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Abstract In the past decade, there has been an increased
surge in the research on elastocaloric materials for solid-
state refrigerators. The strong coupling between structure
and magnetism inspires the discovery of new multi-field
driven elastocaloric alloys. This work is devoted to mag-
netic shape memory alloys suitable for mechanical cooling
applications. Some novel characteristics in magnetostruc-
tural transition materials other than conventional shape
memory alloys are overviewed. From the physical and
engineering points of view, we have put forward general
strategies to maximize elastocaloric temperature change to
increase performance reversibility and to improve
mechanical properties. The barocaloric effect as a sister-
cooling alternative is also discussed.
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AM Difference of magnetization between martensite and
austenite phases (emu/g)

AS  Entropy change (J/kgK)

AT  Elastocaloric temperature change (K)

T, Curie temperature (K)
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T,  Structural transition temperature (K)

H Magnetic field (T)

0 Critical stress for martensitic transformation (MPa)

Ae  Transformation strain (%)

my  Sensitivity of magnetic field to transformation
temperature (T/K)

ms  Sensitivity of critical stress to transformation
temperature (MPa/K)

Introduction

Elastocaloric refrigeration has been recognized as an
emerging energy solution to substitute the state-of-the-art
vapor compression cooling that not only requires lots of
electricity but also is environmentally unfriendly [1]. The
principle of elastocaloric effect is to take the latent heat in
structural phase transformations by the application of a
uniaxial stress [2]. The typical elastocaloric materials are
shape memory alloys, such as Ti-Ni [3] and Cu-Zn-Al [4],
which exhibit stress-induced reversible martensitic trans-
formation and associated large latent heat. Besides, the
elastocaloric effect has been observed in nature rubber [5]
and some oxides [6]. As shape memory alloys find a
number of advantages (e.g., large potential of cooling
capacity, high thermal transfer ability and good fatigue
life), they have been suggested to be the preferred regen-
erates for the current elastocaloric refrigeration systems.
Particularly, in magnetic shape memory alloys, the elas-
tocaloric effect that stems from the magnetostructural
transformation could be very specific due to the coupling of
different degrees of freedom of magnetism and lattice
structure. In this unique case, phase transformation char-
acters can be manipulated by the separation or the com-
bination of magnetic and stress fields, through which the
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cutting-edge multi-caloric effect is generated [7]. Several
comprehensive overviews on conventional elastocaloric
alloys and integrated systems are available in the past
2 years [8—12]. The present review paper will emphasis the
recent progress in elastocalorics on magnetic shape mem-
ory alloys. The strategies to enhance the cooling perfor-
mance in magnetic shape memory alloys are also
discussed.

Magnetic Elastocaloric Materials

Magnetic shape memory alloys can be classified into two
sorts: ferromagnetic shape memory alloys (e.g., Ni-Mn—-Ga
and Ni-Fe-Ga) and metamagnetic shape memory alloys
(e.g., Ni-Mn-In and Ni-Mn-Sn). The former one in most
cases takes place between two ferromagnetic phases of
austenite and martensite. In some cases, the magnetic and
structural transitions couple, but this magnetostructural
transition is accompanied with a small difference in mag-
netization (AM ~ 20 emu/g) between two phases. So the
phase transformation needs to be driven by a relatively
large magnetic field. In the late case, the austenite is fer-
romagnetic, whereas martensite is antiferromagnetic with a
large AM up to 100 emu/g. This results in an inverse
magnetocaloric effect under a lower magnetic field. Studies
of elastocaloric effect have been carried out in both classes
of magnetic shape memory alloys. In 2010, an independent
application of uniaxial stress and magnetic field started in
Ni-Mn-Fe-Ga alloys, and the corresponding entropy
changes were compared [13]. The elastocaloric effect
measured under magnetic field was first studied in 2011 on
Ni—Mn—-Ga—Co magnetic Heusler shape memory alloys by
calculating its isothermal stress-induced entropy change
[14]. Tt is clearly demonstrated that the coupling of uniaxial
stress and magnetic field increases both the entropy change
and cooling performance, thus supporting the concept of
the multi-caloric effect. We recently studied the strength of
the magnetostructural interplay in Ni-Mn—Ga—Cu alloys by
Landau model, and found that the elastocaloric entropy
change accounts for about 53%, while magnetocaloric
entropy change about 47% in the total entropy change. In
2013, the combination of elasto- and magnetocaloric
effects has been proven to improve the refrigeration
capacity of the Ni-Mn—Sn—Cu metamagnetic shape mem-
ory alloy [15]. Later on, the direct measurement of adia-
batic temperature change (AT) was utilized to estimate the
elastocaloric properties in Ni-Mn—In—(Co) [16-18], Ni—
Fe—-Ga—(Co) [19-21], and Ni-Mn-Sn alloys [22]. In order
to avoid crack initiation, the input mechanical work is
limited for Ni—-Mn-based polycrystals. For instance, the
applied stress was set less than 150 MPa [17] or applied
strain was smaller than 2% [22], with which the martensitic

transformation is usually incomplete. Then, a moderate
AT magnitude of 3—4 K was detected. This elastocaloric
effects due to partial transition have surpassed that in
ceramics, but lower than those observed in Ti-Ni and Cu—
Zn—Al. The lower AT also originates from the competition
between vibrational term (e.g., +5.5 K in Niys57Mnzg ¢
In;53Cos) that contributes positively and magnetic part
(—2 K) that works against, to the total cooling effect [16].
Nevertheless, when considering the specific AT per stress
or strain, they are comparable to those observed in thermal
shape memory materials, as shown in Fig. 1. As Ni-Fe-Ga
alloys are much more ductile, it is possible to driven the
higher portion of martensitic phase and achieve higher
AT. To date, we have discovered an 11 K giant AT under a
100 MPa low stress in a Ni-Fe—Ga—Co single crystal, and
more importantly it does not show any degradation after
10* mechanical cycles [23].

Specifics of Magnetic Materials for Elastocalorics
Magnetically Tuned Transition

The first-order phase transformation is always accompa-
nied by large thermal and stress hysteresis which in most
cases strongly prevents functional materials from practical
applications, particularly for solid cooling uses. In addition,
the functionality of shape memory alloys degrades signif-
icantly with cyclic mechanical loadings. Only after a
complete transformation on the initial dozens of cycles, the
binary Ti-Ni showed a reduced elastocaloric effect by
15%, and then trend to be stabilized in superelasticity and
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Fig. 1 A comparison of the specific adiabatic temperature change
(IAT/o.,l and IAT/Agl) at room temperature for various elastocaloric
materials. Solid circles represent Ni;Mn-based Heusler alloys. Solid
triangles represent NiFeGa-based Heuslers. The data were taken
from Ref. [20] and the related literatures as quoted therein
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temperature change [24]. This functional degradation is
related to the formation of stressed-transition layers
between austenite and martensite phases due to the lattice
mismatch. It is proposed to eliminate this stressed-transi-
tion layer by making the lattice parameters satisfy the
kinematic conditions of compatibility [25]. As demon-
strated in a particular Tis4NizuCuy, thin film with the
presence of coherent Ti,Cu precipitates [26], the functional
durability can be strongly improved and does not degrade
even after million mechanical cycles. On the other hand,
once fixing the optimized composition, the characteristic
temperatures and driven stress for martensitic transforma-
tion are not easy to change for conventional shape memory
alloys. This is unfavorable in a wide cooling span for
elastocaloric systems which need cascade refrigerants with
tunable transitions. It is true that the temperature window
can be widened by means of increasing the applied stress
well above the transition, but the engineers prefer to keep a
constant stress for the simplicity of cooling machine design
and implement.

Magnetostructural transition can be triggered by different
stimulus, therefore magnetic field becomes the second option
aside from stress. The sensitivity of the driving magnetic field
to transformation temperature (my = dH/dT,,) is a key
parameter for the improvement of AT in magnetocaloric
materials [27]. The my value tends to be small at lower
magnetostructural transition temperature range, and far from
the Curie temperature of austenite, which seems to be closely
linked to the nature of first-order transition. The optimization
of my plays an important role in maximizing AT in the finite
magnetic field [28]. This argument makes the same sense for
elastocaloric effect, as discussed in the following part.
Another routine to tune magnetostructural transition in Ni—
Mn—(In,Sn) alloys is the variation of the degree of atomic
ordering. For instance, T, in the Ni-Mn-In system is
adjustable in 30 K temperature range by an aging processing
at 500-600 K, as a result of the effect of the magnetic
exchange coupling variations on the free energy difference
across martensitic transformation [28, 29].

Lattice Softening

Among numerous magnetic and non-magnetic materials
undergoing martensitic transformations, the cubic austenite
exhibits the anomaly of pronounced softening of elastic
coefficients when approaching T;,. For magnetic shape
memory alloys, the most dramatic softening of the TA,
phonon branch appears around the ferromagnetic ordering
temperature due to the strong magnetoelastic coupling.
Since the magnetocrystalline anisotropy constant is rather
low (K, ~ 10? J/m? for Ni,MnGa [30]) and the magne-
tostriction is relatively large (1 ~ 100 ppm for Ni,MnGa
[31]), the elasticity in the shear coefficient of C’ becomes

@ Springer

very unstable affected by temperature or magnetic field
[32]. As a result, the Debye temperature varies by the
elastic constants according to Launay model [33]. Based on
Debye theory, the vibrational entropy can be estimated by

Syib(®) = —3NkgIn[l — exp(—0O/T)]

T\ 30/T 3 dx
+12NkB(—> -

®) , expx)—1’ (n)

where N is the number of atoms per mole, kg is the
Boltzmann constant, and ©® is the Debye temperature.
From this, a preliminary assumption can be deduced that
the vibration entropy change across first-order martensitic
transformations should be significant on the second-order
Curie transitions (7;) of austenite. In fact, several experi-
mental results have revealed the maxima AS of transfor-
mation entropy change when the T}, and T, are closer [34].
It should be noted that AS can be affected by a couple of
factors, such as lattice structures, transformation tempera-
ture, and magnetoelastic coupling. A high distortion in
lattice symmetry normally brings about a higher AS as
observed in Ti—Ni [35]. Through a comprehensive study on
the effect of alloy composition on the latent heat, Frenzel
et al. [36] found a linear increase of latent heat with
increasing transformation temperature in Ti—Ni-based
alloys. In the case of Ni-Mn—Ga magnetic shape memory
alloys (Fig. 2), by keeping the same 7 M martensitic
structure, we found that the magnetoelastic coupling is a
dominate source to the large AS, whereas the influence of
transformation temperature is less pronounced. Moreover,
an abrupt softening in the austenite lattice and corre-
sponding large change in vibrational entropy at 7. was
observed in Ni-Mn-In—-Co by inelastic neutron scattering
measurement [37], suggesting the opportunity of exploiting
caloric effects of the second-order transition itself either
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induced by magnetic field or by stress. This extra part may
further enhance the martensitic transformation entropy
change and elastocaloric effect [22].

An extreme example of lattice softening is exhibited in
Fe-Pd ferromagnetic shape memory alloys. These alloys
undergo a second-order-like martensitic transformation
with a smeared discontinuity and a small C’ less than 1 GPa
[38] for austenite (in comparison C about 14 GPa in Ti-Ni
[39]). Even in martensitic state, the softening of C' was
reported. Consequently, the large elastocaloric effect of
3 K was reported for both austenite and martensite in Fe—
Pd single crystals [40, 41]. The most highlight in Fe-Pd is
that the origin of elastocaloric effect is from the lattice
softening instead of the latent heat of structural transfor-
mation [40].

Critical Stress for Martensitic Transformation, é

The stress onset indicates the driven force in an ideal
isothermal superelasticity (without stress fluctuation during
transformation). The parameter ¢ is crucial for the specific
elastocaloric properties of refrigerant materials, but even
for the entire mass and volume of the elastic cooling
devices. Intrinsically the value of ¢ is increased linearly
with testing temperature above austenite finish temperature
Ay. It also can be influenced by the microstructure, crystal
orientation, and deformation type. Chumlyakov et al. [42]
compared the J magnitude for some single-crystalline
[001]-oriented magnetic shape memory alloys (Co—Ni—Ga,
Co—Ni—-Al and Ni-Fe—Ga) and Ti-Ni. They found that at
temperatures slightly above Ay, magnetic materials always
showed much lower superelastic stress (20-40 MPa) than
Ti-Ni (about 300 MPa). One can assume that ¢ is corre-
lated with the twinning stress as low as 5 MPa for the
rearrangement of martensitic variants. From the
microstructural point of view, the martensite of magnetic
shape memory alloys consists of nano-twinned modulated
structure with the low twin boundary energy [43]. These
particular features allow us to potentially miniaturize
elastic cooling devices.

Temperature Dependence of Critical Stress, m

In this part, we focus on a central parameter, the sensitivity of
critical stress to temperature, which now refers to mg = dé/
dT. From the well-known Clausius—Clapeyron equation:

AS = A, x (d6/dT) x (=1/p) = A, x ms x (—1/p),
(2)
AT =~ (T x AS)/C,, (3)

where Ag is the transformation strain, p is mass density,
and C, heat capacity, the theoretical total entropy change
and temperature change by stress strongly lies on the value
of ms. However, this upper limit of elastocaloric effect is
only deduced from the angle of ideal conditions. In reality,
the stress-induced martensitic transformation proceeds
inhomogeneously, giving rise to a finite transformation
width. As shown in Fig. 3a, if the value of mg appears too
large, the stress cannot fully induce the transformation and
thus obviously reduces AT. Therefore, an optimization of
mg is highly necessary. Conversely, the complete marten-
sitic transformation easily undergoes at the same stress for
a smaller mg. In the meantime, the stress hysteresis (Ad)
depends on mg too. For example, when two materials have
the same transformation temperature hysteresis, the higher
slope in the 7-0 diagram, corresponding to the smaller mg
indicates the lower stress hysteresis, as seen in Fig. 3b.
From above, we can get to know that the temperature
dependence of critical stress manipulates numerous elas-
tocaloric properties including entropy/temperature change,
transformation portion, and stress hysteresis. Figure 4a
displays this parameter in various magnetic and non-mag-
netic elastocaloric materials. To date, the physical origin of
mg is not yet very clear. It is likely ascribed to the different
element formation enthalpy that leads to different tem-
perature stability of energy barriers between martensite and
austenite.

From Eq. (2), mg is a crucial but not the solely decisive
factor for AS and AT. Besides, the elastocaloric perfor-
mance mainly depends on deformation orientation and
transformation strain. The transformation strain Ag¢ that is
directly related to the lattice parameters of transformation
phases, must be maximized for achieving a large elas-
tocaloric effect. The lattice distortion can be simplified
based on cubic coordinator in Heusler-type alloys, by the
ratio of the short axis in tetragonal martensite to the orig-
inal axis of cubic austenite, e.g., c/ay. For example, the
ductile Ni-Fe-Ga-based alloys exhibit a large Ae¢ and
resulting large AT, while Ni-Mn-Sn-based alloys show a
higher mg but much lower AT due to its small Ag, as shown
in Fig. 4b and c.

Irreversibility

The elastocaloric irreversibility, which refers to the dif-
ference in AT between loading and unloading processes
due to energy losses in deformation stage [44], is a crucial
parameter for elastocaloric refrigeration. To enhance the
cooling capacity and reduce the energy loss of elastocaloric
materials, the degree of elastocaloric reversibility should
be improved. It should be noted that there are two factors
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that affect the cooling efficiency and related temperature
change irreversibility.

First, the stress hysteresis arising from intrinsic
mechanical dissipative heat of internal friction is defined as
the difference between the stress during loading and
unloading stage. The stress hysteresis is primarily influ-
enced by frictional resistance, variant interaction, and
matrix strength [45]. The irreversible frictional dissipation
of the interface between austenite and martensite promotes
higher stress hysteresis. Frictional work is spent in over-
coming resistance to interfacial motion, the resistance
scales with the strength of the parent phase [46]. Likewise,
the interaction between existing variants and a nucleating
one in multi-variant martensitic transformation contributes
an additive part to the increase of the stress hysteresis [45].
The matrix strengthening makes a negative contribution to
the stress hysteresis. It is reflected by the rising slope of
temperature dependence of the critical stress. Strengthen-
ing mechanisms accompanied by high elastic energy stor-
age assists the reverse transformation and then decrease the
stress hysteresis. Besides, the matrix strengthening sup-
presses dislocation nucleation.

The large stress hysteresis has negative effects on
refrigerating efficiency and fatigue life of elastocaloric
materials. As the stress hysteresis cause an entropy gen-
eration, it increases the adiabatic AT during loading and
decreases AT during unloading. The reversibility of tem-
perature change is destroyed. Meanwhile, the increased
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stress hysteresis increases the input work and then
decreases the cooling efficiency of the refrigeration system.
On the other hand, the large stress hysteresis contributes to
the appearance of temporary residual strain and damages
the fatigue life.

In addition to the stress hysteresis, temporary residual
strain is the main source of irreversibility, which is usually
encountered at high-strain-rate unloading [47]. The distinct
feature of temporary residual strain is a delay in shape
recovery after the mechanical stress releases. Upon fast
unloading, the strain response falls behind the stress
application and cannot resume immediately when the zero
stress is reached. After a few minutes, as the temperature
slowly rises to the ambient, the residual martensite is able
to transform back to austenite and shape gradually recov-
ers. Such residual strains could lead to a relaxation pro-
cessing and destroy adiabatic condition, and thus result in a
reduced temperature change during unloading.

In order to diminish the temperature irreversibility,
matrix strengthening is useful for reducing the stress hys-
teresis. It is known that dynamic deformation conditions,
temperature change, and ambient temperature also have
direct impacts on both irreversibility sources [21]. It is
helpful to reduce the stress hysteresis and avoid the
appearance of temporary residual strain by choosing proper
deformation parameters and/or slightly raising the ambient
temperature [21]. Besides, enhancing the heat transfer
between the specimen and ambient can eliminate the
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negative impact of temperature change and decrease the
irreversibility sources [44].

Ductility Improvement

From the application point of view, good ductility is
desirable for the elastocaloric effect. However, the poly-
crystalline magnetic shape memory alloys are usually
brittle, especially for Ni-Mn-based alloys. The poor duc-
tility is one of the biggest challenges in the utilization of
Ni—Mn-based alloys as refrigeration materials. In order to
improve the ductility of the alloys, multiple strategies have
been adopted. Because cracks prefer to initiate and prop-
agate along the grain boundary, the strengthening of the
grain boundary is an effective way. Single crystals without
the grain boundary and textured polycrystalline with
modified grain boundary have been prepared for elas-
tocaloric samples with reduced brittleness [16, 18, 20, 21].

Introducing a soft phase is an idiomatic way to improve
the ductility of the magnetic shape memory alloys [48-51].
The f.c.c. structure phase can be produced either by tai-
loring composition or post-annealing processing. Although
the secondary phase inevitably hinders the magnetostruc-
tural transformation, the dual-phase Ni—Fe—Ga polycrys-
talline alloy with the precipitates along the grain
boundaries shows much better ductility than the single-
phase alloy under the precondition of an equivalent elas-
tocaloric effect [19]. Alloying with rare-earth has been
reported to be another potential way of reducing brittleness
in magnetic shape memory alloys [52]. In alloys with low
rare-earth content, adding the rare-earth element not only
effectively refines the grain size, but also induces a rare-
earth-rich phase along the grain boundaries. This combined
effect leads to an apparent enhancement of the ductility of
the alloys. In alloys with high rare-earth content, however,
the benefits resulting from the refinement are offset by the
expansion of the secondary phase. Neverthless, the newly
proposed Ni-Mn—Ti magnetic shape memory alloys, which
completely consisting of d metals, exhibit better ductility
than the conventional Ni-Mn—(In,Sn,Sb) alloys which
always contain main-group elements [53]. The principle of
the mechanical enhancement in these new alloys has not
yet been clarified.

Magneto-Volume Transitioned Materials
and Barocaloric Effect

The magneto-volume effect occurs in some ferrous alloys
with a large spontaneous magnetization difference across
transition. In consequence, hydrostatic pressure is one of the
state variables to induce metamagnetic transition and cause a

barocaloric effect. As the barocaloric effect is strongly
associated with the cross-correlation between the volume
and magnetic order, it unnecessarily requires shear-mode
martensitic transformation. Thus the selectable systems can
extend from Ni-Mn-based shape memory alloys [54-56] to
many other candidate materials, such as the itinerant-elec-
tron-metamagnetic La—Fe—Si—Co [57], hexagonal Mn—Co—
Ge [58], Lag7Pby3sMnOs; manganites [59], Mn;GaN
antiperovskite [60], and ferrielectric ammonium sulfate [61].
One of the significances of barocaloric effect is that there are
much less plastic deformation caused energy losses or
mechanical breakdown. Also, it would be attractive to con-
struct a bi-layer with barocaloric thin film and ferroelectric
substrate. In this heterostructure, the barocaloric effect is
induced by electric field [62, 63], which is very promising for
the downsizing of mechanical cooling accessories for cool-
ing tiny electronic devices.

Conclusion

To achieve the wide temperature span and high power for
elastocaloric refrigeration or heat pump, the combination
of large latent heat, narrow hysteresis losses, and low dri-
ven force is strongly demanded from the material point of
view. The utilization of multiple fields to manipulate the
magnetostructural transition allows us to in-depth under-
stand the physical origin of magnetic lattice distortion
during martensitic transformation. It is also of great
importance to investigate the transformation behavior,
superelastic homogeneity/stability, and elastocaloric effect
for micro- and nano-scale (magnetic) shape memory foils,
films and pillars, towards their novel applications.
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