to the conventional elastocaloric effect. Note that when 
the stress is removed the entropy will increase and the 
temperature will decrease (cooling effect) by exactly the 
same amounts if the process is strictly reversible. The 
inverse case occurs for 𝜉T > 0 . In that case entropy will 
increase and temperature decrease under an applied stress 
and entropy will decrease and temperature increase when 
the stress is removed. It is interesting to indicate that the 
pure elastic contribution to the elastocaloric effect is usu-
ally inverse due to the fact that when a material is under 
a uniaxial stress, volume increases when it is heated, and 
consequently, as illustrated in Fig. 1, (𝜕𝜀∕𝜕T)𝜎 > 0 which 
gives rise to an inverse elastocaloric effect. Nevertheless, 
few materials exist that show negative thermal expansion. 
This is the case, for instance, of the ZrW2O8 compound 
[12]. In this material, atoms are arranged in a network of 
octahedra and tetrahedra. The negative thermal expansion 
is a consequence of the low energy of the optical modes 
associated with a mixing of librational modes of the tetra-
hedra and translational modes of oxygen atoms. While no 

experiments have been reported yet, it is expected that the 
elastocaloric effect in this material will be conventional.

The situation is different in the neighbourhood of 
a martensitic or ferroelastic transition. Consider the 
simple example illustrated in Fig.  1 where a model 
material that undergoes a martensitic transition from a 
square to a rectangular phase with no volume change is 
considered. In this case, for symmetry reasons, the two 
variants—long and short—shown in the figure can grow 
at the transition. In the absence of an applied stress, they 
form a twined structure with 50% of each variant (with 
a negligible total volume change). Application of stress 
(tensile, for instance) breaks the symmetry and the long 
variant is favoured. Consequently, deformation increases 
as temperature decreases and the resulting elastocaloric 
effect is conventional. Note that it is also conventional 
in the case of an applied compression stress, which has 
a negative sign, and favours the short variant. In general, 
when more variants grow at the transition, as occurs in 
real cases, under an applied stress there is always one (or 
few) variant which is favoured and the above argument 
applies too.

The isothermal entropy change that quantifies the elas-
tocaloric effect is usually determined from measurements 
of the temperature and stress dependence of the strain. 
Then, from Eq. 1 ΔS is numerically obtained as

Fig. 1   Schematic illustration of the inverse elastocaloric effect associated with volume dilatation elastic materials and conventional effect asso-
ciated with a martensitic transition
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where � is estimated as the ratio of the applied force, F , 
over the cross-section area,A0 , of the unstressed studied 
specimen, and � ≅

(

L − L0
)

∕L0, where L is the actual length 
of the sample at a given stress � and L0 a reference length 
at zero stress. Note that the preceding Eq. (4) renders the 
entropy change per unit volume. Using the mass density, it 
can be transformed to entropy per unit mass.

This method was used to study the elastocaloric effect 
of a Cu–Zn–Al shape-memory crystal in [6]. In general, 
mechanical experiments are performed with commercial 
hard screw machines that are well adapted to have a 
good control of the strain (or displacement) which is the 
thermodynamically conjugated variable of the stress. 

(4)ΔS(T + �T∕2, �) ≈ 1
ΔT

[

∫

�

0
�(T + �T , �)d� − ∫

�

0
�(T , �)d�

]

,
However, in that paper, stress controlled experiments 
were performed using a special extra soft machine that 
permitted a very good control of the applied stress. 
Results obtained with that machine were compared with 
those obtained with standard hard machine. In this strain 
controlled case, the entropy change isothermally induced 
by a strain � is obtained from integration of the Maxwell 
relation (�S∕��)T = −(��∕�T)� and it is given as

Results obtained using both machines are shown in 
Fig. 2. The comparison confirmed that in spite of the huge 
displacement associated with the martensitic transition 
(transformation strain ∼ 10%), both kind of measurements 

(5)ΔS(0 → �) = −∫
�

0

(

��

�T

)

�
d�.

Fig. 2   Example of a strain–stress loading curves at tempera-
tures (from left to right) T = 294.6, 295.3, 296.1, 297.9, 298.8, 
299.9, 302.0, 303.1, 305.4, 306.0, 307.5, 309.4 and 310.5  K in a 
Cu68.13Zn15.74Al16.13 single crystal. This alloy transforms martensi-
tically from a cubic (L21) parent phase to a monoclinic (18R) phase. 
The transition temperature at zero stress is T

M
 = 234 K. The red dis-

continuous curve is the unloading curve at 294.5 K and illustrates the 
stress hysteresis. b Stress–strain curves at temperatures (from bottom 
to top) T = 295.0, 297.8, 303.1 and 307.8  K. The red discontinuous 
curve is the unloading curve at 295.0 K that illustrates the strain hys-

teresis. Note that strain hysteresis is much smaller than stress hystere-
sis. c Isothermal stress-induced entropy change curves corresponding 
to increasing applied stress values (from left to right) � = 105, 110, 
115, 120, 125, 130, 135, 140, 143 MPa. d Isothermal strain-induced 
entropy change corresponding to increasing strain values (from bot-
tom to top) � = 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08. Note that 
in this alloy 1 mol = 57.937 g and its molar volume is 7.52 cm3/mole. 
Therefore, 1 J/K mole = 17.26 J/K kg = 0.133 J/K cm3
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provide very similar results. Actually, the most remarkable 
difference arises from the transition hysteresis, which is 
much larger in stress controlled than in strain controlled 
measurements [13]. These results corroborated that stand-
ard mechanical stress–strain measurements are adequate 
to conveniently characterize the elastocaloric properties 
of shape-memory materials.

For a strictly equilibrium first-order transition, the 
variable X   (the strain � in the case of a martensitic 
transition) thermodynamically conjugated to the field y 
(the stress � in the case of a martensitic transition), and S 
show a discontinuity at the transition and the validity in 
using the Maxwell equation (�S∕�y)T = (�X∕�T)� has been 
questioned. In fact, integration of this Maxwell relation 
in the vicinity of the transition discontinuity renders the 
Clausius–Clapeyron equation. This result can be proved 
as follows [6]. For a martensitic transition, suppose that 
the strain is a function of temperature and stress of the 
general form,

where F  is a shape-function that varies from 0 to 1 within 
the temperature range �T  , �t the transition strain, Tt(�) 
the transition temperature corresponding to a stress � and 
�0(T , �) a function giving the temperature and stress depend-
ence of the strain outside the transition. For a strict first-
order transition, F  should approach a Heaviside function 
and then the stress-induced contribution to the change of 
entropy only associated with the phase transition is given as

where � = dTt∕d� and it has been taken into account that 
the derivative of the Heaviside function is the Dirac �-func-
tion. Therefore, this shows that ΔS(0 → �) is the transition 
entropy ΔSt given by the Clausius–Clapeyron equation,

This is a general result that can be applied to any first-
order phase transition, either ferroelastic/martensitic, 
ferromagnetic or ferroelectric.

Actually, the Clausius–Clapeyron equation has often 
been used to determine the elastocaloric change of entropy 
associated with martensitic transitions. It is worth remarking 
again that this method only provides the entropy change 
contribution associated with a well-defined first-order 
transition, while contributions to the elastocaloric effect 
arising from any temperature dependence of � outside the 

(6)�(T , �) = �0(T , �) + �tF
{[

Tt(�) − Tt(0)
]

∕�T
}

,

(7)
ΔS(0 → �) = ∫

�

0

( ��
�T

)

�
d� =

{

− �t
�
for T in the range

[

Tt(0), Tt(�)
]

,
0 for T outside the range

[

Tt(0), Tt(�)
]

,

(8)
dTt

d�
= −

ΔSt

�t
.

transition are not taken into account. Since these effects 
are often very small in the case of martensitic transitions, 
the estimation of the entropy change based on the 
Clausius–Clapeyron equation provides quite good results 
[14].

The elastocaloric effect can also be quantified from 
calorimetric measurements performed under selected values 
of the applied stress (or strain). From these measurements 
and the knowledge of the temperature dependence of the 
heat capacity outside the transition, the entropy as a function 
of stress and temperature, S(T , �) , can be determined. Then, 
the entropy change induced by isothermal application of a 
stress � can be obtained as

This kind of estimation of the entropy change requires 
special calorimeters that can run under well-controlled 
stress or strain (see for instance [14]). However, it is worth 
to mention that it is difficult to design calorimeters that 
enable applying high enough uniaxial loads that yield a 
complete characterization of the elastocaloric properties of 
the studied materials under applied loads. In contrast, this 
kind of measurements are very well adapted to the study 
of barocaloric effects [15].

A commonly used technique to study elastocaloric 
effects is to measure the temperature change induced by 
adiabatic application or removal of either stress or strain 
by means of a thermocouple attached to the studied sample 
or, alternatively, using non-contact infrared thermometry. 
Infrared thermometry has the advantage of allowing the 
determination of the spatial distribution of temperature in 
the studied sample [16]. This is important when the elas-
tocaloric effect in the vicinity of a martensitic transition 
is studied since depending on specific issues of the mate-
rial very different distributions can occur. Furthermore, 
by appropriate numerical data treatment, it is possible to 
track the dynamics of heat sources and heat sinks during 
the martensitic transition [17].

The temperature change can also be obtained from the 
calorimetrically computed S(T , �) curves as

It is worth indicating that the intrinsic hysteresis 
associated with first-order phase transitions is an important 
issue to take into account for a proper and complete 
characterization of the elastocaloric properties of a given 
material. Actually, hysteresis has a highly detrimental effect 
as it restricts the range of reversibility associated with the 
application and removal of a given field. As a consequence, 
in elastocaloric materials showing large hysteresis, 
larger stresses are required in order to reach reproducible 
isothermal entropy changes and adiabatic temperature 

(9)ΔS(0 → �) = S(T , �) − S(T , 0).

(10)ΔT(0 → �) = T(S, �) − T(S, 0).
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changes comparable to those displayed by materials with 
lower hysteresis.

Finally, it is useful to indicate that a complete 
characterization of the caloric properties of a given material 
requires a good knowledge of the reversible contributions of 
both ΔS and ΔT  . In the case of the elastocaloric effect while 
ΔT  can be determined quite easily, the determination of ΔS 
is more challenging. For this reason, ΔT is usually employed 
to define a figure of merit suitable for technological 
applications that conveniently quantifies the refrigeration 
capacity of the considered material.

Elastocaloric Materials

Among the different families of elastocaloric materials, the 
one constituted by shape-memory alloys is undoubtedly 
the most studied one and probably that displaying better 
performances. Conventional shape-memory alloys are non-
magnetic alloys in which the distortion at the transition is 
predominantly determined by a pure shear. Therefore, the 
transition is very sensitive to an applied uniaxial stress while 
almost insensitive to hydrostatic pressure. In fact, in its 
parent phase, these materials have the ability of recovering, 
upon loading and unloading, a huge deformation (in some 
cases larger than 10%) associated with the stress- or strain-
induced transformation with a quite low hysteresis. This 
unique property is called superelasticity, which together 
with the significant latent heat involved in the transition are 
responsible for the excellent elastocaloric properties of this 
class of materials.

As already indicated, first studies of the elastocaloric 
effect in shape-memory alloys were performed in Cu-based 
alloys [6]. In these materials, the transition can be described 
by a pure shear of the {110} planes along the ⟨110⟩ 
directions. An isothermal entropy change of about 20 J/kg 
K was induced in a Cu–Zn–Al single crystal with a relatively 
low uniaxial stress of 100 MPa applied along the [100] 
crystallographic direction (see Fig. 2). Maximum adiabatic 
temperature changes of more than 10 K were expected. 
However, measured values were slightly lower due to lack of 
adiabaticity in the measurements [16]. An interesting aspect 
is the fact that both the isothermal entropy and adiabatic 
temperature changes are large and highly reproducible upon 
field cycling over a very broad temperature span of about 
130 K [18].

Soon after, it was shown that Ti–Ni shape-memory 
alloys show larger adiabatic temperature changes than 
Cu-based alloys [7]. Near the 50–50 composition, this alloy 
undergoes a transition from a cubic B2 phase to monoclinic 
B19′ martensitic phase, with a much larger latent heat than 
in Cu-based alloys. Actually, in this material, the entropy 
difference between the two phases includes, in addition 

to a vibrational contribution as in Cu-based alloys, a 
significant electronic contribution, which is responsible for 
the large latent heat and excellent elastocaloric properties. 
Adiabatic temperature changes of about 15 K were measured 
for an applied stress of 500 MPa, which correspond to 
an isothermal entropy change of about 70  J/kg K. The 
inconvenience of this class of alloys is the fact that the 
transition occurs with a hysteresis significantly larger than 
in Cu-based alloys. Furthermore, these materials show some 
degradation of elastocaloric properties along cycling across 
the transition. It is interesting to note that under compression 
mode the transition occurs with slightly lower hysteresis 
than in tension mode and has better fatigue properties due 
to a lower crack mobility [19, 20].

Interestingly, in Ni–Ti, the martensitic transition can 
occur via an intermediate transition towards a rhombohedral 
phase (R-phase), depending on heat treatment and doping. 
In some circumstances, this intermediate transition can be 
studied separately from the transition to the B19′ phase, 
thanks to the fact that the former occurs with a much lower 
hysteresis than the latter [21]. While the distortion and 
latent heat associated with the transition to the R-phase are 
quite small, its low hysteresis gives rise to a high degree 
of reversibility for low applied stresses which results in 
excellent elastocaloric properties [22].

The advances in the study of the elastocaloric effect and 
materials in recent years have been noteworthy. Nowadays, 
Ni–Ti is still one of the most interesting materials for 
refrigeration applications but new ones have been developed 
showing outstanding properties. Interesting results have 
been reported in some magnetic shape-memory alloys [23, 
24]. However, this class of materials are very brittle, which 
limits the possibility of applying large stresses to reach 
high enough values of the isothermal entropy and adiabatic 
temperature changes. In any case, the family of all-3-d 
Heusler alloys that undergo a martensitic transition is worth 
mentioning [25]. It has been shown that in its paramagnetic 
region reversible adiabatic temperature changes of more than 
30 K can be reached by application and removal of 700 MPa 
with almost no degradation along cycling [26]. The colossal 
elastocaloric effect occurs thanks to the large volume change 
taking place at the martensitic transition, which contributes 
significantly to the large latent heat and also provides to 
these materials with excellent barocaloric properties [27].

An interesting strategy to improve elastocaloric properties 
of given materials consists of judiciously engineer their 
microstructure. This also opens a possible route to adapt 
well-known materials to a particular elastocaloric behaviour 
required for specific applications. With this idea in mind, 
additive manufacturing of Ni–Ti has been used to design 
nanocomposite compounds comprising nickel-rich 
intermetallic compound interspersed among a binary alloy 
matrix that allows quasi-linear stress–strain behaviour 
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with extremely small hysteresis [28]. Similar behaviour 
was also reported in nano-grain Ni–Ti obtained by severe 
cold-working. These cold-rolled alloys also show quasi-
linear superelasticity, which enables large recoverable 
strains of about 4% and very low hysteresis effects induced 
by high tensile stresses up to 1 GPa [29, 30]. On the other 
hand, it has been shown that very large reversible strains 
can also be induced by low compressive stresses in tweed 
textured Fe–Pd alloys [31]. The striking mechanical 
behaviour displayed by all these materials, which occurs 
with high reproducibility along cycling, gives rise to a 
significant elastocaloric effect quantified by a large adiabatic 
temperature decrease under stress removal, taking place very 
homogeneously over the whole studied specimen. Actually, 
it is expected that shape-memory materials with appropriate 
microstructure might be the most successful alternative route 
to design elastocaloric materials with optimal properties for 
refrigeration applications.

The strategy based on engineering the microstructure has 
also been proposed to design materials that show inverse 
elastocaloric effect associated with a martensitic transition. 
This is accomplished by growing nanoprecipitates within 
the parent matrix with a selected orientation that creates 
an internal stress that opposes the external applied stress. 
Therefore, in a certain range of applied stresses, variants 
compatible with the internal stress grow at the expenses 
of the variants compatible with the external stress. As a 
consequence, while the external stress does not overcome 
the internal one, the material shows an inverse elastocaloric 
effect [32, 33]. It is worth to note that an inverse elastocaloric 
effect can also occur due to the interplay of structural and 
secondary degrees of freedom. This has been shown to 
occur in the Co–Cr–Al–Si alloy where the inverse effect 
is a consequence of a reentrant behaviour of its martensitic 
transformation induced by magnetism [34]. It is worth to 
note that materials showing inverse effect could be useful 
for designing refrigeration cycles with improved efficiency, 
thanks to work recovering based on the inverse effect.

Multicaloric Effects

Multiferroic materials with significant interplay between dif-
ferent ferroic properties are expected to show cross-response 
to the different fields thermodynamically conjugated to these 
properties. Therefore, in these materials, entropy and tem-
perature changes can be driven by simultaneous or sequen-
tial application/removal of multiple fields, which give rise 
to a multicaloric effect [35]. At present, the thermodynam-
ics behind multicaloric effects is well established [36]. The 
main result is that the multicaloric effect induced by two 
different fields is not the simple sum of the corresponding 

monocaloric effects but instead it includes a contribution 
from the cross-coupling response of the material.

Magnetic shape-memory alloys belong to this class of 
materials where a multicaloric effect can be induced by uni-
axial stress, � , and magnetic field, B . It can be shown that in 
this case the entropy change isothermally induced by appli-
cation of these fields is given by

where the two first terms in the right-hand side quantify the 
elastocaloric and magnetocaloric effects and the last term is 
the cross-coupling contribution. It is interesting to note, that 
this last contribution is related to the temperature derivative 
of the cross-susceptibility which is expressed as

Therefore, this result indicates that the cross-coupling 
term arises from the curvature of the entropy surface in 
the T − � − B coordinate space, which always occurs in the 
presence of a phase transition.

The study of actual multicaloric effects in specific mate-
rials has started quite recently but very interesting results 
have already been achieved. A thorough study of multi-
caloric effects induced by stress and magnetic field in the 
Ni–Mn–In metamagnetic shape-memory alloy has been 
reported in [37]. Results were obtained using a unique cal-
orimeter working under magnetic field and uniaxial load. 
From these results isothermal and isofield (stress and mag-
netic field) entropy surfaces can be obtained from which 
multicaloric entropy changes can be determined. In this 
material, while the magnetocaloric effect is inverse the elas-
tocaloric effect is conventional and, to take advantage of 
the response to the two fields it is convenient to proceed by 
applying one field and removing the second one. It is worth 
remarking that multicaloric materials showing one conven-
tional and one inverse caloric effect opens the possibility of 
taking advantage of the hysteresis for refrigeration purposes. 
This has been shown in [38] where a refrigeration cycle has 
been proposed that takes advantage of the magnetic hyster-
esis to lock-in the ferromagnetic phase as the magnetizing 
field is removed and the cycle is then closed by application 
of stress. This strategy drastically reduces the volume of the 
magnetic field source and so reduces the amount of expen-
sive permanent magnets required in magnetic refrigerating 
devices.

At present it is acknowledged that the use of more than 
one driving field can induce larger thermal changes, with 
smaller field magnitudes, over broader ranges of operating 
temperature, and can also eliminate hysteresis in one 
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control field by transferring it to another field [39]. Overall, 
it is expected that multicaloric materials could contribute 
to opening new routes for future developments of high 
efficiency cooling devices [40].

Conclusions

The excellent elastocaloric properties of shape-memory 
alloys have great potential for room-temperature refrigera-
tion, heat pumping and harvesting applications. The study of 
the elastocaloric effect started much recently than the study 
of electrocaloric and especially magnetocaloric effects. Nev-
ertheless, advances in the study of the elastocaloric effect 
and materials have been noteworthy in recent years and, 
at present, elastocaloric materials have been designed that 
show caloric performances perfectly comparable to those 
of the best magnetocaloric materials and certainly much 
better than electrocaloric ones [41]. This is illustrated in 
Fig. 3 where ΔS values as a function of the corresponding 
ΔT  for prototypical elastocaloric, magnetocaloric and elec-
trocaloric materials are depicted. The distribution of data for 
elastocaloric materials might suggest that there is still room 
for improvement. Note that the low values of electrocaloric 
materials correspond to bulk samples. In fact, much larger 
values have been reported in thin films where, for a given 
voltage, the resulting electric field is much larger. Recently, 
it has been shown that the limitations associated with the 
need of thin samples can be overcome to some extent by 
using multilayers capacitors [42].

Actually, a number of prototypes and demonstrators 
have already been proposed based on Ni–Ti alloys. In 
relation to magnetocaloric materials, the great advantage 
of elastocaloric materials is the fact that they are usually 
constituted of elements which are non-critical, relatively 
cheap, quite abundant and non-toxic. In addition, they 
have very good thermal conductivity, which is a crucial 
property for an efficient heat exchange in actual devices. 
Moreover, devices based on the elastocaloric effect are quite 
easily scalable. To this respect, it is interesting to remark 
that superelastic effect has been demonstrated to occur 
with associated large latent heat in nanopillars [43], which 
opens up the possibility of designing miniature refrigeration 
devices based on this technology.

Another interesting aspect is the fact that in 
elastocaloric materials the caloric effect can be induced by 
non-homogeneous stress modes that give, for instance, rise 
to bending or twisting. In the first case the corresponding 
caloric effect is denoted as flexocaloric effect, while in the 
second it is denoted twistcaloric effect. In both cases, large 
strain gradients occur in region of maximum curvature 
[44]. This permits to concentrate a larger caloric response 
in these regions with low applied forces [45]. Compared to 

the homogeneous elastocaloric effect, non-homogeneous 
effects are more efficient since a larger caloric response 
can be obtained with less exchanged work. This is a 
consequence of the fact that, in the superelastic region 
above the martensitic transition temperature, a larger 
threshold must be overcome to nucleate the martensitic 
phase by application of a uniaxial stress than by bending 
[46].

The main drawback of elastocaloric shape-memory 
alloys is the fact that elastocaloric properties degrade 
along cycling across the martensitic transition. This is 
basically due to a deficient elastic accommodation of the 
martensitic phase within the parent matrix. At present, 
however, materials with suitable microstructures have 
been designed which support a large number of cycles. 
For instance, the growth of adequate precipitates permits 
improving elastic accommodation of martensitic domains 

Fig. 3   Measured maximum values of the reversible isothermal 
entropy changes as a function of the corresponding adiabatic temper-
ature change for prototypical caloric materials. Squares: elastocaloric 
materials (NiMnTiB: values measured in a (Ni50Mn31.5Ti18.5)99.8B0.2 
sample at 308  K under application of 700  MPa [26]. NiTi: aver-
aged values measured in near stoichiometric alloys at 295  K under 
application of ca. 700  MPa [7, 47, 48]. Cu-based: averaged val-
ues measured in Cu68.1Zn15.8Al16.1 and Cu69.6Al27.7Ni2.7 alloys at 
ca. 300  K under application of ca. 150  MPa [4, 6]. Fe–Pd: val-
ues measured in a Fe68.8Pd31.2 alloy at 250  K under application of 
100  MPa [49]). Circles: magnetocaloric (LaFeSiH: values meas-
ured in a LaFe11.57Si1.43H1.3 compound at 291  K under application 
of 5 T [50]. Gd5Si2Ge2: values measured in the stoichiometric alloy 
at 280  K under application of 5  T [51]. Gd: measured in a sample 
of 99.9 wt% purity at 294 K (near the critical point) under applica-
tion of 5  T [52]. NiMnInCo: measured in a Ni45.2Mn36.7In13Co5.1 
sample at 317  K under application of 2  T [53]). Triangles: electro-
caloric materials (BaTiO3 measured in a bulk sample at 397 K under 
application of 4  kV/cm [54]. PNZS: measured in a bulk sample of 
Pb0.99Nb0.02(Zr0.05Sn0.20Ti0.05)0.98O3 at 434  K under application of 
30 kV/cm [55]). For the sake of comparison, it is worth to indicate 
that values of ΔS of about 500  J/K kg have been reported in some 
barocaloric plastic crystals [15]. The corresponding ΔT  is more mod-
erated of about 10 K
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in the parent phase and strongly improves fatigue 
properties, and a stable martensitic transition has been 
recorded for more than ten million cycles [47].

To conclude, we can state that elastocaloric materials 
have open up encouraging prospects for developing an 
environmentally friendly solid-state cooling technology that 
may efficiently replace conventional technology currently 
used in refrigeration and heat pumping devices.

Acknowledgements  Financial support from MCIN/AEI/https://​
doi.​org/​10.​13039/​50110​00110​33 (Spain) under Grant Nos. 
PID2020-113549RB-I00/AEI and TED2021-129952B-C32/AEI, 
and from AGAUR (Catalonia) under Project No. 2021SGR00328 is 
acknowledged.

Funding  Open Access funding provided thanks to the CRUE-CSIC 
agreement with Springer Nature.

Data Availability  Not applicable.

Open Access  This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Joule JP (1859) On some thermo-dynamic properties of solids. 
Philos Trans R Soc Lond 149:91–131

	 2.	 Moya X, Kar-Narayan S, Mathur ND (2014) Caloric materials 
near ferroic phase transitions. Nat Mater 13:439–450

	 3.	 Gough J (1805) A description of a property of caoutchouc or 
Indian rubber; with some reflections on the cause of the elasticity 
of this substance. Mem Lit Philos Soc Manch 2 Ser 1:288–295

	 4.	 Rodríguez C, Brown LC (1980) The thermal effect due to stress-
induced martensite formation in β-CuAlNi single crystals. Metall 
Trans A 11:147–150

	 5.	 Nikitin SA, Myalikgulev G, Annaorazov MP, Tyurin AL, 
Myndyev RW, Akopyan SA (1992) Giant elastocaloric effect in 
FeRh alloy. Phys Lett A 171:234–236

	 6.	 Bonnot E, Romero R, Mañosa L, Vives E, Planes A (2008) Elas-
tocaloric effect associated with the martensitic transition in shape-
memory alloys. Phys Rev Lett 100:125901

	 7.	 Cui J, Wu Y, Muehlbauer J, Hwang Y, Radermacher R, Fackler 
S, Wuttig M, Takeuchi I (2012) Demonstration of high efficiency 
elastocaloric cooling with large ∆T using NiTi wires. Appl Phys 
Lett 101:073904

	 8.	 Mañosa L, González-Alonso D, Planes A, Bonnot E, Barrio M, 
Tamarit J-L, Aksoy S, Acet M (2010) Giant solid-state barocaloric 
effect in the Ni–Mn–In magnetic shape-memory alloy. Nat Mater 
9:478–481

	 9.	 Mañosa L, Planes A (2017) Materials with giant mechanocaloric 
effect: cooling by strength. Adv Mater 29:1603607

	10.	 Borzacchiello A, Cirillo L, Greco A, Masselli C (2023) A com-
parison between different materials with elastocaloric effect for a 
rotary cooling prototype. Appl Therm Eng 235:121344

	11.	 US Department of Energy (2014) Energy savings potential and 
RD&D opportunities for non-vapor-compression HVAC technolo-
gies. Report of the U.S. Department of Energy. https://​energy.​
gov/​eere/​build​ings/​downl​oads/​non-​vapor-​compr​ession-​hvac-​techn​
ologi​es-​report

	12.	 Hanock JN, Turpen C, Schlesinger Z, Kowach GR, Ramirez AP 
(2004) Unusual low-energy phonon dynamics in the negative ther-
mal expansion compound ZrW2O8. Phys Rev Lett 93:225501

	13.	 Bonnot E, Romero R, Illa X, Mañosa L, Planes A, Vives E (2007) 
Hysteresis in a system driven by either generalized force or dis-
placement variables: martensitic phase transition in single-crys-
talline Cu–Zn–Al. Phys Rev B 76:064105

	14.	 Gràcia-Condal A, Stern-Taulats E, Planes A, Vives E, Mañosa L 
(2018) The giant elastocaloric effect in a Cu–Zn–Al shape-mem-
ory alloy: a calorimetric study. Phys Status Solidi b 215:1700422

	15.	 Lloveras P, Aznar A, Barrio M, Negrier P, Popescu C, Planes A, 
Mañosa L, Stern-Taulats E, Avramenko A, Mathur ND, Moya 
X, Tamarit J-L (2019) Colossal barocaloric effects near room 
temperature in plastic crystals of neopentylglycol. Nat Commun 
10:1803

	16.	 Vives E, Burrows S, Edwards RS, Dixon S, Mañosa L, Planes 
A, Romero R (2011) Temperature contour maps at the strain-
induced martensitic transition of a Cu–Zn–Al shape-memory 
single crystal. Appl Phys Lett 98:011902

	17.	 Ianniciello L, Romanini M, Mañosa L, Planes A, Engelbrecht 
K, Vives E (2020) Tracking the dynamics of power sources 
and sinks during the martensitic transformation of a Cu–Al–Ni 
single crystal. Appl Phys Lett 116:183901

	18.	 Mañosa L, Jarque-Farnos S, Vives E, Planes A (2013) Large 
temperature span and giant refrigerant capacity in elastocaloric 
Cu–Zn–Al shape memory alloys. Appl Phys Lett 103:211904

	19.	 Sehgitoglu H, Wu Y, Ertekin E (2018) Elastocaloric effects in 
the extreme. Scr Mater 148:122–126

	20.	 Hou H, Cui J, Qian S, Catalin D, Hwang Y, Radermacher R, 
Takeuchi I (2018) Overcoming fatigue through compression for 
elastocaloric cooling. MRS Bull 43(43):285–290

	21.	 Otsuka K, Ren X (2005) Physical metallurgy of Ti–Ni-based 
shape memory alloys. Prog Mater Sci 50:511–678

	22.	 Soto-Parra D, Vives E, Mañosa L, Matutes-Aquino JA, Flores-
Zuñiga H, Planes A (2016) Elastocaloric effect in Ti–Ni shape-
memory wires associated with the B2 ↔ B19′ and B2 ↔ R 
structural transitions. Appl Phys Lett 108:071902

	23.	 Millán-Solsona R, Stern-Taulats E, Vives E, Planes A, Sharma J, 
Nayak AK, Suresh KG, Mañosa L (2015) Large entropy change 
associated with the elastocaloric effect in polycrystalline Ni–
Mn–Sb–Co magnetic shape memory alloys. Appl Phys Lett 
106:201903

	24.	 Xu Y, Lu B, Sun W, Yan A, Liu J (2015) Large and reversible 
elastocaloric effect in dual-phase Ni54Fe19Ga27 superelastic 
alloys. Appl Phys Lett 106:201903

	25.	 Wie ZY, Liu EK, Chen JH, Li Y, Liu GD, Luo HZ, Xi XK, 
Zhang HW, Wang WH, Wu GH (2015) Realization of multi-
functional shape-memory ferromagnets in all-d-metal Heusler 
phases. Appl Phys Lett 107:022406

	26.	 Cong D, Xiong W, Planes A, Ren Y, Mañosa L, Cao P, Nie 
Z, Sun X, Yang Z, Hong X, Wang Y (2019) Colossal elasto-
caloric effect in ferroelastic Ni–Mn–Ti alloys. Phys Rev Lett 
122:255703

	27.	 Aznar A, Gràcia-Condal A, Planes A, Lloveras P, Barrio M, Tam-
arit J-L, Xiong W, Cong D, Popescu C, Mañosa L (2019) Giant 

https://doi.org/10.13039/501100011033
https://doi.org/10.13039/501100011033
http://creativecommons.org/licenses/by/4.0/
https://energy.gov/eere/buildings/downloads/non-vapor-compression-hvac-technologies-report
https://energy.gov/eere/buildings/downloads/non-vapor-compression-hvac-technologies-report
https://energy.gov/eere/buildings/downloads/non-vapor-compression-hvac-technologies-report


	 Shap. Mem. Superelasticity

1 3

barocaloric effect in all-d-metal Heusler shape memory alloys. 
Phys Rev Mater 3:044406

	28.	 Hou H, Simsek E, Ma T, Johnson NS, Qian S, Cissé C, Stasak 
D, Hasan NA, Zhou L, Hwang Y, Radermacher R, Levitas VI, 
Kramer MJ, Zaeem MA, Stebner AP, Ott RT, Cui J, Takeuchi I 
(2019) Fatigue-resistant high-performance elastocaloric materials 
made by additive manufacturing. Science 366:1116

	29.	 Ahadi A, Sun Q (2013) Stress hysteresis and temperature depend-
ence of phase transition stress in nanostructured NiTi—effects of 
grain size. Appl Phys Lett 103:021902

	30.	 Chen H, Xiao F, Li Z, Jin X, Mañosa L, Planes A (2021) Elasto-
caloric effect with a broad temperature window and low energy 
loss in a nanograin Ti–44Ni–5Cu–1Al (at.%) shape memory alloy. 
Phys Rev Mater 5:015201

	31.	 Xiao F, Bucsekc A, Jin X, Porta M, Planes A (2022) Giant elastic 
response and ultra-stable elastocaloric effect in tweed textured 
Fe–Pd single crystals. Acta mater 223:117486

	32.	 Xiao F, Fukuda T, Kakeshita T (2016) Inverse elastocaloric effect 
in a Ti–Ni alloy containing aligned coherent particles of Ti3Ni4. 
Scr Mater 124:133–137

	33.	 Xiao F, Li Z, Chen H, Jin X, Planes A, Fukuda T (2021) Ori-
gin of the inverse elastocaloric effect in a Ni-rich Ti–Ni shape 
memory alloy induced by oriented nanoprecipitates. Phys Rev 
Mater 5:053603

	34.	 Odaira T, Shu S, Xu X, Omori T, Kainuma R (2020) Elastocaloric 
switching effect induced by reentrant martensitic transformation. 
Appl Phys Rev 7:031406

	35.	 Stern-Taulats E, Castán T, Mañosa L, Planes A, Mathur ND, Moya 
X (2018) Multicaloric materials and effects. MRS Bull 43:295

	36.	 Planes A, Castán T, Saxena A (2014) Thermodynamics of multi-
caloric effects in multiferroics. Philos Mag 94:1893–1908

	37.	 Gràcia-Condal A, Gottschall T, Pfeuffer L, Gutfleisch O, Planes 
A, Mañosa L (2020) Multicaloric effects in metamagnetic Heusler 
Ni–Mn–In under uniaxial stress and magnetic field. Appl Phys 
Rev 6:084403

	38.	 Gottschall T, Gràcia-Condal A, Fries M, Taubel A, Pfeuffer L, 
Mañosa L, Planes A, Skokov KP, Gutfleisch O (2018) A multi-
caloric cooling cycle that exploits thermal hysteresis. Nat Mater 
17:929–934

	39.	 Mañosa L, Stern-Taulats E, Gràcia-Condal A, Planes A (2023) 
Cross-coupling contribution to the isothermal entropy change in 
multicaloric materials. J Phys Energy 5:024016

	40.	 Hou H, Qian S, Takeuchi I (2021) Materials, physics and systems 
for multicaloric cooling. Nat Rev Mater 7:633–652

	41.	 Qian S, Catalini D, Muehlbauer J, Liu B, Mevada H, Hou H, 
Hwang Y, Radermacher R, Takeuchi I (2023) High-performance 
multimode elastocaloric cooling. Science 380:722–727

	42.	 Nair B, Usui T, Crossley S, Kurdi S, Guzmán-Verri GG, Moya 
X, Hirose S, Mathur ND (2019) Large electrocaloric effects in 

oxide multilayer capacitors over a wide temperature range. Nature 
575:468–472

	43.	 San Juan J, No ML, Schuh CA (2008) Superelasticity and shape 
memory in micro- and nanometer-scale pillars. Adv Mater 
20:272–278

	44.	 Porta M, Castán T, Saxena A, Planes A (2021) Flexocaloric effect 
near a ferroelastic transition. Phys Rev B 104:094108

	45.	 Pérez-Junyent C, Porta M, Valdés E, Mañosa L, Planes A, Saxena 
A, Vives E (2022) Flexocaloric effect in superelastic materials. 
APL Mater 10:121103

	46.	 Porta M, Castán T, Saxena A, Planes A (2023) Caloric effects 
induced by uniform and non-uniform stress in shape-memory 
materials. Shape Mem Superelast 9:345–352

	47.	 Chluba C, Ge W, Lima de Miranda R, Strobel J, Kienle L, Quandt 
E, Wuttig M (2015) Ultralow-fatigue shape memory alloy films. 
Science 348:1004–1007

	48.	 Tušek J, Engelbrecht K, Mikkelsen LP, Pryds N (2015) Elasto-
caloric effect of Ni–Ti wire for application in a cooling device. J 
Appl Phys 117:124901

	49.	 Xiao F, Fukuda T, Kakeshita T (2013) Significant elastoca-
loric effect in a Fe–31.2Pd (at.%) single crystal. Appl Phys Lett 
102:161914

	50.	 Fujita A, Fujieda S, Hasegawaa Y, Fukamichi K (2003) Itinerant-
electron metamagnetic transition and large magnetocaloric effects 
in La(FexSi1−x)13 compounds and their hydrides. Phys Rev B 
67:104416

	51.	 Pecharsky VK, Gschneidner KA (1997) Giant magnetocaloric 
effect in Gd5(Si2Ge2). Phys Rev Lett 78:4494–4497

	52.	 Yu Dan’kov S, Tishin AM, Pecharsky VK, Gschneidner KA 
(1998) Magnetic phase transitions and the magnetothermal prop-
erties of gadolinium. Phys Rev B 57:3478–3490

	53.	 Gottschall T, Skokov KP, Frincu B, Gutfleisch O (2015) Large 
reversible magnetocaloric effect in Ni–Mn–In–Co. Appl Phys Lett 
106:021901

	54.	 Moya X, Stern-Taulats E, Crossley S, González-Alonso D, 
Kar-Narayan S, Planes A, Mañosa L, Mathur ND (2013) Giant 
electrocaloric strength in single-crystal BaTiO3. Adv Mater 
25:1360–1365

	55.	 Tuttle BA, Payne DA (1981) The effects of microstructure on the 
electrocaloric properties of Pb(Zr, Sn, Ti)O3 ceramics. Ferroelec-
trics 37:603–606

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Elastocaloric Effect in Shape-Memory Alloys
	Abstract 
	Introduction
	Thermodynamics of the Elastocaloric Effect
	Elastocaloric Materials
	Multicaloric Effects
	Conclusions
	Acknowledgements 
	References


