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Abstract

The search for materials with large caloric effects has become a major challenge in material
science due to their potential in developing near room-temperature solid-state cooling devices,
which are both efficient and clean, and that can successfully replace present refrigeration tech-
nologies. There are three main families of caloric materials: magnetocaloric, electrocaloric and
mechanocaloric. While magnetocaloric and electrocaloric materials have been studied intensively
in the last few decades, mechanocaloric materials are only very recently receiving a great deal of
attention. The mechanocaloric effect refers to the reversible thermal response of a solid when sub-
jected to an external mechanical field, and encompasses both the elastocaloric effect, corresponding
to a uniaxial force, and the barocaloric effect, which corresponds to the response to hydrostatic
pressure. In the present paper we review the state of the art in giant mechanocaloric effects and we
provide a critical analysis of the thermodynamic quantities that characterize the major families of
barocaloric and elastocaloric materials. We finally provide our perspectives for further development

in this area.
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I. INTRODUCTION

Conventional refrigeration devices are nowadays based to a very large extent on vapor
compression technology, which consists of compressing and expanding a fluid within its
liquid-vapor coexistence region. This is an old technology that has been highly optimized
during recent decades, but which has a considerable environmental impact. Such an impact
is due to the fact that the best refrigerant fluids are either toxic (ammonia-based chemicals
are still being used for industrial refrigeration) or produce ozone depleting and /or greenhouse
effects (CFC and HFC fluids). Therefore, there is an urgent need to replace this technology
with a clean, environmentally friendly one, especially after the new global climate Paris

agreement’.

In fluid compression technology, cooling occurs during the evaporation process induced
by fast expansion. Solids are usually very incompressible and mechanically induced tem-
perature changes are, in general, very small and thermal effects are only expected to be
reasonably significant in systems that can support large reversible deformations. This has
been known to happen in materials such as rubber? for a very long time and more recently
a large thermal response has been reported to occur in superelastic martensitic materials®.
This thermal response proves that superelastic materials diplay mechanocaloric properties
that share numerous similarities with the well-known magnetocaloric effect in magnetic ma-
terials. Actually, the magnetocaloric effect refers to the reversible thermal response of any
magnetic material under application or removal of an external applied magnetic field. The
magnetocaloric effect has been studied for almost one century, first in paramagnetic salts
with the aim of reaching near absolute zero temperatures®®, and later, after the seminal
work of Brown using Gd® and especially after the discovery of the giant Gd-Si-Ge magne-
tocaloric material”, it was further studied in order to develop materials for room temperature
magnetic-refrigeration applications as an alternative to vapor-compression technology. Re-
cently, the mechanocaloric effect together with other caloric effects such as the electrocaloric
effect have also attracted a lot of interest and materials displaying a large caloric response
have been developed®?. At present, it is acknowledged that solid-state refrigeration tech-
nologies based on these caloric effects will be given priority so as to reduce wasting energy
for home refrigeration, and to minimize ozone depleting and greenhouse chemicals that seem

unavoidable in present vapor-compression technologies.
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There are a number of good review papers dealing with magneto- and electrocaloric
materials, but at present there is a lack of deatiled comprehensive review papers that sum-
marize the state-of-the-art in mechanocaloric materials, and only brief reports have been

16,17 The present paper aims to fill this gap by dealing with recent

published until now
progress in the development of mechanocaloric materials. Among these materials, pure
ferroelastic materials and more specifically, thermoelastic martensitic alloys are, at present,
among those with expected optimal mechanocaloric performance. This is associated with
superelastic behavior together with excellent mechanical properties, combined with easy
availability of the constitutive elements, which suggests long-life operation. In fact, the
U.S. Department of Energy has recently acknowledged that thermoelastic cooling technolo-
gies based on the use of this class of materials has the highest potential when compared
with many other technologies for near room-temperature refrigeration applications'®. In
any case, although considerable advances have been made these recent years, overall the
research in this field is still in its beginnings and a lot of progress is expected in the near
future. Actually, most of the materials reviewed in the present paper, while still show-
ing inferior mechanocaloric performance than thermoelastic materials, reveal an enormous
potential, which arises from the fact that in addition to mechanocaloric effects they also
display magneto- or eletrocaloric effects due to a strong interplay between structure and

polar or magnetic degrees of freedom. Therefore, the combination of the different caloric

effects may be a good strategy in order to improve the caloric response of these materials.

II. GENERAL FEATURES OF CALORIC AND MULTICALORIC EFFECTS.

Caloric effects refer to the reversible thermal response of a given material when subjected
to changes of an externally applied mechanical, magnetic or electric field. The correspond-
ing caloric effects are the mechanocaloric, magnetocaloric and electrocaloric effects, respec-
tively. In order to quantify such a thermal response the field is usually modified either
isothermally or adiabatically. In the first case, a change of entropy of the material occurs,
while in the second one, the material responds by changing its temperature. Usually, the
field is applied in a given direction, and only its magnitude, y, is varied. The correspond-
ing isothermal and adiabatic response functions are, & = (05/0y)r and & = (9T/0y)s.
Taking into account Maxwell relations, it is straightforward to see that { = (0X/0T'), and
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&s = (0X/0S), = —(T/C,)(0X/0T),, where X is the projection of the property thermo-
dynamically conjugated to the field y along its direction of application, and Cy is a heat
capacity. Note that &7 is thus the relevant response function. Changes of entropy and tem-
perature associated with a finite variation of the field are obtained by integration of &7 and
&g, respectively. In general, caloric effects under field rotation are expected to be very weak.
Only in highly anisotropic materials do such effects have any interest. Actually, some recent
works'??? have shown that materials with high-temperature-dependent magnetic anisotropy
display a significant thermal response under magnetic field rotation.

A large caloric response is expected near phase transitions due to the singular behavior
of the property X and hence of the entropy. In ferroic materials, such as ferroelastic, ferro-
electric and ferromagnetic materials, large caloric effects are expected in the region where
the ferroic property spontaneously emerges. Depending on symmetry-dictated conditions
and the possible influence of secondary parameters coupled to the ferroic property, the tran-
sition can be either continuous or first-order. The latter case is especially interesting since
the transition is accompanied by latent heat which provides a high entropy content that can
be controlled by an externally applied field®.

Multiferroics are characterized by two or more ferroic properties. In these materials cross-
response to multiple fields is possible?! and therefore they are susceptible to supporting
multicaloric effects, which means that caloric effects associated with each kind of ferroicity
may occur in an interdependent manner. The cross-effect is enhanced in these multiferroics
where the two (or more) ferroic orders emerge simultaneously and which requires a strong
interplay between different ferroicities. Often, this class of materials are classified as mul-
ticaloric materials®. The themodynamics of multicaloric effects has been developed in detail
in Refs. [22 and 23].

In general, the relevant response function &7 is negative since ferroic properties such as
strain, magnetization and polarization are expected to reach a maximum in the ground
state?*. Thus, materials should warm up when the field is applied and cool down when it
is removed. Nevertheless, thermodynamic stability does not impose a particular sign on
&1 and, actually, in some regions of the space of parameters of a given material &7 can be
positive. In this case, the material cools down when the field is applied and the caloric

5

effect is denoted as inverse?®. This anomalous behavior usually occurs in the vicinity of a

phase transition and is a consequence of specific features of the interplay between ferroic
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properties, or it is associated with frustration effects, or a combination of both?6:%7.

III. THERMODYNAMICS

To discuss the thermodynamics of deformable solids under stress, we assume that they can
be treated within the continuum approximation. We consider infinitesimal (linear) strains,
€ij, referred to an unstressed configuration and then, in terms of the Cauchy stress o0;;, the

following thermodynamic fundamental equation results®,
dU =TdS + %Uijdgijv (]_)

where U = U({g;;},S) is the internal energy; S, the entropy; 7', the temperature, and Vj,
is the volume of the unstressed solid. Sum over repeated indices is assumed. For the study
of mechanocaloric effects it is convenient to take temperature and stresses as independent
variables. A Gibbs-like free energy is then introduced via the Legendre transform, G =

U—-TS — Vyoijeij. In terms of G, the fundamental equation reads,
dG = —=SdT — Vyei;doyj, (2)

from which the following set of Maxwell equation can be derived,

oS 851']'

In the previous equation any temperature dependence of the reference volume Vj has been
assumed negligibly small.

In spite of the fact that the stress has tensorial (rank-2) character, the mechanocaloric
effect is usually induced by the change of the magnitude of a given stress-tensor component,
or a simple combination of components. For instance, in the two cases of interest in the
present paper, elastocaloric and barocaloric effects, thermal changes are induced by the
change of magnitude of an uniaxial stress and hydrostatic pressure respectively. In the first
case, the stress o,; = 00;,0,, is applied along a given direction . In this expression ¢;; is the
Kronecker delta, and ¢ > 0 corresponds to an applied tension, while o < 0 corresponds to
a compression. In the case of the barocaloric effect, o;; = —pd;;. In both cases the relevant
fields (o or —p) can be treated as a scalar. The corresponding response functions quantifying

these two mechanocaloric effects are &5, = (0S/0f)r and &4 = (0T/0f)s, where f is the

5
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scalar field (either o or —p). These two functions are related as, &so = —C&uqi/T, where
(' is the heat capacity. Strictly, C is the heat capacity at constant force, but since we are
dealing with solids we will assume no difference between heat capacity at constant force and
heat capacity at constant deformation.

Taking into account the Maxwell relation, in the case of the barocaloric effect (f = —p),
05/0p = —Vyow/0T, where w is the volume strain (= Tr ¢;; = AV/V}), while in the case
of the elastocaloric effect (f = o), 05/00 = Vyde/OT, where ¢ is the deformation along the
direction of the applied stress . Then for a finite isothermal change of p or ¢ one obtains

the corresponding entropy changes,

AS(T,0 = —p) = Vi /0 -’ (g%)pdp, (4)
AS(T,0 = o) = Vi /0 (%)U do. (5)

The temperature changes induced by adiabatic variation of p and ¢ are respectively given

by,

T [ Ow
ars0 = [ "5 (5) o )

0

AT(S,0 = o) = —V /g (g—;)ado. (1)

0
Compared to the preceding equations for the entropy change, the computation of AT from
the present equations is much less straightforward. These equations are in fact transcenden-
tal integral equations. When temperature changes are small and the heat capacity can be

assumed to be independent of the applied force, to a good approximation,

TAS(T, S
AT(8,0 f = —p,o) ~ 2202 T =200, ©

where T; is the initial temperature of the process.

It is interesting to take into account the fact that usually mechanical experiments aimed
at quantifying elastocaloric properties are carried out by controlling strain (or elongation)
instead of controlling the uniaxial stress (or applied force). Actually, this is the common
procedure followed when measurements are done with standard (screw-driven) tensile ma-
chines which enable a very good control of elongation. While in equilibrium both, stress-
and strain-controlled measurements should yield exactly the same result, when a first-order

phase transition is involved, which necessarily occurs out-of-equilibrium due to unavoidable
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nucleation processes, the transition path is known to be influenced by the driving mecha-

k2939 Therefore, the driving mechanism may

nism, even if non-equilibrium effects are wea
affect the computed entropy change in the vicinity of a first-order transition. Actually, the

isothermal strain induced entropy change is given by,

° (0o
AS(T = — — | d
S(T,0 — ¢) /0 (8T>E g, (9)
where the Maxwell relation (0S/d¢)r = —(00/0T). has been taken into account®. In

practice, the entropy changes obtained as AS(T,0 — ¢) and AS(T,0 — o) have been found
to be the same within errors?’, at least in transitions with weak hysteresis.

Note that even in the simple case of elastic isotropic materials, due to the second-rank
tensor nature of stress and strain, a complete characterization of the mechanocaloric effect
requires the determination of the caloric responses associated with, at least, dilation and
shear deformation modes. Thus, barocaloric and elastocaloric®? responses provide a full
characterization of the mechanocaloric effect in elastic isotropic materials. As an example, let
us assume that the deformation is given by the sum of a pure dilation, w, plus a pure shear of
magnitude ¢, so that e,, = w/3+¢€, £,y = w/3—¢, €,, = w/3, and the non-diagonal elements
giz; = 0. It is then easy to obtain that for the barocaloric effect &% = —0w/9T, and
for the elastocaloric effect associated with an applied uniaxial stress along the z-direction,

das — J(w/3 + €)/OT. Tt is interesting to note that if the deformation is dominated by a
pure shear, the barocaloric effect will vanish. However, if it is dominated by a pure dilation,

both the barocaloric and elastocaloric effects will be related by (assuming o = —p),
AS(T,0 — p) = —3AS(T,0 — 0 = —p). (10)

This is expected to be a good approximation near a structural phase transition associated
with a pure volume change.

Now let us assume precisely that under an applied force f (uniaxial stress or hydrostatic
pressure) the system undergoes a structural phase transition at a temperature T;. These
transitions are characterized by a sharp change of the corresponding conjugated strain vari-
able A (¢ or w). In general, it can be assumed that A shows the following behavior close to

the phase transition,

AT f) = 2o(T ) + AXH[(TL(f) = T)/0T], (11)

7
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where H is a shape-function that varies from 0 to 1 within the region 67", which represents a
measure of the temperature range over which the transition spreads in temperature. In the
limit 07 — 0, H approaches a Heaviside function, which describes the expected discontin-
uous behavior of a first-order transition. The change of entropy induced by an isothermal

change of f, can then be computed as,

VDY —48A for T € [T;(0), T,
o \IT'/; 0 for T ¢ [1,(0), T3(f)]
where we have taken into account that (g—%) P is the Dirac d-function, and we have assumed

that Ao and A\ are independent of temperature. In the preceding equation o = dT;/df is also
assumed constant. Note that in spite of the fact that (OA/OT) s diverges at the transition,
the obtained change of entropy is well defined. In fact, the preceding calculation shows that
integration of the Maxwell relation (05/0f)r = (OA/OT )y in the vicinity of the transition
discontinuity renders, as expected, the Clausius-Clapeyron equation, dT;/df = —AMN/AS.

The Clausius-Clapeyron equation can be applied to evaluate both barocaloric and elas-
tocaloric effects close to first order transitions. Actually, this equation provides the con-
tribution to the field induced entropy change solely associated with the phase transition.
Therefore, when this method is used, the contribution arising from any intrinsic tempera-
ture dependence of the property A (volume in the case of the barocaloric effect ant strain in
the case of the elastocaloric effect) outside the transition is not taken into account. As these
contributions may be of opposite nature to the contribution associated with the transition
(either conventional or inverse), the final entropy change can be larger (when all contribu-
tions are of the same nature) or smaller (when they are of opposite nature) than the entropy
change estimated from Maxwell relations (eqs. 4 and 5) even if the applied field is large
enough to ensure that the whole transition is induced.

Close to a phase transition, eq. 8 represents, in principle, too crude an approximation.
In this case, one can proceed by assuming that the entropy can be expressed as the sum
of a background (or non-singular) term (associated, for instance, with lattice vibrations),
Svip, Which can be assumed to depend only on temperature, plus a singular term, Sj;,, that
brings in the field dependence. Then, for an adiabatic (reversible) change of the field, since
the total entropy must remain constant, Sy(Tr) — Suin(T3) = —[Ssin(Ty, f) — Ssin(T3, f =

0)], where T; and T are the initial and final temperatures of the process. Assuming that

8
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Sviv(Ly) — Svin(T3) = Cuin In(T/T;), the following is obtained,

T :Tiexp{_CL[ssm(Tf,f) —Ssm(Ti,f:O)]}. (13)

vib
This equation clarifies the relevance of the heat capacity on the temperature change
induced by adiabatic application/removal of an external field (see eqs.6 and 7). According
to eq. 13, this change is controlled to a large extent by the vibrational contribution to the
heat capacity, which is expected to weakly depend on both temperature and applied field,
at least at high enough temperatures, which is the range of interest in the present paper.
Taking into account the fact that close to room temperature C,; ~ 3R is typically
one order of magnitude larger than Sy, (T, f) — Ssin(T5, f = 0), which is bounded by the

transition entropy change, expanding the exponential one obtains,
T;
3R

To a first order of approximation, the obtained result is similar to the previous eq. 8, but

AT(S, 0— y) = Tf — T, ~— [Ssm<Tf, f) — Ssm<ﬂ, f = 0)] + ... (14)

now C' = 3R is the high temperature vibrational heat capacity, and AS is the entropy
change associated with the transition (which as we will see can be obtained experimentally
from calorimetric experiments).

It is worth noting that near a sharp first-order phase transition AT'(S,0 — f) should coin-
cide with the shift of transition temperature induced by the applied field, AT;(f). However,
in real materials first-order phase transitions are not sharp, and the transition is spread over
a certain temperature interval. Strictly speaking this is a non-equilibrium effect that can be
explained by taking into account a number of factors including the existence of composition
gradients, lattice defects, etc... In the case of transitions that involve a structural change,
the temperature spread is to a large extent a consequence of the fringing elastic fields due
to strain matching conditions induced by the transformation symmetry change3334. In this
case, it has been shown that the change of temperature induced by adiabatic application of
a field should be lower than the corresponding shift of transition temperature. The differ-
ence depends on the slopes of the entropy versus temperature curve outside and within the
transition region?’.

Non-equilibrium effects are unavoidable when dealing with first-order transitions. The
existence of hysteresis is the main consequence of the fact that the transition path occurs
out-of-equilibrium. As regards caloric effects, this is important since hysteresis imposes seri-

ous limitations to the reversibility of caloric effects upon successive field cycling. At present,
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it is well known that the reversibility of any caloric effect depends essentially on the competi-
tion between the temperature width of the hysteresis and the temperature-shift of the whole
hysteresis loop due to the applied field. Indeed, narrow hysteresis favors reversibility. On
the other hand, even if the hysteresis is large, a strong temperature shift of the characteristic
forward and reverse transition temperatures would also lead to substantial reversibility. In
systems showing a conventional caloric effect, reversible values for the field-induced adia-
batic temperature and isothermal entropy changes are found within a temperature interval
bounded by the start temperature of the transition on cooling at zero applied field and the
start temperature of the subsequent transition on heating under an applied field. Instead,
this interval is bounded by the start transition temperature on heating at zero field and the
transition temperature on cooling under an applied field when the caloric effect is inverse®.
In both cases, in the reversible temperature region, the field carries the state of the material
through a minor hysteresis loop, and the reversibility of the caloric effect is directly related
to the reversibility in the fraction of material that undergoes the transition on cooling and
on subsequent heating in the cycle®”. Indeed, when the size of the transition shift due to the
applied field is large enough, these minor loops will approach the full transformation loop

and the caloric effect will become reversible from cycle to cycle.

IV. MEASUREMENT TECHNIQUES

As discussed in the previous sections, mechanocaloric effects are typically characterized by
the isothermal entropy change (AS) and the adiabatic temperature change (AT') associated
with the application (or removal) of an external stress. The values of these quantities can
be obtained from experiments by a variety of measurement protocols which are broadly
classed into indirect, quasi-direct and direct methods®3¢. As will be seen in the following,
in the analysis of caloric effects it is important to specify the experimental method used in
determining caloric quantities because data obtained from different methods do not always
coincide. It is worth noticing that although hydrostatic pressure corresponds to a negative
value of the stress tensor components, in experimental data, positive values correspond to
application of pressure. These criteria will also be used in the following.

Indirect methods involve the measurement of the temperature and stress dependence of the

strain and rely on the use of the Maxwell relations (see equations 4-7). Indirect methods are

10
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the most popular ones in the study of magnetocaloric and electrocaloric effects because both
magnetization and polarization are readily measurable to a high accuracy. In the case of the
barocaloric effect, volume changes are usually small even across structural transitions and it
is challenging to measure them as a function of both temperature and pressure with enough
accuracy to numerically compute entropy changes. On the other hand, for elastocaloric
materials, length changes across the transition can be measured by suitable strain gauges.
The entropy change is then computed by eq. 5 which, expressed as specific entropy (i.e. per

unit mass) reads:

1 [ [ 0e 1 (/oL
i_ 1 _ 1
ag= | (aT)gd" o) (6T>FdF (15)

where p is the mass density, F' is the applied uniaxial load, and m and L are, respectively,
the mass and the gauge length of the specimen. ¢ = F'//A (with A the cross section which is
assumed to be constant) and € = (L — L)/ Lo (where L is the gauge length at zero stress,
which is taken as constant).

Quasi-direct methods are based on calorimetric measurements under external applied
fields, and for first-order phase transitions, differential scanning calorimety (DSC) under
applied external fields is the most suitable technique. In this case, DSC heating and cooling
runs are performed at different (constant) values of the applied external field (stress). These
kinds of calorimeters are available in the case of barocaloric studies (DSC under hydrostatic
pressure) but, at present, no suitable DSC has been reported to our knowledge that can
operate under uniaxial external loads. Data from DSC under an applied field are comple-
mented with specific heat (C') data on each phase away from the structural transition (which
extends from 77 to T») and under the assumption that in these regions C' is not significantly
influenced by pressure. The entropy (referenced to the value at a given temperature Tj) for

a heating run is then computed as:

( T L
/ < ar T<T
n T

s ™1 L,
S(T,p) =< S(T,p) + LT\t ar dr Ty <T<T (16)

TcH

S(Tg,p) —l—/ —dT Ty < T
T

11
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where % = % with @ being the heat flux measured by DSC and 7, the heating rate. C©
and C' are, respectively, the specific heat of the low and high temperature phases and
C = 2C* + (1 — 2)CH where z is the fraction in the low temperature phase. Frequently,
within the transition region, C' ~ C* ~ CH. By an appropriate change of the integration
limits, an equivalent expression is used for cooling runs.

The entropy change associated with the application of a pressure p is obtained by sub-

tracting the S(T,p) curves:

AS = S(T,p) — S(T,0) (17)

(where p = 0 refers to atmospheric pressure). On the other hand, the temperature change

can be obtained by subtracting the corresponding 7'(S, p) curves:

AT =T(S,p) —T(S,0) (18)

Direct methods in the determination of entropy changes require the use of DSC’s under an
applied field that can operate isothermally while the field is scanned. This kind of calorimetry

36,38 and electrocaloric®® effects.

has been successfully applied to the study of magnetocaloric
However, until now this technique is not available for the study of mechanocaloric effects.
On the other hand, direct measurements of adiabatic temperature changes (AT%) can be
performed by suitable thermometers attached to the studied sample or alternatively by
means of non-contact infrared thermometry. The adiabaticity of these measurements relies
on the ratio between the characteristic time constant associated with the application (or
removal) of stress and the time constant associated with the heat exchange between sample
and surroundings. In the case of barocaloric effects, the sample is surrounded by a pressure
transmitting fluid and measurements are not fully adiabatic thereby leading to measured
AT values which are typically underestimated. However in typical elastocaloric experiments
the sample is in air, and application (or removal) of uniaxial stresses at strain rates greater
than 0.1 s~! have proved to be close to the adiabatic limit and have provided reliable data
for the adiabatic temperature change.

It is also worth mentioning that it is customary to estimate temperature changes from

measured entropy changes (or alternatively entropy changes from measured temperature

data) by means of equation 8 but, as previously mentioned this is a crude approximation

12
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which typically provides data which are overestimated for AT and underestimated for AS¢

V. MECHANOCALORIC MATERIALS.

Giant values for the mechanocaloric quantities require that some of the strain-tensor
components experience large changes over a narrow temperature domain. This situation
typically occurs at a first-order structural transition, and therefore most materials with giant
mechanocaloric effects undergo a structural transition which encompasses a modification in
the crystal unit cell.

Depending on the structural distortion at the phase transition, giant mechanocaloric
materials can be broadly classed into different groups, as shown in Figure 1. The lattice
distortion can be accounted for by a pure dilation, a pure shear or a combination of both.
Furthermore, in magnetic and polar materials, there can be an interplay between struc-
tural, magnetic and polar degrees of freedom and transitions can also encompass changes
in magnetization and polarization in addition to the structural changes. While no giant
mechanocaloric materials have been reported so far with a purely dilational structural tran-
sition, conventional shape-memory alloys (SMA) represent prototype ferroelastic materials
where the lattice distortion is a pure shear strain. On the other hand, most giant magne-
tocaloric and electrocaloric materials undergo first-order phase transitions involving changes
in the crystal unit cell. In most cases these distortions involve both shear and dilation strains.
However, for some magnetic shape memory alloys, the volume change is very small. In addi-
tion for selected magnetocaloric materials where there is no change in the crystal symmetry
at the magneto-structural transition, there is an isotropic expansion (or compression) of the
lattice giving rise to a pure dilation strain (volume change).

A salient feature of non-magnetic SMA is that they have excellent mechanical properties
(very good ductility) in contrast to magnetic and polar materials which are brittle (with
the exception of Fe-based magnetic alloys). Hence SMA can support large uniaxial stresses
and therefore are the best candidates for elastocaloric purposes. In contrast, most studies in
magneto-structural and electro-structural materials have been performed under hydrostatic
pressure because material brittleness is not such a crucial issue in this case. For these
alloys, uniaxial stress measurements have only been conducted in magnetic shape-memory

and Fe-based alloys.

13
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In the following sections we will survey the most relevant physical properties of these

mechanocaloric materials and results are compiled in tables 1 and 2.

VI. MATERIALS WITH PURELY STRUCTURAL TRANSITIONS.

Prototype materials with giant mechanocaloric effects associated with a purely structural
transition are non-magnetic shape memory alloys (SMA). These alloys undergo a marten-
sitic transition from a high temperature cubic structure towards a low temperature lower
symmetry phase. The martensitic transition is first-order, difusionless, and the lattice dis-
tortion is basically described by a shear of the {110} planes along the < 110 > directions.
This class of alloys have received a great deal of attention for many decades owing to their
unique thermo-mechanical properties they exhibit such as pseudoelasticity, superelasticity
and shape memory?.

Because the lattice distortion at the transition is a pure shear, the martensitic transition in
these alloys is rather insensitive to hydrostatic pressure, and SMA do not exhibit significant
barocaloric effects. On the other hand, the shear distortion is considerably larger (with
values that can reach more than 10%), which results in a strong sensitivity of the martensitic
transition to the application of uniaxial stress. Such a strong sensitivity added to the large
latent heat of the martensitic transition confer excellent elastocaloric properties to these
alloys. There are a variety of SMA, and giant elastocaloric effects have been reported for
Cu-based and Ni-Ti-based families of alloys.

The high temperature phase of these alloys (usually known as austenite) is an open bcc-
based cubic structure. Such a structure is easily deformable by shearing the {110} planes,
and the energy of the phonon modes associated with such a distortion (7°'A, branch) as well
as the associated elastic constant C” have very low values. These low-energy phonon modes
have a two-fold role in the phase stability of SMA. On the one hand, the cubic phase has
incipient mechanical instability for {110} < 110 > shears that bring the system towards
the martensitic phase. On the other hand, there is a large vibrational entropy arising from
these low-energy T'As phonons, which is the main factor that stabilizes the cubic phase at
high temperatures. Hence, the entropy change at the martensitic phase transition has a
predominantly vibrational origin®'. The contribution from conduction electrons does not

play a relevant role in Cu-based alloys*?, but it can become relevant for Ni-Ti*3.
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The high temperature phase of Cu-based alloys is an ordered cubic (F'm3m) structure
(DO3 and L2; type of order depending on composition) which transforms to a monoclinic
phase (C'/2m). The monoclinic unit cell is rarely used to describe martensite and larger
higher symmetry unit cells are commonly used instead to describe the different marten-
sitic structures. Typically these are orthorhombic (/2/m) and hexagonal (Pnmm) cells.
Common martensitic structures in Cu-based alloys are 3R, 6R, 9R, 18R and 2H where R
refers to orthorhombic and H to hexagonal, and the number indicates the periodicity in the
modulation of the close-packed planes**.

The first studies of the elastocaloric effect in Cu-based alloys were performed on a Cu-
Zn-Al single crystal subjected to uniaxial tensile stresses along the [100] direction®. The
isothermal entropy change was computed using equation 15 from the stress-strain curves
recorded at selected temperatures and the maximum obtained value for stresses around 100
MPa was AS? ~ 21 Jkg 'K~!, which coincided with the transition entropy change AS;. It
was also proved that the energy dissipated in a complete transformation loop was weak in
comparison to the latent heat of the transition®.

The adiabatic temperature changes were measured on a different single crystalline sam-
ple with close composition, by means of infrared thermal imaging®. The obtained values
(AT? ~ 6 K) were lower than those expected from the entropy change, where the discrep-
ancy was due to the short gauge length of the sample which resulted in heat leakage through
the grips. Studies on longer samples rendered AT values (~ 10-14 K) in agreement with
the estimations from the entropy data®4". Infrared images revealed markedly non-uniform
temperature profiles. Actually, the measured temperature footprints matched the devel-
opment of a single martensitic variant predicted by crystallographic theory. Furthermore,
the evolution of these profiles proved to be an excellent tool to follow the kinetics of the
martensitic transition (nucleation and subsequent growth) which takes place by a process of
avalanches®®.

In view of possible applications in refrigeration, the temperature span over which large
(giant) AS and AT values can be found limits the operation temperature range of a future
device. In a later study on a Cu-Zn-Al polycrystal?? it was found that the elastocaloric effect
in Cu-based alloys spans over a very large temperature range (~ 130 K) which is bounded
at low temperatures by the stress-free transition temperature and at high temperatures by

the critical resolved stress for plastic deformation. Such a large temperature span results in
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an outstanding refrigerating cooling power RC'P [10], of 2300 Jkg ™.

10, In this case, the

Compression tests were also perfomed on a Cu-Zn-Al single crysta
strain was measured at a constant stress while temperature was continuously swept. Results
are comparable to those obtained in tensile experiments. A typical feature for Cu-based al-
loys is that the maximum transition strain (g) is achieved at very low values of the applied
stress, in contrast to other martensitic materials for which € monotonously increases with
increasing stress and the maximum value is only achieved at high stress values. This pe-
culiarity along with the strong sensitivity of the transition temperature to applied stress
(dT/do ~ 0.5 KMa™1), result in excellent reproducibility of the elastocaloric effect upon
stress cycling (even at low values of the applied stress)?.

Ni-Ti alloys transform martensitically for compositions very close to the stoichiometric
50-50 structure. In these alloys, the high temperature phase is an ordered (B2 or CsCl
order) cubic phase (Pm3m). The martensitic phase is monoclinic, and is denoted as B19’
(P2/m). However, depending on heat treatment and doping elements the martensitic tran-

1 Hence, for suitably annealed samples,

sition occurs via intermediate structural phases
the cubic structure transforms towards a trigonal R phase (P3) which upon further cooling
transforms towards the B19’ phase. On the other hand, in Cu-doped samples (with Cu
> 5%), the B2 phase transforms towards an orthorhombic martensite (Pmma) which is
denoted as B19.

The Ni-Ti family of alloys are the most studied mechanocaloric compounds so far. An
early study of the possibilities of this alloy for cooling purposes was already reported in ref.
[52]. Below we will discuss some of the most relevant findings that have come out of recent
studies.

Asregards the B2 <» B19’ transition, the sensitivity of the transition temperature to stress
is relatively low in the range 0.120-0.2 KMPa™!, and the transition occurs with significantly
large hysteresis. As a result of these features, large stresses are required to obtain significant
elastocaloric effects associated with this transition in Ni-Ti alloys. On the other hand,
however, this transition shows a very large transition entropy change (AS;) which results in
very high values for the corresponding elastocaloric AT and AS (for high enough applied
stresses). It is also worth noting that AS; values are sensitive to the heat treatment and

doping elements and values listed in Table 1 for different alloys span a broad range.

Tensile experiments were conducted on a Nisg33Ti49 62 single crystal along different crys-
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tallographic directions®®. Upon stress, the sample transformed from the B2 to the B19’, and
the best results were obtained when the stress was applied along the [1 4 8] direction. For
applied stresses up to 500 MPa, the measured adiabatic temperature change was AT ~ 15
K, which is a value lower than the maximum expected value computed from the entropy
change of the transition. Larger AT values were measured on polycrystalline wires®® for
slightly larger stress values. In this case, the stress to induce the transition using tension was
lower than with compression, but compression tests had the advantage of showing a lower
hysteresis and better fatigue properties because of lower crack mobility under compression
than under tension.

%658 revealed very inhomogeneous temperature

Infrared measurements on foil specimens
contour maps, with patterns that matched the development of martensitic variants, similarly
to what was reported for Cu-based alloys. It is noticeable the particularly large AT¢ ~ 58
K measured for a foil stressed up to 1300 MPa?¢.

Isothermal entropy changes were determined from strain measurements as a function
of temperature under constant applied external load®. In contrast to Cu-based alloys,
the transformation strain gradually increases with increasing stress. The isothermal entropy
change obtained at relatively low stresses (o = 175 MPa) is very large (AS® ~ 70 Jkg 'K~ 1),
and approaches AS;. Nevertheless, it is not expected that these values are reproducible upon
successive stress cycling of the sample due to large hysteresis.

It is well known that the properties of the B2 <+ B19’ transition evolve upon cycling.
Particularly, the latent heat of the transition has been found to decrease (15-25 % reduc-
tion) after approximately one hundred training cycles®. Such an evolution also affects
elastocaloric performance and indeed significantly lower values for AT and AS are obtained
in samples that have been trained for several cycles®.

Within a certain range of compositions and by suitable heat treatments, Ni-Ti alloys are
reported to behave as strain glasses®®. Studies on a Niyg7Tis;.3 containing TizNi, nanopre-
cipitates subjected to tensile stresses® showed that at low stress level (< 130 MPa) the
sample exhibits a strain glass transition, whereas at higher stresses the B19’ phase is in-
duced. There is a tiny elastocaloric effect at the glass transition (AS? ~ 1.3 Jkg 'K~ for
o = 150 MPa), while the transition to B19’ phase exhibited values comparable to those of
samples without nano-precipitates (AS? ~ 26 Jkg 'K~ at 0 = 300 MPa).

The effect of doping elements on the elastocaloric properties of Ni-Ti based shape memory

17



O©CoO~NOOOITA~AWNPE

alloys was also investigated. In a Nigg5Tis 1Feq s foil annealed at 773 K, the martensitic
transition occurred in a two-step process via the intermediate R phase, and the measured
adiabatic temperature change was AT¢ ~ 17 K at 500 MPa®®. When the sample was
annealed at 723K , the B2 <> B19’ transition occurred in a single step, with a latent heat
of about half that of the two-step transformation. Based on an extensive study of more
than 70 alloy compositons, a quaternary NiysTis7.05CusVa 75 was selected to exhibit a good
elastocaloric performance!. Adiabatic temperature changes of AT¢ ~ 8 K were measured
at o= 500 MPa. These values were found to be reproducible once the sample had been

subjected to several training cycles.

Very promising alloys are Cu-doped Ni-Ti alloys with Cu compositions above 5% [Refs.
64 and 65]. In these alloys the martensitic transformation takes place, in a single step, from
the cubic B2 phase to the othorhombic B19 phase. Although the transition entropy change
is slightly lower than for the B2 <» B19’ transition with typical values in the range AS; ~
30-60 Jkg K=, the critical stress to induce the transition and hysteresis are significantly
lower. Direct measurements of adiabatic temperature changes in Cu-doped Ni-Ti films have
rendered values in the range AT¢ ~ 6-10 K, for tensile stresses of o ~ 200-300 MPa. The
isothermal entropy change derived from stress-strain curves is relatively large (AS* ~ 40
Jkg™'K™1). A unique property of Ni-Ti-based alloys undergoing a B2 <+ B19 transition is
the excellent reproducibility in both AT and AS values in many cycles. Actually, these
alloys exhibit ultra-low fatigue®, and it has recently been demostrated that cycling the
alloys through the B2 <+ B19 transition for more than 10 million cycles did not produce any
noticeable change in the characteristics of the transformation. Such an enhanced stability
occurs in the Ti-rich compositional range and it is associated with the growth of Ti,Cu
precipitates. These precipitates are epitaxially related to the B2 and B19 phases thereby
reducing misfits in the lattice parameters at the phase transformation which result in a low

fatigue state.

The elastocaloric properties associated with the B2 <+ R transition have also been studied
in a Ni-Ti wire®. The transformation strain is small (¢ ~ 0.5 %), which results in a weak
dependence of the transition temperature upon stress. However, the stress required to induce
the transition is quite low and moderate values for the entropy change (AS? ~ 13 Jkg™'K™!)
have been obtained for stresses o ~ 0.1-0.2 GPa. An interesting property of these transitions

is the reduced hysteresis which ensures that these AS values are reproducible under cycling
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the sample at low stress values. It is also expected that the samples will exhibit good
fatigue behavior when cycled across the B2 <+ R transition (provided that the B19’ phase
is avoided).

Interestingly, inverse elastocaloric effects have been reported in Nis; Tiyg samples contain-
ing aligned coherent particles of TisNi, precipitates®”. The internal stresses created by these
precipitates promote a reverse martensitic transition (from the R phase to the B2 phase)
when an external uniaxial stress is applied in a direction perpendicular to the internal stress.
Such a reverse transition results in an adiabatic temperature decrease AT¢ ~ 1.1 K under
the application of a ¢ ~ 340 MPa. Further increase of the stress result in a conventional

elastocaloric effect.

VII. MATERIALS WITH MAGNETO-STRUCTURAL TRANSITIONS

Giant magnetocaloric effects are usually related to magnetic transitions which are first-
order. For these transitions, in addition to the change in magnetic order, there is also a
change in the crystal structure, and therefore most giant magnetocaloric materials are also
prone to exhibit giant mechanocaloric properties. Magnetization and strain are the ferroic
properties for these magneto-structural transitions, and they are associated with the order
parameters of the transition. These two order parameters are typically coupled, and the
cross-response of the material to the external stimuli (magnetic field and stress) depends on
the strength of such a coupling.

The structural changes at a magneto-structural transition can either involve changes in
the crystal symmetry of the material, or alternatively be a uniform expansion (or contrac-
tion) of the unit cell where the crystal symmetry remains unaltered. In the latter case, the
transition is also known as a magnetoelastic transition. The two cases will be considered in

the following sub-sections.

A. Transitions without changes in crystal symmetry

As discussed in section IIT a uniform change in the unit cell (dilation strain) will give rise to
both elastocaloric and barocaloric effects, the latter being dominant. While there are a vari-

ety of magnetocaloric materials undergoing purely magnetoelastic transition, mechanocaloric
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effects have only been reported for a few of them and these are discussed below.

Fe-Rh alloys with composition close to the stoichiometric FeRh undergo a magneto-
structural transition from a high temperature ferromagnetic (FM) phase towards a low
temperature antiferromagnetic (AFM) state. The crystal structure is C'sCl cubic (Pm3m),
with the volume of the AFM phase lower than that of the FM volume (Av/v ~ 1%). In
the FM state, Fe atoms have a ~ 3 pup moment and Rh atoms ~ 1 pup, while in the AFM
state there is no appreciable magnetic moment in the Rh atoms, while the Fe atoms have ~
3 pp with opposite signs on successive layers of (111) iron planes®. The entropy change at
the phase transition is in the range AS; ~ 10-13 Jkg='K~! depending on composition and
heat treatment, and contains contributions from magnetic, electron and vibrational degrees
of freedom. Although the weight of each contribution in the relative stability of the AFM
and FM phases is still a subject of active debate® ™ there is general agreement that the
vibrational contribution is larger in the low temperature AFM phase while both magnetic
and electron contributions are lower in the AFM than in the FM phase.

Giant magnetocaloric™ and elastocaloric”™ effects in Fe-Rh were reported in the early
nineties, but they received limited interest because it was believed that they were not re-
producible. However, it has recently been shown that, in well characterized samples, caloric
effects exhibit excellent reproducibility upon field cycling™ ™. On the other hand, the
structural change at the phase transition is a pure dilation, and therefore the sample is
expected to exhibit barocaloric effects larger than elastocaloric ones. However, the existence
of barocaloric effects in this material was not reported until very recently™ ™.

Calorimetric measurements under hydrostatic pressure were performed on two polycrys-
talline FeygRhs; samples. It was found that the transition temperature increased with pres-
sure (dT/dp ~ 0.060 KMPa™!) | in agreement with the fact that pressure stabilises the low
volume AFM phase, which gives rise to a conventional barocaloric effect. The corresponding
entropy and temperature changes computed from these calorimetric runs were AS% ~ 12
Jkg7'K~! and AT% ~ 10 K for applied pressures of 250 MPa. Although the entropy values
are moderate, they match the transition entropy values for the magneto-structural transition
(AS;) and indeed they can already be achieved at relatively low values of the pressure (p ~
100 MPa) which confers a high low-field barocaloric strength to Fe-Rh.

With regards to the elastocaloric effect, early direct measurements of the adiabatic tem-

perature change in polycrystalline FeygRhs; dumbbell shaped samples subjected to tensile
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stresses rendered values ATY ~ -5 K for applied stresses ~ 500 MPa™. Interestingly this
value corresponds to an inverse elastocaloric effect, in agreement with the decrease in tran-
sition temperature with tensile stress (d7'/do ~ -0.020 KMPa™1!). It is worth noticing that
this value is around one third of the shift using hydrostatic pressure as expected from a
pure dilational strain (see eq. 10). Furthermore, it is also expected that compressional
uniaxial stresses will give rise to an increase of the transition temperature with a resulting
conventional elastocaloric effect.

An interesting family of materials is the LaFe;3_,Si, and derived quaternary compounds
which nowadays are considered as being among the most promising materials for magnetic
refrigeration. These alloys crystallize in a cubic NaZn;3 type structure (Fm3m) and un-
dergo, on cooling, a first-order magneto-structural transition from a PM to a FM phase.
The magneto-structural transition temperature increases with Si content, but the transition
changes to second order with the associated decrease in transition entropy change (AS}).
It has been found that doping with Co or adding interstitial H also increase the transition
temperature to values close to room temperature without a significant loss of the magne-
tocaloric properties””. In both cases the effect of Co or H is to expand the lattice and thus
modifies the magnetic exchange coupling between Fe atoms. However, adding H is preferred
since the electronic structure of the material is not modified and the hydrides show proper-
ties much more similar to those of the parent compounds. In any case, in both cases, the
magneto-structural transition also involves an isotropic volume increase Av/v ~ 1 % at the
PM to FM phase transition.

La-Fe-Si compounds are itinerant ferromagnets, and it has been shown that the develop-
ment of magnetic order causes changes in the electron and phonon densities of states giving
rise to contributions from magnetism, lattice, and electrons to the transition entropy change.
These contributions are cooperative (all have the same sign), and result in lower magnetic,
electronic and vibrational entropy for the FM, high volume low-temperature phase’.

The barocaloric effect was reported for a LaFe;;33C00475i12 compound undergoing a
magneto-structural transition at 7; ~ 250 K with a transition entropy change AS; ~ 11
Jkg'K~! [79]. The transition temperature was found to decrease with increasing volume
(dT/dp ~ -0.090 KMPa™'), in agreement with the stabilization by pressure of the lower
volume high-temperature PM phase. Such a pressure stabilization of the high temperature

phase resulted in an inverse barocaloric effect. The isothermal entropy values obtained for
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pressures of ~ 200 MPa were moderate AS% ~ 9 Jkg='K~!, and slightly lower than the
transition entropy change, which indicates that these values of pressure were not high enough
to totally induce the magneto-structural transition. Direct measurements of the temperature
change confirmed the inverse nature of the barocaloric effect by showing that the sample
heated-up upon a fast release of hydrostatic pressure. The obtained values AT¢ ~ 2 K
were markedly lower than the expected ones and the difference was due to a lack of good

adiabaticity in the direct measurements.

Giant barocaloric effects have also been reported in MnsGaN [80]. This is an itinerant
antiferromagnetic system with an antiperovskite unit cell (Pm3m), which transforms on
cooling from a PM phase towards an AFM phase at T; ~ 290 K. In the AFM phase Mn
atoms have a large magnetic moment (~ 2 pg) which is stabilized by a lattice expansion (the
magnetic energy gain in expanding the lattice is larger than the electronic kinetic energy
loss). In contrast, in the PM phase, there is a small disordered local moment at the sites of
the Mn atoms. This state is stabilized by shrinking the lattice which results in a reduction
of the electronic kinetic energy. As a result, there is an isotropic expansion of the unit cell
(Av/v ~ 1%) at the magneto-structural transition from the PM to the AFM phases where
the volume of the AFM is reduced by magnetic frustration®®. Specific heat measurements®!
indicated that the main contribution to the transition entropy change is due to magnetic
degrees of freedom. The contribution from the lattice has an opposite sign to the magnetic
one, and amounts ~ 10% of the total entropy change, while the electronic contribution was

found to be negligibly small.

Calorimetric measurements under hydrostatic pressure have shown that in Mn3;GaN the
transition temperature decreases with increasing pressure at a rate d7'/dp ~ -0.065 KMPa™!.
Pressure stabilizes the high temperature PM phase with a lower volume and the barocaloric
effect is found to be inverse. The isothermal entropy values obtained at p ~ 150 MPa
(AS9 ~ 22 Jkg K1) coincide with the transition entropy change indicating that it is
possible to drive the AFM to a PM transition for relatively low values of pressure. The mea-
sured temperature changes (AT? ~ 1.5 K) do confirm the inverse nature of the barocaloric
effect and are lower than those computed using specific heat and calorimetric data (AT ~

4.5 K), and much lower than the estimated ones using equation 8 (AT* ~ 13 K).
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B. Transitions with changes in crystal symmetry

Most magneto-structural transitions encompass a change in the symmetry of the crystal
lattice in which the lattice distortion can be described by a combination of shear and di-
lation strains. Actually, this is the case for the vast majority of materials for which giant
magnetocaloric effects have been reported, and up to now mechanocaloric effects have been

reported for a few of them.

The prototype magnetocaloric material is the Gds(Si,Ge;_;)4 system. This compound ex-
hibits a rich phase diagram where the compositions of interest for caloric purposes correspond
to the region 0.24 < z < 0.5, where it undergoes a transition from a monoclinic (P112;/a)
paramagnetic phase to an orthorhombic (Pnma) ferromagnetic phase on cooling!®. The
structure is composed of a series of structural slabs ordered perpendicular to the b-axis.
At the magneto-structural transition, these slabs are inhomogeneously sheared along the a
axis®2. There is also an expansion of the interslab distance leading to a total volume change
Av/v ~ 0.5-1 %. The low temperature orthorhombic (FM) phase has the lower volume and
therefore it is stabilized by application of hydrostatic pressure. The shift in the transition

temperature with pressure is moderate d7T'/dp ~ 0.035 KMPa™!.

The transition entropy change at the magneto-structural transition of Gds(Si,Ge;_,)4
contains contributions from both lattice and magnetic degrees of freedom which add cooper-
atively. In the Si-rich region of interest here, the values for AS; have been found to decrease
when increasing the transition temperature (7;) independently of the tuning mechanism of

T, (either composition or magnetic field) thereby showing an interesting scaling behavior®.

Barocaloric effects were studied in the stoichiometric GdsSioGes compound by means

84 The increase in the transition temperature

of calorimetry under hydrostatic pressure
with pressure was consistent with the conventional nature of the barocaloric effect. It was
also found that the transition entropy change decreased with increasing pressure at a rate
dAS;/dp ~ - 0.024 Jkg'K~IMPa~!. Such a decrease is consistent with pressure shifting
the transition temperature towards higher values, and the scaling behavior exhibited by
AS;. As regards the barocaloric effect, entropy values at 200 MPa are moderate (AS9 ~
11 Jkg='K™'), slightly lower than the transition entropy change (AS; ~ 12 Jkg 'K™!)

corresponding to an applied pressure of 200 MPa. On the other hand, direct measurements

of the adiabatic temperature change AT? ~ 1 K rendered values significantly lower than
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those expected from entropy data.

An interesting family of magneto-structural compounds with magnetocaloric properties
are the Mn-based ternary compounds with the formula Mn7'X (7' = Ni, Co and X = Si,
Ge). In their stoichiometric composition the alloys undergo a second order magnetic phase
transition from a paramagnetic to a magnetically ordered state (the particular magnetic
order depends on composition), and a structural transition from a high temperature NisIn-
type hexagonal phase (P63/mmc) to a low temperature TiNiSi-type orthorhombic structure
(Pnma) where the hexagonal phase has a smaller unit cell volume than the orthorhom-
bic phase. By suitable tailoring of the alloy composition (varying composition, doping,
isostructural substitution, etc) it is possible to bring the two transitions together so that
magnetic and structural transitions become coupled. Under these circumstances the alloy
exhibits a single magneto-structural transition with giant magnetocaloric properties®. At
this magneto-structural transition there is a large decrease in the volume of the unit cell
(Av/v ~ 4 %), and the transition temperature becomes extremely sensitive to the applica-
tion of hydrostatic pressure (dT/dp ~ - 0.080 KMPa™1).

Barocaloric studies were performed on a MnCoGegg9lngg; compound®. The experi-
mental technique used in these studies was a simplified version of the quasi-direct method
(improper quasi-direct). Differential scanning calorimetry measurements were conducted at
atmospheric pressure and the S(T') curves were obtained by combining these measurements
with specific heat data. By assuming that the shape of S(T") curves was not affected by
hydrostatic pressure, they were shifted according to the pressure dependence of the tran-
sition temperature obtained from neutron experiments under pressure, in order to obtain
successive S(T, p) curves and to derive the isothermal entropy changes as detailed in section
IV. Soon after, proper quasi-direct methods were used to investigate the barocaloric effect
in (MnNiSi);_,(FeCoGe), (z=0.38)%".

The magneto-structural transition involves quite a large entropy change (AS; ~ 55-65
Jkg='K~!) which has been found to increase with increasing pressure (dAS;/dp ~ 0.040
Jkg7'K~*MPa™!). The combination of a large entropy change and strong sensitivity of
the transition temperature to pressure confers this type of alloys outstanding large inverse
barocaloric properties. The associated entropy changes at pressures of ~ 300 MPa are in
the range AS9 ~ 50-74 Jkg 'K~!, and directly measured temperature values of AT? ~ 3-8

K. These temperature values are still much lower than those derived from S(7),p) curves
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AT ~ 16-19 K, and values estimated from the entropy change (AT® ~ 33-36 K).

Magnetic shape-memory alloys (MSMA) are the most widely studied family of magneto-
structural materials for caloric and multi-caloric purposes. They share a lot of characteristics
with the non-magnetic shape-memory alloys discussed in the previous section with the pe-
culiarity that in MSMA the martensitic transition takes place in a magnetic state in such a
way that the structural change is accompanied by changes in the magnetism of the material.
The high temperature phase of MSMA is cubic, and orders ferromagnetically at the Curie
temperature T4, and the martensitic transition in these alloys can take place either above
or below T#. The technologically relevant properties arising from the coupling between
structure and magnetism (magnetic shape memory, giant magnetocaloric effect, etc.) are

enhanced in those alloys for which the martensitic transition takes place close or below T4.

The martensitic transition in Fe-based magnetic alloys was studied many decades ago
and some of these alloys, such as ordered Fe-Pt and Fe-Pd were shown to exhibit shape-
memory properties®. These alloys order ferromagnetically, with a high Curie temperature
(T4 ~ 600-700 K), and at lower temperature they transform martensitically from a cubic
Fm3m towards a face-centered tetragonal martensite (P4/mmm). In Fe-Pd, this transition
is weakly first-order, with a low entropy change (AS; ~ 1.2 Jkg7'K~'), and low hysteresis™.
There is no noticeable change in the volume of the unit cell and therefore no barocaloric
effects are expected for this compound. The elastocaloric effect was studied in a Fegg gPd31.9
single crystal subjected to compressive uniaxial stresses along the [001] direction®>. The
transition temperature was found to increase very rapidly with increasing stress (dT'/do ~
1 KMPa™!) as a consequence of the low AS; value and a moderate shear strain at the
transition. However, such an increase is limited to low stress values because of the existence
of a critical point at o, ~ 40 MPa and 7. ~ 280K [91]. The entropy values obtained
from strain vs. temperature curves at constant applied load are relatively small (AS® ~ 4-5
Jkg='K™1), but they are surprisingly larger than the transition entropy change AS;. The fact
that in this alloy the elastocaloric entropy change is not bounded by the transition entropy
change is due to extreme softness of the lattice towards shear distortions (low value of the
elastic constant C”) which results in a marked temperature dependence of the associated
shear strain even beyond the phase transition region, thereby leading to large values for the
derivative (Je/0T), which contribute to the isothermal entropy change (see equation 15) in

addition to the latent heat of the transition (similarly to what occurs near a second-order
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magnetic transition in magnetocaloric materials). Direct measurements of the adiabatic
temperature change for stresses of 200 MPa give AT? ~ 3 K. It is worth emphasizing that
the low hysteresis of the transition together with strong sensitivity to the applied stress result
in very good reproducibility of the elastocaloric effect upon stress cycling”®. Furthermore,
the elastocaloric effect has been found to span over a considerable temperature range (around
50 K).

With the exception of a few Fe-based alloys, the majority of MSMA belong to the fam-
ily of Heusler alloys. These are Ni-based (and a few Co-based) Heusler alloys exhibiting
an ordered cubic structure at high temperatures (F'm3m) which transforms martensitically
towards a lower symmetry closer packed phase®®. The mechanism of the martensitic transi-
tion is similar to that of non-magnetic alloys, and the particular structure of the martensitic
phase depends on composition. Many different martensitic structures have been reported so
far including non-modulated tetragonal martensite (L1j), and modulated monoclinic (5M,
TM, etc) and orthorhombic (40) phases. Actually a detailed description of the several
martensitic structures is still a subject of intense research and debate. It has been suggested
that modulated structures can be described as an adaptive phase composed of nano-twinned
tetragonal martensite variants®, but there are experimental observations which do not sup-
port such a hypothesis?. For the mechanocaloric properties of MSMA, detailed knowledge of
the actual crystallographic phase is not essential and therefore we will skip providing details
of the space group of each investigated martensitic alloy. For present purposes it is enough
to consider that all martensitic phases (tetragonal, orthorhombic and monocilinic) mostly
involve a shear of the {110} planes along the < 110 > directions of the cubic phase. As will
be discussed below, in some of the alloys, the coupling between magnetism and structure

can also give rise to a small volume change of the unit cell at the martensitic transition.

MSMA can be broadly classed into two categories depending on the magnetic properties
of the martensitic phase. The first class includes alloys where the martensitic phase is
ferromagnetic. In this case the change in magnetization at the martensitic transition is rather
small (except for those alloys with concurrent Curie and martensitic transition temperatures)
and the magneto-mechanical and magneto-thermal properties are mostly determined by the
differences in magnetic anisotropy between cubic and martensitic phases?®. The second class
comprises those alloys for which the magnetic order below the martensitic transition is not

ferromagnetic, and the magnetization of the martensitic phase is much lower than that of the
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cubic phase. These alloys are also known as metamagnetic alloys, and the strong sensitivity
of the transition to the magnetic field which is associated with the change in magnetization
is at the origin of a number of relevant properties such as magnetic superelasticity”®"7
and inverse magnetocaloric effect?® in these alloys. Actually, the magnetic state of the
martensitic phase in metamagnetic shape-memory alloys is still under debate?®?, but there
is general agreement that antiferromagnetic correlations play a relevant role!’. For many of
the magnetic shape-memory alloys the volume change at the phase transition is rather small,
but for a number of metamagnetic alloys, the interplay between magnetic and structural
degrees of freedom results in a martensitic unit cell larger than that of the Heusler phase
(Av/v ~ 0.5-1 %) so that the martensitic transition is sensitive to hydrostatic pressure!®!

and these alloys are prone to exhibit the giant barocaloric effect, as will be discussed in the

following.

The transition entropy change in MSMA contains two major contributions: vibrational
and magnetic. The leading contribution is the vibrational contribution!®?, which, as occurs
in non-magnetic SMA, has its origin in the low-energy T'A, phonons of the cubic phase!03194,
For those alloys transforming martensitically between two ferromagnetically ordered states,
the magnetic contribution is small and plays a minor role. However, in metamagnetic shape-
memory alloys, the martensitic phase has a magnetic entropy larger than that of the cubic
phase. Therefore, the vibrational and magnetic degrees of freedom contribute in an opposite
way to the transition entropy change and, eventually, they can compensate each other in
such a way that the martensitic transition no longer takes place. A detailed discussion on

the significance of each contribution to the relative stability of cubic and martensitic phases

can be found in ref. [105].

In contrast to non magnetic SMA, which feature very good mechanical properties, MSMA
are very brittle and measurement of mechanocaloric effects becomes challenging. The first
studies of the elastocaloric effect in this family of alloys were performed in Ni-Mn-Ga alloys
doped with Fe [106] and Co [107] to improve their ductility. Uniaxial compression experi-
ments were conducted on polycrystalline samples, where the applied load was kept at low
values to prevent damaging the samples. The transition temperature was found to increase
with increasing stress dT'/do ~ 0.16 KMPa™! | giving rise to a conventional elastocaloric ef-
fect. Isothermal entropy changes were computed from strain vs temperature curves recorded

at fixed values of applied load, and the values obtained were moderate as a consequence of
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the low values of the applied stress (AS* ~ 3-6 Jkg 'K~! for 0 ~ 10 MPa).

There have been a number of strategies to improve the mechanical properties of magnetic
shape-memory alloys. For Ni-Fe-Ga polycrystalline alloys it was found that the precipitation
of secondary phases by means of suitable heat treatment enhanced the mechanical stability
of the alloy. In these dual-phase alloys uniaxial compression stresses (o ~ 170 MPa) were
applied which rendered temperature changes of AT¢ ~ 4 K [108]. Better elastocaloric
properties were found for single crystalline Ni-Fe-Ga®*!% and Ni-Fe-Co-Ga!!?. Compression
experiments were performed along the [011], [001] and [420] directions®*!® and the highest
stress-sensitivity of the transition temperature was found for stresses along [001] (d7T'/do ~
0.7 KMPa™!) while lower values were found for other directions (dT/do ~ 0.25-0.3 KMPa™!).
Significantly large values of adiabatic temperature change (AT? ~ 8 K) were measured at
relatively low values of the applied stress (o ~ 30 MPa)'%. Slighlty larger values (AT ~ 10
K) were obtained for the Co-doped sample but for higher stresses (o ~ 300 MPa)''?. The
good elastocaloric performance of this MSMA is associated with the remarkably large shear
strain (¢ ~ 14%) that accompanies the martensitic transition in this alloy system.

Co-Ni-Al alloys have better mechanical properties than the other MSMA and one could
expect good elastocaloric performance for these materials. However, the martensitic tran-
sition occurs with larger hysteresis and the measured adiabatic temperature changes in a
single crystal compressed along the [115] direction were significantly lower (AT? ~ 3 K)5
than those in NisFeGa single crystals at o ~ 150 MPa.

The elastocaloric effect has also been studied in metamagnetic shape memory alloys. For
this family of alloys first experiments were conducted on Cu-doped Ni-Mn-Sn alloys!!t. Uni-
axial compression was restricted to very low values of the applied stress (¢ ~ 10 MPa), and
the entropy values computed from stress vs temperature curves were low (AS? ~ 2 Jkg7'K™!)
due to the fact that a very small fraction of the sample underwent the martensitic transition
for these low stress values. Later experiments on a Ni-Mn-Sb-Co sample, which exhibited
better mechanical properties, were able to be conducted for stresses up to ¢ ~ 100 MPa,
and the obtained entropy changes were considerably large (AS? ~ 20 Jkg 'K™1), but still
lower than the total transition entropy change (AS; ~ 34 Jkg 'K—1)!12. Significantly higher
stresses (0 ~ 300 MPa) were applied to a Co-doped Ni-Mn-Sn but the obtained entropy
values (AS ~ 12 Jkg 'K™!) were lower than in Ni-Mn-Sb-Co due to a lower transition en-

tropy change (AS; ~ 14 Jkg7'K™!) of this compound!!®. With regards to the adiabiatic
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temperature changes, direct measurements were reported for Ni-Mn-Sn which rendered val-
ues AT? ~ 6 K for stresses of 0 ~ 300 MPa. These values are still significantly lower than
the maximum values that could be obtained from the transition entropy change in these

alloys!!4,

One of the most important metamagnetic alloys is Ni-Mn-In and the quaternary Co-
doped Ni-Mn-In-Co. For this alloy system, there is strong sensitivity of the transition
temperature to magnetic field and the alloy is the prototype material exhibiting mag-

997 Recently the alloy has also been shown to exhibit interesting

netic superelasticity
mechanocaloric properties. Ni-Mn-In-Co textured polycrystals were uniaxially compressed
along the [001] direction up to o ~ 100 MPa, with a resulting adiabatic temperature change
of ATY ~ 4 K [115]. Similar results were found for non-textured polycrystalline samples
where it was shown that these AT values corresponding to the elastocaloric effect were
reproducible upon cycling the sample for at least 15 cycles'!®. Textured polycrystalline Ni-
Mn-In was also investigated for stresses up to o =~ 250 MPa, and the obtained values (AT? ~

U7 Tn all these cases it should be

4 K) were similar to those of the Co-doped compounds
pointed out that these relatively low values correspond to a partial transformation of the

sample.

As previously mentioned, those MSMA with a significant change in the magnetic prop-
erties accross the martensitic transition (many metamagnetic shape-memory alloys) may
exhibit a relatively large change in the volume of the unit cell. In the important class of
NiMn-based MSMA this can be explained taking into account the fact that magnetic mo-
ments are localized at Mn-atoms to a very good approximation and are coupled through
an oscillatory RKKY-type exchange interaction mediated by conduction electrons. This
explains the fact that magnetic properties in this class of materials are extremely sensitive
to small changes in the distances between Mn-atoms!'8. In Mn-rich non-stoichimetric alloys
that undergo a martenitic transition, this effect leads to strong competition between ferro-
and antiferromagnetism, which arises from the existence of nearest-neighbor Mn-pairs'!?.
The volume reduction taking place at the transition enables the stability of the martensitic
phase to be enhanced and thus reflects the strong sensitivity of the the magnetic interac-
tions to the distance between localized magnetic moments. In these alloys, the martensitic
01

transition temperature significantly increases with the application of hydrostatic pressure!

and they are prone to exhibit barocaloric effects.
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Although some preliminary studies of barocaloric effects were conducted for some rare-
earth materials, they did not receive to much attention because the effects were too small'?.
Actually, the Ni-Mn-In magnetic shape-memory alloy was the first compound reported to
exhibit a giant barocaloric effect'?!. Calorimetric experiments under hydrostatic pressure
were performed on a NiggosMnggosIniggs polycrystal. The martensitic transition temper-
ature was found to increase with pressure (dT'/dp ~ 0.018 KMPa™!), in agreement with
pressure stabilizing the lower volume martensitic phase. The associated barocaloric effect
was conventional, with relatively large values for the isothermal entropy change (AS?% ~ 24
Jkg™ K1) for p ~ 250 MPa. This value is only slightly lower than the transition entropy
change AS; ~ 27 Jkg7'K~! in this compound.

A later systematic study was conducted on Ni-Mn-In samples with tailored compositions
for which the martensitic transition exhibited very narrow hysteresis (around 5 K), and with
transition temperatures covering a broad range'??. It was found that samples transforming
martensitically close to and above the Curie point exhibited the largest values for the entropy
change (AS% ~ 35 Jkg 'K~! at p ~ 250 MPa). These large values were associated with
large values of the transition entropy change. Indeed AS% was found to depend upon the
relative distance between T, and T, exhibiting behavior which parallels that of AS;. Hence,
as the martensitic transition approaches the Curie point, the magnetic contribution to the
entropy change decreases, which results in an increase of AS; (it is worth remembering that
magnetic and vibrational contributions have opposite signs in metamagnetic SMA). The
adiabatic temperature changes computed from these calorimetric measurements were in the
range AT ~ 3-4 K. These lower values are due to the small shift of the transition with

pressure which also results in poor reproducibility of the barocaloric effect in metamagnetic

SMA.

The pressure sensitivity of the martensitic transition was enhanced in metamagnetic
alloys with tailored compositions with a relatively large volume change at the martensitic

transition?3.

Barocaloric experiments were conducted on Niyy 7Cogg7Mnsq g7Gaqsgglnsg o1,
with a relative volume change at the transition Av/v ~ 0.7 %. The shift in the transition
temperature with pressure d7'/dp ~ 0.030 KMPa~! was larger than for Ni-Mn-In compounds
(dT/dp =~ 0.020 KMPa™!) but the values obtained for the entropy change (AS% ~ 16
Jkg 'K~ at p ~ 250 MPa) were lower due to a much lower value of the transition entropy

change (AS; ~ 21 Jkg 1K~1)24,
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A comparison of elastocaloric and barocaloric effects in metamagnetic shape-memory
alloys shows that although the shift with pressure is smaller than with a uniaxial load,
the final barocaloric AS values are slightly larger than for the elastocaloric case because
hydrostatic pressure is not compromised by the intrinsic brittleness of the material and
larger pressures can be applied. Nevertheless, the stronger sensitivity of the transition
temperature to uniaxial stress ensures good reproducibility for the elastocaloric effect while

poor reproducibility is found in the barocaloric effect.

VIII. MATERIALS WITH ELECTRO-STRUCTURAL TRANSITIONS

Materials undergoing polar phase transitions are considered promising candidates for
electrocaloric refrigeration!®. Many of these materials show a strong coupling between polar
and structural degrees of freedom and changes in the unit cell can also take place at the
ferroic transition. As a result, the transition turns out to be sensitive to applied external
stresses and mechanocaloric effects are expected to occur in these materials.

The textbook ferroelectric material is BaTiO3z. At high temperature it has a cubic per-
ovskite structure (Pm3m), which upon cooling, transforms towards a tetragonal (P4mm)
phase at a temperature 7; ~ 400 K. The tetragonal unit cell has a volume slightly larger
than the cubic cell (Av/v ~ 0.11 %) and results from the expansion of one of the cube
edges to form the tetragonal ¢ axis and a compressioon of the two other edges to form
the tetragonal a axes. This distortion causes a relative displacement between titanium and
oxygen atoms that gives rise to spontaneous polarization along the tetragonal ¢ axis. Upon
further cooling, the tetragonal phase transforms towards an orthorhombic phase (Bmm?2) at
T; ~ 270 K. The orthorhombic phase is still ferroelectric but the spontaneous polarizaton is
parallel to the original cubic < 110 > direction. At even lower temperatures the orthorhom-
bic phase transforms towards a rhombohedral phase (7; ~ 180 K), with a polar axis lying
along one of the original < 111 > directions'?®. There was some controversy on whether the
volume of the orthorhombic phase was larger or smaller than that of the tetragonal phase,
but it is now established that the orthorhombic phase has a slightly larger volume (Av/v ~
0.03 %). These phase transitions have a relatively low latent heat, with transition entropy
changes AS, ~ 2.4 Jkg7'K~! for the cubic-tetragonal transition and AS, ~ 2 Jkg !K~! for

the tetragonal-orthorhombic phase. The major contribution to AS; comes from the polar
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degrees of freedom. The characteristics of the transition are well reproduced by a Landau
model with polarization as the order parameter'?®. With regards to the orthorhombic-
rhombohedral transition, both the volume change and entropy change of the compound are

very small (AS ~ 0.5 Jkg7'K~!) and this transition has not received so much attention.

Calorimetric measurements under hydrostatic pressure were performed on BaTiO3 ceram-
ics, over a temperature range covering both cubic-tetragonal and tetragonal-orthorhombic

transitions!'?”

sure: dT'/dp ~ -0.055 KMPa™! for the cubic-tetragonal and dT'/dp ~ -0.03 KMPa~! for the

. Both transition temperatures were found to decrease with increasing pres-

tetragonal-orthorhomic in agreement with pressure stabilizing the high temperature high-
volume phases. Accordingly, the barocaloric effect associated with both transitions was
found to be inverse. The transition entropy change was found to slightly decrease with in-
creasing pressure due to contributions beyond the phase transition. The isothermal entropy
change associated with the barocaloric effect was found to be maximum for an applied pres-
sure of p ~ 100 MPa with values AS9 ~ 1.7 Jkg7'K~! for the cubic-tetragonal transition
and AS9 ~ 1.2 Jkg 'K~! for the tetragonal-orthorhombic transition. Further pressure in-
creases resulted in a decrease of the entropy change due to the decrease of AS; with pressure.
A salient feature in BaTiOj is that the entropy values associated with the barocaloric effect
at the cubic-tetragonal transition are expected to be reversible upon pressure cycling in a

temperature range of ~ 15 K.

Another ferroelectric ceramic with barocaloric effects is PbTiO3 [128]. This compound
also exhibits a cubic (Pm3m) - tetragonal (P4mm) transition but at a much higher tem-
perature (7; ~ 700 K) than BaTiOjz. In the high temperature cubic phase Pb atoms are
disordered and, with an equal probability, occupy one of the six positions associated with
the displacement of the atoms from the (0,0,0) position by a certain amount in the < 001 >
directions. In the low temperature phase a partial ordering of Pb atoms in one of the posi-
tions occurs. The entropy change at the cubic-tetragonal transition is associated with such
an order-disorder process and it amounts to AS; ~ 27 Jkg7'K~!. The barocaloric effect in
this compound was investigated by performing calorimetric measurements at atmospheric
pressure and shifting the calorimetric curves according to the pressure dependence of the
transition temperature obtained from other techniques (improper quasi-direct method). The
tetragonal unit cell has a volume larger than the cubic cell (Av/v ~ 0.4 %), and the tran-

sition temperature decreases with increasing pressure. There is a large scatter in the data
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for dT'/dp reported in the literature, and the value used to compute barocaloric effects was
obtained from thermal expansion data to be dT'/dp ~ -0.140 KMPa~!. The isothermal en-
tropy and adiabatic temperature values obtained at pressures of p ~ 260 MPa were quite
moderate AS9 ~ 2.7 Jkg7!K~! and AT ~ 1.9 K.

Inorganic salts represent a very interesting family of compounds. Among them am-
monium sulphate and a number of fluoride salts have been shown to present outstanding
barocaloric properties.

Ammonium sulphate [(NH4)204] adopts a centrosymmetric orthorhombic structure
(Pnam) with four formula units per unit cell comprising three ionic groups. On cool-
ing, the material undergoes an electro-structural transition at 7; ~ 220 K towards a polar
orthorhombic structure (Pna2;) that is ferrielectric. In the high temperature phase, the
ionic groups adopt a disordered configuration, and they become ordered below 7} giving rise
to a ferrielectric phase!?*13%, The ordering of these ionic groups occurs in two steps: firstly
there is a first-order phase transition at 7; causing partial ionic ordering, and secondly
additional ordering takes place continuously on cooling down to ~ 160 K. The entropy
difference between the Pnam and Pna2; phases is due to the order-disorder of these ionic
groups and amounts to AS; ~ 130 Jkg ' K~!, whereas the entropy change at the first-order
phase transition (AS; ~ 65 Jkg 'K~!) associated with partial ordering of the ionic groups is
about half of the total transition entropy change. The order-disorder transition also involves
changes in the volume of the unit cell, where the unit cell of the fully ordered orthorhombic
phase is about 1 % larger than that of the disordered phase (Av/v ~ 1 %). At the first-order
phase transition the relative volume change is Av/v ~ 0.5 %.

Calorimetry under hydrostatic pressure was conducted in an ammonium sulphate powder

31 The transition temperature was found to signifi-

near the ferrielectric phase transition!
cantly decrease when applying pressure (dT'/dp ~ -0.050 KMPa™!), in agreement with the
higher volume of the low temperature phase. Accordingly the barocaloric effect in this ma-
terial is inverse. Significantly large values for the isothermal entropy (AS% ~ 60 Jkg='K™!)
were obtained at a low pressure of p ~ 100 MPa. Within experimental error, these values
were coincident with the entropy change corresponding to the first-order phase transition
and indicated that in this compound low pressure was enough to drive the whole material

through the first-order phase transition. Another interesting peculiarity of the ferrielectric

transition in ammonium sulphate is that the strong sensitivity of the transition to pressure
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added to very weak thermal hysteresis confer a very good reproducibility of the barocaloric
effect upon cycling pressure over a temperature range of ~ 10 K.

While differential scanning calorimetry is very well suited to measuring entropy changes
at first-order phase transitions, this technique is not adequate to determine contributions to
the entropy change due to continuous change in volume with temperature beyond the phase
transition. These contributions are negligible for most mechanocaloric materials (with ther-
mal expansion coefficients in the range 1075-10~7 K1) but they are relevant in ammonium
sulphate with a significantly larger thermal expansion coefficient (10~* K~!). These contri-
butions can be estimated by the indirect method (equation 4) from volume vs temperature
curves. It was found that in ammonium sulphate these contributions were responsible for
the decrease in the measured isothermal entropy change as pressure was increased.

Fluoride salts have attracted interest because the existence of polar noncentrosymmet-
ric structures (typically fluorine-oxigen octahedra and ammonia tetrahedra) should make
possible various polar structures with important properties including ferroelectrictity and
piezo-electricity. However, these salts crystallize in a variety of structures and most of
them are centrosymmetric due to a statistical orientational disorder of the inherent polar
groups'®2. Upon cooling many of these salts undergo a structural transition towards a lower
symmetry phase where the disordered polar structures become totally or partially ordered
with the associated decrease in configurational entropy. Such an entropy change depends
on the particular crystal symmetry of the high and low temperature phases and for specific
structures it can reach significantly large values up to RIn 12 associated with the possible
orientational configurations of polar groups. In most fluoride salts there is no development
of a spontaneous polarization and the transitions are classed to be non-ferroelectric.

For a number of fluoride salts, there is a difference in the unit cell volume of the high
and low temperature phases and the phase transition is sensitive to applied pressure. Such
strong sensitivity along with the large transition entropy change of the phase transition
make fluoride salts excellent candidates for barocaloric effects. Several studies of barocaloric

1337136 Experiments were con-

properties have been reported for a variety of fluoride salts
ducted by DSC runs at atmospheric pressure to determine the entropy curves, and shifting
these curves with pressure according to the pressure dependence of the transition tempera-
ture determined by other experimental technique (improper quasi-direct method). Most of

the studied compounds included the ammonia group (NH,)™ and the structural transition

34



O©CoO~NOOOITA~AWNPE

involved ordering of both ammonia tetrahedra and fluorine-oxigen octahedra.

The metallic atom in the (NH4)2ZO5F, (Z= W, Mo) and (NH4),NbOFj5 salts was found
to play a relevant role in the crystallographic structure adopted by the compounds and
thereby in their barocaloric properties. In the Nb salt, barocaloric effects were associated
with the occurrence of two consecutive structural transitions with a significantly large overall
entropy change (AS; ~ 155 Jkg 'K~1)!33 while in the other two compounds it was due to a

134 Hydrostatic pressure was found to stabilize the high temperature phase

single transition
in the Nb compound (dT/dp =~ -0.045 KMPa™!) while it stabilized the low temperature
phase in the W (dT'/dp ~ 0.093 KMPa™!) and Mo (dT'/dp ~ 0.013 KMPa™!) compounds.
The computed isothermal entropy change for the inverse barocaloric effect in the the Nb
compound was remarkably large (AS% ~ 100 Jkg 'K~!) as a result of the large transition
entropy change. However, the obtained value was still lower than the transition entropy
change, indicating a partial transformation of the sample for quite large applied pressures
(p >~ 1000 MPa).

Oxygen-free (NH,),SnFg was also shown to exhibit relatively large barocaloric properties'®s.
This compound features very large sensitivity of the transition temperature with pressure
(dT/dp ~ -0.157 KMPa™!) which gives rise to a large inverse barocaloric effect (AS% ~
61 Jkg 'K™!) at low applied pressure (p ~ 100 MPa). Finally, barocaloric effects were
also reported for fluorine salts where ammonia ions are replaced by alkali metals'®®. The
isothermal entropy change obtained for Rbo KTiOF5 at p ~ 600 MPa compares well (AS% ~
46 Jkg 'K™!) to those found for the rest of fluorine salts.

When comparing barocaloric data between magneto-structural and electro-structural ma-
terials attention has to be paid to the differences in density between the two classes of com-
pounds. In general, the reported values for the isothermal entropy change for the barocaloric
effect in inorganic salts are larger than those obtained in magnetic metallic alloys. However,
it is to be noticed the fact that inorganic salts feature much lower densities than metallic
alloys, and therefore the volumetric values for the entropy changes are comparable for the
two families of compounds. Actually, in spite of the larger mass entropy change, the re-
ported values for the adiabatic temperature change are comparable owing also to a larger

mass specific heat in the inorganic salts.

With regards to the elastocaloric effect in polar materials, a few theoretical approaches

137-139 140,141 in

have been made using first principle calculations and phenomenological models
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ferroelectric BaTiOgz, Bag 5519 5Ti03 and PbTiO3. Unbounded large values for the adiabatic
temperature change are predicted for stresses in the order of GPa, but for more experimen-
tally available stresses (o ~ 200 MPa) the predicted values are in the range 3-6 K. From
the experimental side, attempts have been made'424 to analyze previously published data
on the behavior of Pb(Mn; /3Nby/3)03-32PbTiO; single crystals, (Bag.gsCag.15)(Zro.1 Tip.0) O3
and PZT ceramics under stress. Data computed for the adiabatic temperature change are
low AT? ~ 0.2 - 2 K, and in many cases they do not exhibit a monotonic dependence upon
applied stress. Experiments particularly designed to provide reliable values for the adiabatic
temperature and isothermal entropy changes seem to be necessary to gain full characteriza-

tion of elastocaloric effects in polar materials undergoing electro-structural transitions.

IX. COMPARISON OF ELASTOCALORIC AND BAROCALORIC MATERIALS

In the preceding sections we have reviewed the mechanocaloric properties of materials
based on the physical properties at their structural phase transitions. In this section we
provide a (graphical) comparative view of these materials in terms of their caloric effects:
elastocaloric and barocaloric.

Figures 2 and 3 illustrate, respectively, the shift in the transition temperature with uni-
axial stress and hydrostatic pressure. The inset in Figure 2 shows an enlarged view for the
low stress region. Lines have been plotted according to the slopes listed in Tables 1 and 2,
and the length of these lines is indicative of the maximum applied stress in the study of each
particular compound. A first salient feature in comparing the two figures is that, in general,
uniaxial stress is more effective in shifting the transition than hydrostatic pressure. Such
strong sensitivity will be beneficial for the reproducibility of the elastocaloric effect and for
achieving a very broad temperature interval of applicability of the elastocaloric effect.

With regards to elastocaloric materials (Fig. 2), magnetic shape-memory alloys (MSMA)
have dT'/do values in the range of those for Ni-Ti alloys, except for Ni-Fe-Ga, which has a
large transitional shear strain. However, the range of stresses applicable to brittle MSMA
is lower than for the more ductile non magnetic SMA. Among these conventional SMA, in
Cu-based alloys the shift in transition temperature with stress is very large. It is also worth
mentioning the case of Fe-Pd. Although the martensitic transition is extremely sensitive

to uniaxial stress, the first-order character of the transition weakens as stress is increased
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until a critical point is reached for stresses ¢ ~ 40 MPa. The good ductility of the alloy
supports application of stresses much larger than this value but with low elastocaloric entropy
and temperature values. Finally, it must be noted that Fe-Rh alloys feature a very weak
dependence of the transition with uniaxial stress which reflects the fact that the lattice
distortion at the magneto-structural transition is a pure dilation. This also explains the
decrease in transition temperature with increasing uniaxial tensile stress. In contrast, under
uniaxial compressive stress the transition temperature increases with increasing stress at a
rate similar to the tensile case but with opposite sign!4®.

In barocaloric materials (Fig. 3) the transition temperature increases with pressure for
those compounds with a lower volume, low temperature phase and decreases for those com-
pounds with the low-temperature phase with a larger volume. The latter will display an
inverse barocaloric effect: the material will exhibit the abnormal behavior of increasing the
entropy when pressure is applied isothermally and cooling down when it is applied adiabat-
ically. The inverse nature of the barocaloric effect is due to a coupling between structural
and other degrees of freedom (magnetic and polar). The compounds with the highest shift
in transition temperature with pressure are ionic salts which are less compact than mag-
netic and ceramic counterparts. On the other hand, although PbTiOj3 also seems to exhibit
strong dependence, it must be taken into account that reported d7'/dp data in the literature
are very sparse and the value plotted in Fig. 3 corresponds to the highest reported value.
Finally, it should be pointed out that the martensitic transition in metamagnetic SMA dis-
plays weak pressure sensitivity because the lattice distortion for this transition is mostly
accomplished by a shear mechanism, accompanied by a small volume change.

In Figures 4 and 5 we have plotted the uniaxial stress and pressure dependencies of the
isothermal entropy change (in absolute values) for selected elastocaloric and barocaloric
compounds, respectively. The inset in Figure 5 shows the expanded view up to large values
of applied pressure.

For elastocaloric materials (Fig. 4), the B2 < B19" has the largest entropy values,
but owing to the considerable hysteresis of this transition, it is not expected that they are
reproducible at low stress-values, and large stresses are required to achieve reproducibility.
Interestingly, Cu-based alloys reach the maximum entropy value (which coincides with the
transition entropy change) at very low values of applied stress. This results in very good

reproducibility of the elastocaloric effect which makes these alloys excellent candidates for
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low stress applications. The elastocaloric properties of Fe-Rh are weak, as expected from
the fact that the structural change at the transition is a pure dilation.

In barocaloric materials (Fig. 5), ionic salts exhibit the largest values for the isothermal
entropy change. However, it must be taken into account that the density of these com-
pounds is three to four times lower than that of polar ceramics and magnetic alloys (see
Table 2). This difference results in volumetric values for the entropy change in the range
of those for magnetic compounds, and also the corresponding adiabatic temperature values
are in the same range or even slightly lower. Among magneto-structural barocaloric com-
pounds, those based on MnNiSi exhibit the largest entropy values (associated with a large
transition entropy change and strong sensitivity of the transition to hydrostatic pressure).
The barocaloric properties of ferroelectric ceramics is quite limited.

Finally, in Figures 6 and 7 we have plotted adiabatic temperature changes as a function of
the isothermal entropy. We have used different symbols to indicate the different experimental
techniques used to derive these temperature values (see section IV for details). We have also
included the expected temperature change in the figure (open circles) that would correspond
to the adiabatic release (or absortion) of the latent heat of the transition. For most of the
materials this value represents the upper limit for the adiabatic temperature change that
can be obtained in the elastocaloric and barocaloric effect. It is obvious from the two figures
that different experimental techniques can yield very disparate results, which highlights
the fact that comparison between different materials (and different caloric effects) has to
be done very cautiously, paying special attention on how the different data (entropy and
temperature) have been determined.

For elastocaloric materials (Fig. 6), direct measurements (plotted as stars) coincide (in
many cases) with the maximum estimated value (open circles) which indicates that direct
techniques provide reliable values, and the applied stress was large enough to drive the
whole sample through the structural transition. Remarkably high temperature and entropy
values have been found for the B2 «» B19’ transition in Ni-Ti. These values are much larger
than those reported for any other caloric effect, and evidence the enormous potential of
elastocaloric cooling technologies.

For barocaloric materials (fig. 7) directly measured values for the adiabatic temperature
change (stars) are much smaller than data derived from other techniques. This discrepancy

is due to the lack of adiabaticity associated with the pressure transmitting fluid in the direct
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measurements under hydrostatic pressure. According to the transition entropy changes,
the maximum values that could be obtained in barocaloric experiments are in the range
of ~ 40 K, but they have not been reached yet, mostly due to the fact that within the
studied pressure range, only partial transformation of the sample was achieved. It is worth
noticing that for samples that were fully driven through the transiton (such as Fe-Rh and
a few inorganic salts) there is good coincidence between the maximum temperature values

(circles) and data derived from quasi-direct methods (triangles).

X. OTHER MATERIALS

Mechanocaloric effects have also been reported for a limited number of non-crystalline
materials which are discussed in this section.

As mentioned in the introduction, natural rubber was the first reported material to ex-
hibit elastocaloric effects?. Since that early report the effect did not receive major attention,
but with the increasing interest in mechanocaloric materials, the caloric properties of nat-
ural rubber have recently been revisited!46-149. In its natural state, rubber is an elastomer
composed of polymeric chains which are randomly oriented. Applying stress to natural rub-
ber causes orientation of polymeric chains along the stress direction thereby leading to an
increase of configurational order with the associated decrease in entropy. In natural rubber
there is strain-induced crystallization with a latent heat that contributes significantly to its
giant elastocaloric effect. Tensile experiments were conducted on natural rubber for temper-
atures around room temperature. Experiments conducted at low strain rates enabled the
indirect determination of isothermal entropy and adiabatic temperature changes. Indirect
temperature data were compared to direct measurements made by thermocouples and ther-
mal imaging at much faster strain rates (adiabatic limit). The computation of temperature
changes from experiments of strain vs temperature at constant stress yielded values that
did not match to directly measured values. However, measuring stress vs temperature at
constant strain resulted in AT* values close to the directly measured ones (AT? ~ 9-12 K
for a strain of € ~ 600 %, with a corresponding stress of o ~ 1-2 MPa)®1%0  The entropy
change was found to linearly increase with sample elongation, with a maximum value esti-
mated from the measured temperature change of AS® ~ 80 Jkg 'K~ (for & ~ 600 %, o ~
1-2 MPa).
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An interesting family of caloric materials are the polymers based on PVDF (polyvinyli-
dene fluoride). These polymers can exist in five different crystalline forms. Copolymers
and terpolymers are particularly relevant because they have been shown to exhibit excellent
electrocaloric properties associated with their ferroelectric properties'®!. In these polymers,
the polar § phase is stable below the Curie point and it has been shown that mechanical
stresses modify the relative stability between this phase and the anti-polar o phase. The
unit cell has a 2.5 % smaller volume than the o phase and therefore hydrostatic pressure
shifts the a-f transition towards higher temperatures.

The pressure dependence of the a-f transition was investigated for a copolymer (65%
VDF and 35% TrFE) and a terpolymer (61.1 % VDF, 32.2 % TrFE and 6.2 % CTFE)
by isobaric and isothermal volume measurements at hydrostatic pressures up to 200 MPa
[152]. A moderate shift in the transition temperature was found for the coploymer but in
the terpolymer the transition temperature significantly increased with increasing pressure
(dp/dT ~ 0.250 KMPa™!). The data for the terpolymer were later analysed!®® to compute
the barocaloric effect. A significantly large isothermal entropy change (AS? ~ 120 Jkg K1)
was found for p ~ 200 MPa, which is slightly lower than the transition entropy change AS; ~
150 Jkg7'K~!. The adiabatic temperature change was also estimated using eq. 8. However
in ref. [153] the calorimetric data used to derive C' were taken from DSC curves (which do
not provide reliable data for specific heat) that corresponded to the copolymer. By means
of modulated calorimetry, properly measured data for C' in copolymers and terpolymers of
similar composition were reported in [151]. By using these values, the estimated adiabatic
temperature change for therpolymers is AT ~ 28 K for o ~ 200 MPa.

Relaxor polymers have also been shown to exhibit interesting elastocaloric properties'®.
Direct measurements of the adiabatic temperature change by means of a thermal camera
have been performed on P(VDF-TrFE-CTFE) terpolymers subjected to uniaxial tensile
stresses. It has been found that AT monotonously increased with increasing the applied
stress, and reached values AT? ~ 2-3 K for maximum applied stresses of ~ 150 MPa. This
maximum stress corresponded to a strain € ~ 12 %, and for larger stresses non linear stress
strain behaviour was obtained. The estimated isothermal entropy change corresponding to
the maximum measured temperature change amounts to AS® ~ 21 Jkg 1K1

Relevant mechanocaloric effects also occur in poly(methyl methacrylate), PMMA. Tem-

perature changes resulting from rapid hydrostatic pressure variations were measured at
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various temperatures from room temperature up to ~ 370 K in a range of pressures up to
200 MPa [155]. AT? values were found to monotonously increase with increasing pressure,
and they also increase with increasing measuring temperature. Such an increase is enhanced
at temperatures close to the glass transition temperature (7, ~ 370 K). A considerably large
value AT¢ ~ 9 K was measured at p ~ 200 MPa just below the glass transition tempera-
ture. Interestingly enough, AT values were found to be reproducible upon increasing and

decreasing pressure for many cycles, displaying a good reversibility.

XI. MULTICALORIC EFFECTS

In the previous sections we have seen that many of the most studied magneto- and elec-
trocaloric materials also show interesting mechanocaloric properties (either elasto- or/and
barocaloric effects). Actually, in many magneto- and electrocaloric materials the first-order
character of the transition at the origin of the large (or even giant) thermal response to
applied magnetic or electric fields is a consequence of the strong interplay between lattice
and magnetic or polar degrees of freedom. Therefore, due to a cross-response to mechanical
and magnetic or electric fields, magneto- or electro- and mechanocaloric effects are expected
to directly influence each other and thus, these materials should be classified as multicaloric
materials®. However, so far relatively little research efforts have been devoted to the study
of these combined magneto-mechanic or electro-mechanic thermal effects. At present, most
of the reported results refer to the study of the effect of an applied hydrostatic pressure on
magneto- and, to a much less extent, electrocaloric effects. In this section, we will compile
the main results reported along these lines.

From the above-discussed perspective, the influence of pressure on prototype magne-
tocaloric materials such as MnAs, Gd-Si-Ge and La-Fe-Si has been reported. In these
materials, the application of pressure produces quite diverse effects on the magnetocaloric
response. In MnAs it has been found that their magnetocaloric effect is strongly enhanced

156 The maximum entropy change in-

by application of a moderate hydrostatic pressure
duced from isothermal application of a magnetic field of 5 T has been reported to increase
from 40 Jkg='K~! at ambient pressure to 267 Jkg 'K~! for an applied moderate pressure
of 223 MPa. This huge increase has been attributed by the authors to the contribution

of the lattice degrees of freedom. However, since the obtained value largely overcomes the
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transition entropy change, it could be affected by the spurious peak effect originated by an
inappropriate measurement protocol'®”1%8,

The effect of hydrostatic pressure on the magnetostructural transition in Gds(Si,Ge;_, )4
compounds has been reported in Ref. [159]. For high Ge content, the transition temperature

1 while

increases with applied pressure with a moderate rate of d7'/dp ~ 0.003 KMPa~
by increasing the content in Si, the rate strongly increases and close to the GdsSizGes
stoichiometry it is one order of magnitude larger. This behavior suggests that applied
pressure should significantly affect the magnetocaloric properties of this material in the Si-
rich region of the phase diagram. For GdsSi;Ge, the magnetocaloric effect was found to

0 since this makes the magnetostructural transition from

decreas with increasing pressure!
the monoclinic to orthorhombic structures approach the Curie temperature of the monoclinic
phase. At an applied pressure of 600 MPa both transitions merge into a single one, which
becomes second order. Above this pressure, the magnetocaloric effect remains independent
of pressure and displays the expected features associated with a second order transition.

In both La-Fe-Si and La-Fe-Si-hydrides the magnetostructural transition is shifted to
lower temperatures by increasing the applied pressure'®'. However, while the magnetocaloric
effect is found to weaken in LaFeq; 57Si; 43 when hydrostatic pressure is applied, it is enhanced
in the LaFe;q 57511 43H1 64 hydride. This opposite behavior of parent and hydrogenated com-
pounds reflects the fact that while the magnetization change at the magnetostructural tran-
sition strongly decreases by application of pressure in La-Fe-Si, it remains almost pressure
independent in the hydrides due to the interstitial loction of the H atoms. This result in-
dicates that the effect of pressure on the magnetocaloric effect is very sensitive to specific
features of the magnetostructural interplay.

162 reveal that

Pressure experiments in hexagonal NisIn-type Mn;_,Cr,CoGe compounds
pressure is able to tune the temperature at which the magnetostructural phase transition
occurs. However, the magnitude of the magnetocaloric effect is almost insensitive to the
applied pressure. In mixtures of (MnNiSi);_,(MnFeGe), of similar NipIn-type hexagonal
compounds it has been shown that fine tuning of the fraction of each component moves the
magnetostructural transition close to room temperature and maximizes the volume change
at the transition'®3. The designed material, obtained by alloying 46% of MnNiSi with 54%

MnFeGe, displays a huge relative volume change of about 7% at the transition, which leads to

a giant enhancement of the magnetocaloric effect under application of moderate pressures.
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This material was later used to study barocaloric effects®”, as discussed in the previous
sections.

Heusler shape-memory alloys have also been studied from this perspective. The effect
of pressure on the magnetocaloric properties of the Heusler Ni-Co-Mn-Sb alloy has been
reported in Ref. [164]. In this system the magnetocaloric effect is inverse and application of
a magnetic field shifts the martensitic transition to lower temperatures, while application of
hydrostatic pressure has an opposite effect. In these compounds application of pressure has
little effect on the magnitude of magnetic field-induced entropy change but enables tuning
of the magnetocaloric effect over a large temperature range about room temperature, which
improves the potential refrigerant capacity of these systems. More recently, it has been shown
that it is possible to also take advantage of this behavior in order to effectively decrease the
hysteresis and improve the reproducibility of the caloric effect. In a Ni-Mn-In-(Co) Heusler
alloy it has been shown that by magnetizing at atmospheric pressure and demagnetizing
at an applied pressure, the effective hysteresis can be considerably reduced!®®. Indeed, a
similar procedure can be applied to tune hysteresis in any caloric material that responds to
two applied fields.

In the case of Heusler alloys, the influence of a magnetic field on the elastocaloric effect
induced by the application of uniaxial compressive stress has been reported in Ref. [107]. In
spite of the fact that only relatively low stresses (up to ~10 MPa) were applied due to poor
mechanical properties of this class of materials, results show that the elastocaloric effect is
significantly improved. Actually, application of a magnetic field below 1 T enables the elas-
tocaloric relative cooling power (RC'P) to be improved by about 20%. Similarly, the effect
of an applied electric field on the elastocaloric response of ferroelectric Pb(Mn;/3Nbg/3)O3-
32PbTiOs3 single crystals was estimated in [142]. However, in this case the effect has been
found to be quite small.

Theoretical models have been proposed to account for multicaloric effects. In Ref. [166]
the multicaloric properties of Heusler alloys have been reproduced by means of a Landau
model that incorporates the adequate, symmetry allowed, interplay between magnetic and
structural order parameters. The combination of the Landau approach with first princi-
ple calculations seems to be a good strategy to predict efficient mechanisms leading to an
enhancement of the interplay between ferroic properties that could provide new routes for

designing new materials with optimal caloric properties. Within this viewpoint, the study
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of multicaloric effects in the ferroelectric-ferroelastic PbTiO3 oxide, has predicted unusual
adiabatic temperature changes induced by simultaneous application of stress and electric
field, that are expected to significantly exceed the values associated with either elasto- or

electrocaloric effects alone in the same material'67.

XII. DEMONSTRATORS AND PROTOTYPE DEVICES FOR COOLING

Although the study of mechanocaloric effects for solid-state refrigeration is still an incip-
ient discipline, much less mature than for magnetocaloric and electrocaloric counterparts, a
few prototypes and demonstrators have already been developed!®® 173 A thorough descrip-
tion of these prototypes falls beyond the scope of the present paper, but we provide below
some key features of these devices. A more detailed description can be found in Ref. [174].

Until now there has not been any proposed prototype working under hydrostatic pressure,
based on the barocaloric effect. In contrast, several elastocaloric prototypes have been
developed. In all those prototypes the working element (refrigerant material) is a non-
magnetic shape-memory alloy (most of the Ni-Ti based SMA), and the devices can be
broadly classed into two major categories, depending on the method they use to transfer
heat from the cool to the heat sinks/sources'™.

The first class refers to those devices where the SMA element is stationary, and a heat
transfer fluid cyclically flows to transfer heat. With such a working principle, a prototype
based on multiple Ni-Ti tubes was developed!®®. The tubes were compressed by a motor
driven screw-jack. An interesting feature of this device is the possibility of recovering the
unloading work when the SMA transforms from martensite to austenite. This is achieved
by a symmetric layout and pre-compressing the tube beds. An improved design has recently
been proposed!®” which is more compact and features larger nominal cooling capacity. The
heat transfer fluid in both devices was water that was flowing in three separated loops
controlled by a series of pumps and solenoid valves. The two systems are large (frame
dimensions are in the order of 0.5 - 1 m) and require significantly large forces (~ 70 kN) to
operate.

On a smaller scale a compact demonstrator with stationary SMA was developed based on
Ni-Ti sheet /ribbons that were tensile driven to the martensitic transition'™. The prototype

did not use any heat transfer fluid. In that case both heat sink and heat source were
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implemented in the device. It was set up in two levels: the upper level contained the SMA
ribbon and the motors for loading and unloading, and the lower level contained two copper
blocks that acted as heat source and heat sink. These blocks were moved to make contact
with the SMA when it was loaded and unloaded thus enabling heat transfer from the cold

source to the heat sink.

In the second category, the SMA element is mobile, and it is cyclically put in contact

™ can be considered within this

with static heat exchangers. The first tensile driven device!
category. It was built as multiple Ni-Ti wires mounted between two non-parallel rotating
plates. These wires were moved from the two air streams with static flow direction (con-
sidered to be two static heat exchangers). A nicely simple compact miniature prototype
was developed based on Ni-Ti and Ni-Ti-Co thin films'™!™2, A free-standing SMA film was
placed between a heat source and sink made from copper. The surface of the heat source was
flat, whereas the heat sink had a convex surface. The film was periodically moved between
the source and the sink surface. The out-of-plane deflection caused by the convex surface
of the heat sink induced the martensitic transformation in the SMA film with the release
of latent heat and transfer to the sink by conduction. When transferred to the flat heat
source, the film cooled down due to the reverse transformation and absorbed heat from the
source. Other designs involved dual bridges but the principle of operation was similar. The

large surface-to-volume ratio of SMA films allowed for fast heat transfer thus enabling high

frequency (around 1 Hz) operation of the device.

Although there are still a number of issues to be improved (fatigue, frequency, heat
transfer, etc.), these prototypes demonstrate the possibilities of mechanocaloric effects in
solid-state refrigeration. A quantitative comparison of several cooling technologies (other

than actual vapor/compression) has recently been been reported!™

. Elastocaloric cooling
technologies showed up as the best potentially applicable one for large temperature differ-
ences between heat and cold source/sinks. The analysis was based on single-stage devices
while active magnetic refrigerator devices were taken for the magnetocaloric case. Active
elastocaloric refrigerators have already been proposed® and indeed, a successful regenerative

d176

device has been reporte with a performance that exceeds those of other devices based

on the magnetocaloric effect.
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XIII. CONCLUDING REMARKS AND OUTLOOK

Thermal effects associated with the application of a stress can be achieved by means
of hydrostatic pressure and uniaxial load thereby leading to barocaloric and elastocaloric
effects. These effects complement the intensively studied electrocaloric and particularly mag-
netocaloric counterparts and there is great hope that all these caloric effects will contribute
in the development of a future clean and environmentally friendly refrigeration technology
where it is expected that each of these caloric effects will find its own niche of applicability.
Furthermore, the combination of several effects in materials with multicaloric properties can
provide a strategy to overcome some of the limitations inherent to the physical mechanisms

behind these effects by improving their thermal response and effective reversibility

In the present review, we have examined the key properties of the most significant
mechanocaloric materials reported so far. In the vast majority of the materials the gi-
ant effect is associated with the occurence of a phase transition which involves a change
in the crystal unit cell. Many of these materials also display either electrocaloric or mag-
netocaloric effects and are good candidates for multicaloric purposes. On the other hand,
giant elastocaloric effects have almost been limited so far to shape-memory alloys which are
characterized by a huge shear strain at their martensitic transformation. Within this family,
conventional (non-magnetic) alloys seem to be the best candidates due to their enhanced
ductility in comparison with magnetic and polar compounds. In addition to crystalline
materials, a few polymeric materials have also been reported to exhibit mechanocaloric
properties and it is expected that intensive research on this kind of materials will result in

the development of materials with good mechanocaloric performance.

Although a detailed comparison of mechanocaloric to magnetocaloric and electrocaloric
materials has not been the goal of the present review, it is worth mentioning that the values
for entropy and temperature changes for barocaloric and elastocaloric materials are similar
(or in some particular materials even larger) than those reported for the best magneto-
and electrocaloric materials?. Furthermore, the efficiencies and estimated coefficients of
perfomance for mechanocaloric materials do also compare well to those for other caloric

materials!7"178.

The research in mechanocaloric materials is still in its early stages and there are a number

of aspects to be addressed to optimize their performances. Among them, hysteresis (which
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is intrinsic of first-order transitions) and fatigue seem to be key issues for implementing
materials into devices. While materials cycled by hydrostatic pressure are less affected by
fatigue, the implementation of the barocaloric effect in particular devices is still challenging
because of the requirement of a fluid transmitting pressure. However, it could be envisaged
that this fluid could also be advantageously used as a heat transmitting medium. In con-
trast, elastocaloric devices can be very simple, particularly at a relatively small scale. From
this point of view the use of wires, films and foils opens up the possibility of reducing fatigue.
Furthermore, the large surface-to-volume ratio enables fast heat transfer and also requires
very low forces to achieve large stresses thereby reducing the detrimental effect of hysteresis.
Therefore, elastocaloric effect appears as a promising technology for miniature refrigerators
and heat-pumps to be used on lab-on-chip systems or micro cooling in bio-medical technol-
ogy. It can be envisaged that elastocaloric cooling could be scaled down to the nanoscale
by taking advantage of the superelastic response (with associated large latent heat) of SMA
nano-pillars!™.

While the giant mechanocaloric materials investigated so far show promising mechanocaloric
properties and they deserve intensive research, we anticipate that extending this search to
other classes of materials such as organics, metal-organics and others, will open new avenues

with enormous potential for the development of future mechanocaloric technologies.
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FIG. 2. Shift in the transition temperature as a function of applied uniaxial stress. The inset shows
an enlarged view of the low stress region. The length of the lines is indicative of the maximum stress

applied to each material. The same color code has been used to identify the different materials in

all figures.
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FIG. 3. Shift in the transition temperature as a function of hydrostatic pressure. The length of
the lines is indicative of the maximum stress applied to each material. The same color code has

been used to identify the different materials in all figures.
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different materials in all figures.
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been used to identify the different materials in all figures.
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57| NiagsTisy (wire) C(Pm3m)-M(P2/m) 550 6500 | 300 | 5 - - 133 800 - 46 25 | - 55
5g| NiazoTisy 6 (wire) c(Pm3m)-M(P2/m) 550 6500 | 300 | 7 70-80 | 38-44 200 175 70 - - | 38 60
og| NisoTiso (film) C(Pm3m)-M(P2/m) 420 6500 | 260 | 3.5 77 48 - 500 - 26 16 | - 57
30| NisosTiass (foil) C(Pm3m)-M(P2/m) 500 6500 | 280 | 6 - - - 1300 - 100 58 | - 56
31| NisosTias 1Feq 4 (foil) C(Pm3m)-M(P2/m) 500 6500 | 200 | 4 80 32 - 500 - 42 17 | - 59
3| NiasTiaz 25CusVa7s C(Pm3m)-M(P2/m) 500 6500 | 250 | 5 40 20 - 500 - 16 8 - 61
33| NiazoTisa ¢ (wire) C(Pm3m)-R(P3) 500 6500 | 310 | 0.5 18 11 50 175 13 - - 8 60
2l TisosNizp sCus, 6 (film) C(Pm3m)-O(Pmmma) | 840(*) | 6500 | 320 | 1.5 52 20(*) - 300 - 21(*) 6 - 64
55 Tiss Nizg,Cu1,3C0, 5 (film) |  C(Pm3m)-0(Pmmma) 420 6450 | 280 | 1.7 30 20 95 200 40 15 10 | 27 65
36|_FessRhs; C(Pm3m)-C(Pm3m) 470 9800 | 310 | 0.3 13 8 -20 500 7 5 73
37| FeessPds, (s0) C(Pm-3m)-T(P4/mmm) 400 8900 | 250 | 2 1 0.6(#) 1000(#) 200 - 5 3 - 89,90
38| Nisz6Mn,9GazFe; s C(Fm3m)-M/T 450 8000 | 330 | 3 20 15 165 10 6 - - | a 106
39| NisosMny1 Gz 7Co3,4 C(Fm3m)-M/T 450 7900 | 270 | 1.8 16 10 - 10 3 - - 2 107
40| NissFeigGayy C(Fm3m)-M/T 470 8450 | 280 | 3 11 6 - 170 - 7 4 - 108
41| NissFeisGay; (sc) C(Fm3m)-M/T 460 845 | 280 | 14 | 16-20 | 10-12 300-700 150 - 13 8 - 53,109
42| NisoFe;9Ga,;Co, (sc) C(Fm3m)-M/T 450 8500 | 300 | 4.5 11 7 400 300 - 15 10 | - 110
43| CouoNizs 17Alg 3 C(Fm3m)-M/T 480 7300 | 290 | 10 44 26 240 50 - 5 3 - 53
44] NizsMnyeSnyoCuy C(Fm3m)-M/T 450 7900 |320 | 1 54 38 200 10 2 - - |15 111
45| NiggMn3gSb1,Co, C(Fm3m)-M/T 400 7700 | 300 | 2.5 34 25 130 100 20 - - | 15 112
46| NigzsMnssSn1;Cog s C(Fm3m)-M/T 500 8050 | 260 | 3 14 7 100 300 12 - - 6 113
47| NigsMng,Sny, C(Fm3m)-M/T 580 7900 | 270 | 2.3 32 15 - 260 - 13 6 - 114
48| NisssMnsgelnys sCos C(Fm3m)-M/T 460 8100 | 280 | 1 - - - 100 - 6 4 - 115
49| NigsMnag 4Iny3 6C0s C(Fm3m)-M/T 460 8100 | 250 | 3 18 10 - 150 - 7 4 - 116
50| Nisg.aMnssglnies C(Fm3m)-M/T 400 7150 | 300 | 1.5 40 30 240 250 - 5 4 - 117
51
52 TABLE 1: Physical properties for giant elastocaloric compounds. Specific heat (C); Density (p); Temperature for the forward (cooling) transition (T,); Transition strain (g); Transition entropy
gj’, change (AS,), Adiabatic temperature change (AT;) estimated from the transition entropy change, Transition temperature shift with uniaxial stress (dT/dc); Minimum value of the applied
55 Stress (Ao) to obtain reported entropy and temperature changes; Isothermal entropy change from indirect methods (AS'), and estimated from measured temperature changes (AS°) ;
56 Adiabatic temperature change determined from direct measurements (ATd), and estimated from the measured isothermal entropy change (AT®). When not reported for the particular
57 sample, specific heat and density values have been taken (or computed) for compounds with compositions close to the listed compound (the accuracy for these data is
gg estimated to be +10%) .
60
61 (*)Anomalously high C.
62
63 (#) Il defined due to the existence of a critical point at around 300 MPa

64
65
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16

17

18 Compound Crystallographic change C p T, Av/v AS, AT, dT/dp Ap AS™ AT® [ AT™ | AT® | Reference
19 (Ukg'K?) | (kgm?) | (K) % | Okg'K") | (K) | (10°KMPa™) | (MPa) | (Jkg'K™) | (K) | (K) | (K)

20 FesoRhs; C(Pm3m)-C(Pm3m) 470 9800 310 1 12 8 59 250 12 - 9 8 | 74,74
g% LaFes; 33C00.475i1 C(Fm-3c)-C(Fm-3c) 430 7200 250 1 11.4 6 94 200 8.6 2.2 - 5 |79
53] MnsGaN C(Pm-3m)-C(Pm-3m) 450 6990 290 1 22 14 -65 140 22 1.3 | 45 | 14 | 80
5] G9sSiaGe, M(P112,/a)-O(Pnma) 300 7540 260 1 21 18 35 200 11 1 - 10 | 84
=|_MnCoGey g9lNg 01 H(P65/mmc)-0(Pnma) 450 7950 310 3.9 55 38 -77 300 (52) 8.4 | (185) | 36 | 86
28 (MnNiSi)g.62(FeCoGe)g 3 H(P65/mmc)-0(Pnma) 550 7300 338 4 62 38 -75 270 74 3 16 | 33 | 87
7| Niag 26Mn36,05IN14 66 C(Fm3m) - T/M 400 8200 290 0.5 27 19 18 260 24 - 45 | 18 | 121
gl NisoMns;iny; C(Fm3m) - T/M 400 8200 275 0.5 24 16 19 250 13 - 3 9 | 122
59l NisiMnslny C(Fm3m) - T/M 400 8200 330 0.5 41 34 18 250 35 - 4 29 | 122
30| _Nis2.7C05.57MN31 67Ga14.08IN2.01 C(Fm3m) - T/M 400 8000 400 0.7 21 21 30 250 16 - - 16 | 124
37| BaTiO; C(Pm-3m)-T(P4mm) 500 6000 400 0.11 2.4 2 -55 100 1.6 - 1 2 | 127
35| BaTiOs T(P4mm)-O(Bmm?2) 500 6000 280 0.03 2.0 1 -30 100 1.3 - - 1 | 127
33| PbTiO; C(Pm-3m)-T(P4mm) 500 8740 770 0.4 27 41 -140 260 (2.7) - | (19) | 4 | 128
24| (NH,),50, O(Pnam) - O (Pna2;) 1700 1770 220 1 130 17 -50 100 60 - - 8 | 131
55 (NH,),NbOFs 0(Cmc2,)-M(C2)-M(la) 1020 1450 | 260,220 | 0.2,0.3 155 39 -45 1000 | (100) - (15) | 25 | 133
236l_(NH2);M00,F, 0(Cmcm)-0(Pnma) 1050 2580 270 0.2 83 21 93 900 (73) - | (18) | 18 | 134
37| (NHa);WO,F, O(Cmcm)-Tric(P-1) 850 3570 201 0.4 61 14 13 500 (40) - (14) | 9 | 134
3g| (NH4),SnFg Trig(P-3m1)-Tric(P-1) 570 2870 110 1 61 11 -157 100 (61) - (11) | 11 | 135
39| Rb,KTiOF, C(Fm-3m)- T(14/m) 680 2560 215 1.2 69 22 110 600 (46) - (18) | 15 | 136
40

41

42

43 TABLE 2: Physical properties for giant barocaloric compounds. Specific heat (C); Density (p); Temperature for the forward (cooling) transition (T,); Relative volume change

44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

(Av/v); Transition entropy change (AS;), Adiabatic temperature change (AT,), estimated from the transition entropy change; Transition temperature shift with pressure
(dT/dp); Minimum value of the applied pressure (Ap) to obtain reported entropy and temperature changes; Isothermal entropy change from quasi-direct methods (AS®);
Adiabatic temperature change determined from direct measurements (ATY); guasi-direct measurements (AT%), and estimated from the measured isothermal entropy
change (AT®). When not reported for the particular sample, specific heat and density values have been taken (or computed) for compounds with compositions close to the

listed compound (the accuracy for these data is estimated to be £10%).

Values in bracket for AS™ correspond to data obtained from improper quasi-direct methods (see text for details).
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