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Elastocaloric refrigeration technology is a highly efficient and environmentally friendly solid-state alternative to con-
ventional vapor-compression refrigeration systems, leveraging the elastocaloric effects generated during the stress-induced
martensitic transformations in shape memory alloys (SMAs). The cooling performance of this emerging technology pri-
marily depends on the comprehensive properties of SMAs, which serve as the refrigerants. To date, various SMAs, such as
Ni—Mn-based, Ni-Ti-based, Co-based, Ni-Fe—Ga-based, and Cu-based alloys, have demonstrated significant elastocaloric
effects. However, the development of elastocaloric refrigeration applications is often severely hindered by other crucial
properties of these SMAs, such as transformation temperature, transformation stress, stress hysteresis, coefficient of per-
formance (COP), fatigue resistance, and cost. In this article, we provide a concise overview of recent research progress
in elastocaloric performance across various SMAs, with a focus on the optimization strategies and the underlying mi-
crostructural mechanisms. Meanwhile, this review aims to provide actionable guidance and a comprehensive roadmap for
the development of high-performance SMAs, facilitating the transition from laboratory-scale breakthroughs to practical

elastocaloric refrigeration applications in the near future.

Keywords: solid-state refrigeration, elastocaloric effect, shape memory alloys, martensitic transformation

PACS: 62.20.fg, 61.66.Dk, 61.82.Bg
DOI: 10.1088/1674-1056/ae48b8

1. Introduction

Refrigeration technology has become essential in various
aspects of modern society, including cold storage, cold-chain
transportation, temperature control for residential and indus-
trial space, as well as agricultural production. The traditional
vapor-compression refrigeration technology remains the most
widely used and commercially viable refrigeration method,
having been in large-scale use for over a hundred years.!!]
Nowadays, vapor-compression refrigeration systems primar-
ily employ gaseous hydrofluorocarbons (HFCs) as refriger-
ants, which achieve the refrigeration effect through liquid-
to-gas phase transformation accompanied by the release and
absorption of latent heat. However, HFCs are potent green-
house gases with global warming potentials (GWP) signif-
icantly higher than that of CO,. Their leakage contributes
significantly to global warming and exacerbates environmen-
tal problems.!”) Hence, it is imperative to explore innova-
tive refrigeration technologies with less environmental im-
pact. The emerging green solid-state refrigeration technolo-
gies, which utilize thermal effects from solid-solid transfor-
mations, have attracted substantial research attention in re-
cent decades due to their environmental advantages and ab-
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sence of direct greenhouse gas emissions. 3= These technolo-
gies can be classified into four primary categories based on
their external driving stimuli: magnetocaloric (magnetic field-
induced), electrocaloric (electric field-induced), barocaloric
(pressure-induced), and elastocaloric (uniaxial stress-induced)

(6-18]1 Among these, elastocaloric refrig-

refrigeration systems.
eration technology was identified by the U.S. Department of
Energy in 2014 as one of the most promising solid-state al-
ternatives to conventional refrigeration technologies and has
since received considerable attention.!'”! High-performance
elastocaloric materials, serving as the core of elastocaloric re-
frigeration devices, play a crucial role in advancing the prac-
tical application of this refrigeration technology. Currently,
shape memory alloys (SMAs, including Ni-Ti-based, Cu-
based, Co-based, Ni-Fe—Ga-based, and Ni-Mn-based alloys)
have demonstrated significant elastocaloric effects, which
arise from stress-induced first-order martensitic transforma-
tion, thereby making them the predominant choice for elas-
tocaloric materials.!”?°>7 Among various SMAs, Ni—Mn-
based Heusler-type SMAs and Ni-Ti-based SMAs stand out
due to either a colossal elastocaloric effect or long-term func-
tional stability, which serve as two critical performance met-
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rics for practical elastocaloric refrigeration applications.

Essentially, the elastocaloric effect refers to a thermal re-
sponse that fundamentally relies on the release and absorp-
tion of latent heat as well as changes in entropy during the
reversible martensitic transformation induced by cyclic uniax-
ial loading and unloading.!”®! The testing temperature must
be above the reverse martensitic transformation finish tem-
perature (A¢), which is a prerequisite for achieving effective
elastocaloric effects through complete transformation during
unloading. Notably, since primary refrigeration applications
operate around room temperature, the A¢ of elastocaloric ma-
terials should be below room temperature to facilitate effi-
cient room-temperature refrigeration.!*”! Moreover, the crit-
ical stress for martensitic transformation increases linearly
as the ambient temperature increases. 2! Therefore, the test-
ing temperature cannot significantly exceed Ar; otherwise, the
driving force required for refrigeration would increase. The
magnitude of elastocaloric effects can be well quantified by
the adiabatic temperature change AT,q and the isothermal en-
tropy change ASis.?! The AT,4 can be directly measured us-
ing a thermocouple attached to the specimen surface or a non-
contact infrared camera. Meanwhile, ASj, can be indirectly
calculated from stress—strain curves obtained at different test-
ing temperatures, based on the Maxwell relation!®!

1 r¢/do
ASiSO—E/O <8T>£d£’ )

where p denotes the density of the elastocaloric material. Fur-
thermore, the AT,q can be approximately estimated by the fol-

lowing relation: 3]

T
ATy~ C—ASiSO, 2
p

where Cj, is the specific heat capacity of the material. A large
AS;so often leads to a large AT,q and significant elastocaloric
effects. Essentially, the larger lattice distortion during marten-
sitic transition reflects a more pronounced first-order phase
transformation and is closely associated with a larger ASjg,
value.[??!

Additionally, the cyclic stability of the elastocaloric effect
is a critical determinant for practical applications. Specifically,
fatigue of most elastocaloric materials represents a major bot-
tleneck for the realistic implementation of elastocaloric refrig-
eration, encompassing both functional fatigue (the degradation
of the elastocaloric effect and its reversibility) and structural
fatigue (the loss of material integrity). To achieve superior
elastocaloric performance, excellent mechanical properties,
particularly high strength combined with non-brittleness, are
essential prerequisites. These mechanical characteristics play
a critical role in inhibiting dislocation motion and prevent-
ing defect generation and accumulation during cyclic load-
ing, thereby ensuring complete induction, as well as excellent

reversibility and long-term cyclic stability of the martensitic

1321 The coefficient of performance (COP) is an

transformation.
important property used to quantify the refrigeration efficiency
of elastocaloric materials. COP is defined as the amount of
cooling produced per unit of dissipated work and is calcu-
lated as the ratio of the cooling power (AQ)) to the input work
(AW)): 33
AQ
COP = W 3)

Here, AQ is the extracted latent heat, which can be estimated
by[34,35 ]

AQ = Cp- ATy, “

AW, corresponding to the area of the stress hysteresis loop,
can be integrated from the stress—strain curve.*¢! Therefore, a
highly efficient elastocaloric refrigeration system requires ma-
terials that exhibit low AW and high AQ during stress-induced
martensitic transformation. Notably, COP can be classified
into two types: COPrevyerseBrayton and COPReyersestirling, Which
correspond to the reverse Brayton cycle and the reverse Stir-
ling cycle, respectively.[?”] Specifically, the reverse Brayton
cycle consists of two isostress heat transfer processes and two
isentropic phase transfer processes. The reverse Stirling cy-
cle consists of two isostress heat transfer processes and two
isothermal phase transfer processes. As a result, the measured
COP value of an elastocaloric material depends on the specific
cycle configuration during the measurements.

As is known, hysteresis is an inherent and unavoidable
characteristic of first-order phase transformations, stemming
from energy dissipation through frictional work and the gen-
eration of crystal defects (such as dislocations) during the re-
versible transformation, which could lead to material fatigue
and failure. 3238411 Consequently, apart from a large AT,q, a
smaller stress hysteresis, corresponding to less energy dissi-
pation, is also desirable for optimizing the elastocaloric per-
formance. Additionally, another important elastocaloric per-
formance metric is the specific adiabatic temperature change
AT,q/0,1*?! denoting the adiabatic temperature variation per
unit of applied stress and partially reflecting the refrigeration
efficiency of an elastocaloric material. A large AT,q/0 demon-
strates a clear advantage for the application in elastocaloric re-
frigeration.

Up to now, numerous research efforts have been devoted
to the exploration and development of high-performance elas-
tocaloric materials. Notably, maximizing one material prop-
erty for elastocaloric applications often comes at the expense
of other critical properties required for practical implemen-
tation. Here, we present a comprehensive review of recent
advances in enhancing elastocaloric performance and investi-
gating the underlying microstructural mechanisms in various
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SMAs. This review aims to provide guidance and future per-
spectives for developing high-performance elastocaloric mate-
rials and elastocaloric refrigeration prototypes.

2. Ni-Mn-based elastocaloric alloys

Ni—Mn-based Heusler-type magnetic SMAs are among
the earliest and most extensively researched materials con-
sidered as promising candidates for elastocaloric refrigera-
tion, primarily taking into account the large unit cell volume
change AV /V in the master alloy NisoMnsq alloy, [43] which
may lead to large elastocaloric effects. Usually, Ni-Mn-based
SMAss exhibit intrinsic brittleness, originating from poor grain
boundary cohesion,**! which hinders their practical imple-
mentation in elastocaloric refrigeration. This mechanical lim-
itation can lead to premature structural failure during stress-
induced martensitic transformation, compromising the elas-
tocaloric response and the long-term operational stability nec-
essary for commercial elastocaloric applications.

Cong et al.”??! proposed a novel design strategy based
on boron (B) microalloying in all-d-metal Ni-Mn-Ti alloys,
which exhibit not only a large AV /V during the phase trans-
First,
all-d-metal Ni-Mn-Ti alloys are selected due to their rela-

formation but also improved mechanical properties.

tively low intrinsic brittleness compared to other Ni-Mn-based
alloys.*! Second, B microalloying, which has been proven
effective in enhancing the ductility and processability of struc-
tural intermetallics such as Ni3Al, NisFe, and FeAl, 1“1 fur-
ther strengthens grain boundary cohesion in Ni-Mn-Ti alloys,
despite a slight reduction in ASjs, upon B doping. Meanwhile,
the tunable transformation temperature can be brought down
to slightly below room temperature by adjusting the Ti and
B content, enabling the achievement of a room-temperature
elastocaloric effect. Notably, significantly large AV /V values
above 1.89% are obtained during martensitic transformation in
the (NisoMnso_,Tiy)99.gBp2 (x = 18 and 18.5) alloys, which
are much higher than those reported in other Ni-Mn-based
Heusler SMAs (Fig. 1(a)).[22 Consequently, as shown in
Fig. l(b), the bulk polycrystalline (Ni50MI‘131_5Ti18_5)9948B0_2
alloy exhibits a strikingly high AT,4 value of 31.5 K during
unloading at near room temperature (~ 308 K). This colossal
elastocaloric effect far exceeds that directly measured in all
elastocaloric, electrocaloric, and barocaloric materials at that
time. This remarkable result, achieved in bulk polycrystalline
materials that are inexpensive to fabricate and can be easily
scaled up, represents a significant step forward toward the
large-scale application of high-efficiency and environment-
friendly elastocaloric refrigeration technologies.
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Fig. 1. (a) Correlation between the transformation entropy change AS; and the unit cell volume change AV /V across the transformation in
Ni-Mn-based Heusler alloys. (b) Temperature variation in the (NisopMn3; 5Ti13.5)99.8Bo.2 alloy as a function of time during loading, holding, and
unloading stages. The maximum applied stress is 700 MPa, and the strain rate € for loading and unloading is displayed in the figure. Adapted

from Ref. [22].

During the loading stage of elastocaloric cooling cycles,
stress-induced martensitic variants often form asynchronously
and with misaligned orientations across adjacent grains, which
generates localized stress concentrations and crack initiation at
grain boundaries.*>!) In Ni-Mn-based intermetallic SMAs,
the problem is further exacerbated by intrinsic grain bound-

5.4 Consequently, these combined factors ul-

ary brittlenes
timately lead to degradation of the cyclic stability in elas-
tocaloric performance. Yang et al.l?! significantly improved

the cyclic stability of Ni-Mn-In intermetallic alloys through

B microalloying. In addition to enhancing grain boundary co-
hesion, which suppresses fatigue crack initiation and propa-
gation along grain boundaries during stress-induced marten-
sitic transformation, B addition also leads to grain refinement,
thereby increasing both yield strength and fracture strength
in B-doped alloys. This strengthening mechanism is com-
parable to that observed in TiAl structural intermetallics. >3]
Therefore, the excellent mechanical properties effectively in-
hibit localized plastic deformation by dislocation slip dur-
ing phase transformation, which can give rise to crack ini-
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tiation during cyclic loading. Moreover, the misorientation
between neighboring grains is reduced in fine-grained al-
loys, promoting more synchronized stress-induced transfor-
mations across adjacent grains and thereby alleviating stress
concentrations at grain boundaries. As a result, the optimized
novel (Nis; sMn33Ins.5)99.7Bg 3 alloy exhibits a fine-grained
microstructure with a grain size of approximately 20 pm,
achieves a moderate room-temperature AT,q of up to 6.6 K
during unloading at 303 K, and maintains a stable elastocaloric

effect with negligible degradation over 150 cycles (Figs. 2(a)—
2(c)).’?) These advantages make the designed Ni-Mn—-In-B
alloy a promising candidate for potential room-temperature
elastocaloric refrigeration applications. In contrast, the ternary
B-free Nis; sMn33In;s 5 alloy, which has a coarse-grained mi-
crostructure with a grain size of approximately 120 pm, ex-
hibits rapid degradation of the elastocaloric effect after only
about 20 cycles and ultimately fractures by the 23rd cycle
(Figs. 2(d) and 2(e)).
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Fig. 2. (a) SEM secondary electron micrographs of the (Nis; sMn33In;s.5)997Bg. 3 alloy at room temperature. (b) Temperature variation of the
(Nis; sMns3Ings 5)99.7Bo 3 alloy during loading up to 550 MPa, holding, and unloading with a high strain rate of 4.2 x 1072 571 shown as a
function of time. (c) Temperature variation of the the (Nis; sMn33In;5.5)99 7B 3 alloy during loading up to 300 MPa, holding, and unloading at

a high strain rate of 1.4 x 1072 s~

, shown as a function of time. (d) SEM secondary electron micrographs of the Nis; sMn33In;s 5 alloy at room

temperature. (e) Temperature variation of the Nis; sMn33In;s 5 alloy during loading up to 300 MPa, holding, and unloading at a high strain rate

of 1.4 x 1072 5!, shown as a function of time. Adapted from Ref. [52].

Subsequently, Yang et al.!?*! further employed the si-
multaneous substitution of Fe for In and Ni to counteract
the effect of B microalloying on the transformation temper-
ature. Moreover, the formation of B-rich nanoscale NiBH™
clusters along grain boundaries, as shown in Fig. 3(a), ef-
fectively traps hydrogen, thereby suppressing hydrogen em-
brittlement and enhancing grain boundary strength. Through
the synergistic effects of B microalloying and Fe substi-

tution, the (Nis;Mns3Inj4Fes)994Bog alloy achieves an Ag
slightly below room temperature, indicating a promising op-
erational temperature range for elastocaloric refrigeration ap-
plications near room temperature. The elastocaloric ef-
fect of the Nis;Mns3Ini4Fe, alloy remained nearly un-
changed over 109 loading—unloading cycles before fracture
occurred, demonstrating that Fe substitution partially im-

proves the cyclic stability of the elastocaloric effect compared
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to the ternary Nis; sMn33In;s 5 alloy.3! Notably, the B-doped
(Nis;Mn33Inj4Fe;)99.4Bg ¢ alloy, with an average grain size of
approximately 15 pm, exhibits significantly improved cyclic
stability, maintaining a consistent AT,q of 5.6 K with no ob-
servable degradation over 2700 cycles (Fig. 3(b)), and show-
ing no structural damage after testing. This highlights that
the (Nis; Mn33In;4Fe;)99 4B g alloy achieves a remarkable en-
hancement in cyclic stability, which is two orders of magni-
tude greater than that of conventional Ni-Mn-based SMAs.
Tang et al.®¥ simultaneously introduced Cu and B into the
Ni-Mn-In alloy, achieving both a high AT,4 and improved
cyclic stability. The (NispMn31In;6Cu;)99 8B alloy exhibits
a large AT,y of 9.5 K during unloading after the application
of a stress of 220 MPa at room temperature, yielding a high
AT,/ 0 value of approximately 43.2 K-GPa~!. Even after 100
loading—unloading cycles at a strain of 3%, the AT,q remains
stable in both the loading and unloading processes, with no
noticeable degradation. The average AT, values are approxi-
mately 7.5 K during loading and 6.8 K during unloading. The
remarkable functional performance can be attributed to the ex-
cellent mechanical properties induced by Cu and B co-doping,
which enable a large transformation fraction in the Ni-Mn—In—
Cu-B alloy. In contrast, the ternary Ni-Mn-In alloy exhibits
poor mechanical properties due to the intrinsic brittleness of

its intermetallic matrix, resulting in a low AT,q of only 1 K.[>4l

(a)
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Fig. 3. (a) The 3D atom probe tomography (APT) reconstructions of
the (Nis;Mn33In;4Fes)994Bo ¢ tip specimen, showing the atomic distri-
butions of Ni, Mn, In and Fe, as well as the NiBH* segregation around the
grain boundary, together with the iso-concentration surface of NiBH+ at
0.8% (lower right panel). (b) Temperature variation as a function of time
recorded during the 300th, 900th, 1500th, 2100th and 2700th loading,
holding, and unloading cycles for the (Nis;Mns3Inj4Fes)994Bg ¢ alloy.
Adapted from Ref. [23].

Owing to the highly anisotropic characteristics of the
martensite formed during the phase transition process, the
transformation strain is highly dependent on crystallographic
orientation.[>>! As demonstrated by Hernandez-Navarro et al.
in the nominal NisoMn3,In;¢Cr, polycrystalline alloy, the
applied stress required to induce martensitic transformation
varies notably with crystallographic orientation.[®! Specifi-
cally, the [001] direction of the austenite phase exhibits the
highest resolved shear stress factor (RSSF), followed by the
[111] direction and finally the [110] direction, analogous to
Schmid’s law. A higher RSSF indicates that a lower stress
is required to trigger the martensitic transformation compared
to orientations with a lower RSSF. As a result, the [001] ori-
entation has a lower critical stress for inducing martensite
and thus facilitates a more complete martensitic transforma-
tion. The crystallographic orientation also strongly influences
Additionally,
functional and structural fatigue in elastocaloric materials is

the mechanical yielding behavior of SMAs.

closely associated with the interplay between stress-induced
martensitic transformation and irreversible plastic deforma-
tion, which includes dislocation slip and/or martensite stabi-
lization. Given that both phase transformation and disloca-
tion slip are orientation-sensitive, the predominant deforma-
tion mechanism under cyclic loading can be effectively reg-
ulated by controlling the preferred crystallographic orienta-
tion in single crystals or textured polycrystals.’78 The cor-
responding micromechanisms (dislocation accumulation, re-
tained martensite, or a combination of both) underlying func-
tional fatigue therefore vary with crystallographic orientations,
ultimately affecting fatigue life.

Textured columnar polycrystalline SMAs can effectively
reduce stress concentrations at grain boundaries and pro-
mote deformation compatibility between adjacent grains dur-
ing phase transformation, which suppresses dislocation activi-
ties and minimizes crack initiation during cyclic transforma-
tion. Highly textured columnar polycrystals are often fab-
ricated by directional solidification. Notably, the formation
of a preferred orientation results from a competitive growth
process among grains with different orientations. Therefore,
during the directional solidification process, solidification pa-
rameters of the temperature gradient (G) and the solidification
rate (R) synergistically influence the microstructure morphol-
ogy and the crystal orientation, as demonstrated by Li et al.>”!
in the Co3NiggAlyg alloys. Specifically, a higher G/R ratio
suppresses constitutional undercooling at the solid-liquid in-
terface, which not only maintains a low nucleation rate at the
interface but also promotes crystal growth in a planar mode,
ultimately leading to coarse columnar grains with a preferred
orientation. In contrast, a lower G/R ratio contributes to in-
creased undercooling at the solid-liquid interface, resulting in
a higher nucleation rate. The growth kinetics under this condi-
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tion enable multiple crystal planes to develop, facilitating cel-
lular or dendritic growth of the crystals, and thus the number
of orientations increases.

As demonstrated in recent literature, %% a colossal AT,q
of up to 37.3 K was obtained during unloading at 313 K in
a (001), oriented NisgMn33Ti;g alloy prepared by directional
solidification. Additionally, Guan et al.”**! chose Ni-Co—Mn—
Ti all-d-metal Heusler-type alloys, which possess the favorable
mechanical properties as outlined before, and integrated them
with the directional solidification technique using the Bridg-
man method to minimize grain boundary density and suppress
crack initiation, thereby giving rise to high mechanical per-
formance. The polycrystalline all-d-metal alloy with a com-
position of Nisg Co12.8Mn347Tij59 exhibits a suitable A¢ of
280 K, slightly below room temperature, and a strong (001)4
preferred orientation aligned with the solidification direction.
Owing to these characteristics, this alloy achieves high com-
pressive strength and a large fracture strain of 17.7%.* The
critical stress of the martensitic transformation is as low as
92 MPa at 293 K, as illustrated in Fig. 4(a), indicating a
small external stress field and reduced input work required
for elastocaloric refrigeration. A moderate AT,q of 19.8 K
was obtained during loading at 8% strain under a relatively
low driving stress of approximately 338 MPa at a high strain
rate (Fig. 4(b)). The corresponding AT,q/0 is 58.6 K-GPa™!,
highlighting an obvious advantage for its application in elas-
tocaloric refrigeration. Furthermore, as displayed in Fig. 4(c),

a AT,y of about 6 K remains stable over more than 10000
cycles, suggesting excellent reversibility of the elastocaloric
effect. This extraordinary mechanical and functional perfor-
mance is primarily attributed to the d—d chemical bonding, a
large AV /V, and the highly preferred crystallographic orien-
tation induced by directional solidification in Ni—(Co)-Mn-Ti
Heusler-type SMAs.

Moreover, Guan et al.’® improved the elastocaloric
effect stability of Ni—-Mn-
based Heusler-type alloys by combining texture con-
The
(NisoMnygFe; sTi19.5)99.4Bg.¢ alloy exhibits a single austen-

and enhanced the cyclic
trol with B-induced grain boundary strengthening.

ite phase at room temperature and consists of coarse colum-
nar grains with a strong (001),4 crystallographic orientation
aligned along the directional solidification direction (SD).
There are two types of secondary phases, including the (Ni,
Mn, Fe)3;Ti phase and a B-rich secondary phase. The B-rich
phase is predominantly distributed along grain boundaries,
which is consistent with findings from previous studies.(®!]
As a result, the alloy achieves a high ultimate compressive
strength along with a large fracture strain at 303 K. A large
AT,q of 24.5 K is achieved during rapid removal of a maximum
strain of 8%, corresponding to a relatively low driving stress
of approximately 430 MPa. Furthermore, a stable AT,q of ap-
proximately 5.8 K is maintained over more than 20000 cycles
at a strain level of 3.5%, outperforming some conventional
Ni—Fe—Ga-based, Co-based, and Cu-based alloys.
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Fig. 4. (a) Compressive superelastic response of Nisg 6C01238Mn347Ti;s.9 directionally solidified alloy at 293 K. (b) Time dependence of AT,q4
under various compressive strains at a strain rate of 2.8 x 1072 s~ (c) Selective temperature profiles during cyclic loading/unloading tests at a

strain rate of 1.2 x 1072 s~1. Adapted from Ref. [24].
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Recently, Zhang et al.'?) reported a novel directionally
solidified Heusler-type Ni-Mn-Ti SMA with a nominal com-
position of NiggMns; 5Tij7,5514, which exhibits exceptional
cyclic stability over one million cycles at room temperature
and maintains a significant AT,4 of 12.7 K during unloading
after prolonged cycling under a moderate stress of 566 MPa.
These outstanding elastocaloric properties arise from the syn-
ergistic interaction between non-transforming Mn,Ti precipi-
tate hardening, induced by Si substitution for Ni, and highly
textured columnar austenite grains with a preferred (001)4
orientation. As can be seen in Fig. 5, the hard Mn;Ti pre-
cipitates, present in a large volume fraction (~ 30%), effec-
tively alter the fracture mode from intergranular to transgran-
ular, thereby significantly enhancing the overall mechanical
strength. Highly textured columnar grains with a preferred
(001)4 orientation, achieved via directional solidification, en-
hance strain compatibility at grain boundaries and mitigate in-
ternal constraints arising from misoriented grains during phase
transformation.[%>] This leads to enhanced yield strength and
a lower critical driving stress for phase transformation. As a
consequence, the relatively low critical driving stress (O =
254 MPa) in the textured dual-phase NiggMns3; sTij7.5S514 al-
loy, which is significantly lower than its yield strength, effec-
tively suppresses the tendency of dislocation-mediated plastic-
ity during repeated stress-induced phase transformations. This
enables remarkable functional stability and simultaneously en-
hances the cooling capacity of the Ni-Mn-Ti-Si alloys.

Fig. 5. (a) Fractured surface morphology of the arc-melted
NigoMns; sTij7.5S1; alloy. (b) Fractured surface morphology of the
arc-melted NiggMn3, 5Ti75Si4 alloy. (c) Fractured surface morphol-
ogy at higher magnification of the arc-melted NisgMns; 5Tij75Sis al-
loy. (d) Local micrograph of crack propagation for the arc-melted
NigsMns; 5Tij7 5514 alloy. Reproduced with permission from Ref. [62].
In addition to macroscopic applications, microelectron-
ics, microsensors, and lab-on-a-chip systems demand local-
ized refrigeration and precise temperature control at the mi-
croscale. Low-dimensional elastocaloric materials, such as
films, ribbons, and wires with high surface-to-volume ra-
tios, offer advantages over bulk alloys due to their enhanced

heat transfer, enabling higher cycling frequencies. Chen

et al.1%%1 developed an oligocrystalline NisoMn34FesIn;; mi-
crowire with a (001)4 orientation nearly aligned along the
axial direction, fabricated via the Taylor—Ulitovsky method.
By combining alloying strategies involving dopants (In, Fe) in
the binary NisoMnso with tailored fabrication techniques, the
resulting preferentially oriented NisoMns4FesInj; microwire
exhibits a suitable Ay of 283.3 K, slightly lower than room
temperature, and a large AV /V of 1.24% across the marten-
sitic transformation. Moreover, the alignment of the (001),
crystallographic direction with the loading direction elimi-
nates constraints imposed by grains of differing orientations
during stress-induced martensitic transformation, thereby re-
ducing the driving force required for the phase transition. As a
result, a ATyq of 5.7 K was directly measured upon removal
of a relatively low maximum applied stress of 120 MPa at
299 K. An exceptionally high AT,q/c up to 47.5 K-GPa™!
is obtained, which is the highest value among all reported
low-dimensional elastocaloric materials.®3] The large room-
temperature AT,q, ultra-high AT,q/0, and significant surface-
to-volume ratio highlight the promising potential of this Ni—
Mn-Fe—In microwire for use in miniaturized and compact re-
frigeration devices.

As mentioned above, numerous studies have been con-
ducted on elastocaloric cooling based on Ni-Mn-based SMAs.
To clearly illustrate the merits of various Ni-Mn-based elas-
tocaloric materials for cooling applications, we compared mul-
tiple properties of several representative SMAs from the afore-
mentioned studies on a radar chart (Fig. 6). As shown in Fig. 6,
existing alloys generally exhibit significant advantages in one
or more specific properties, rather than achieving balanced and
simultaneous optimization across all key elastocaloric cooling

metrics.
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Fig. 6. Comprehensive comparison of multiple properties of various Ni—
Mn-based SMAs as elastocaloric materials.

3. Ni-Ti-based elastocaloric alloys

Near-equiatomic Ni—Ti alloys were first developed by the
U.S. Naval Ordnance Laboratory in the 1960s. The elas-
tocaloric effect in NiTi alloys, achieving a AT,q of approx-
imately 14 K, was first demonstrated by British researchers
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e.[4 Subsequently, Cui et al.®* investigated

Quarin and Princ
the elastocaloric effect in a 3 mm-diameter Ni-Ti wire and
achieved a large AT,q of 17 K. Thereafter, research on the
elastocaloric effect in Ni-Ti-based alloys gained increasingly
widespread attention. Although near-equiatomic Ni-Ti alloys
exhibit substantial latent heat and favorable mechanical prop-
erties that distinguish them from other elastocaloric materials,
their autocatalytic and avalanche-like phase transformation be-
havior, combined with lattice mismatch at the B2/B19’ inter-
face, promotes plastic deformation through dislocation activ-
ity and leads to the retention of residual martensite.[®>) As
a result, the gradual accumulation of localized defects (such
as dislocations and residual martensite) during cyclic loading
leads to the degradation of the elastocaloric response and, ulti-
mately, structural fatigue failure in Ni-Ti-based alloys, which
hinders their commercial viability as novel solid-state refrig-
erants. Specifically, the fatigue life of elastocaloric materials
is primarily governed by the following multiple factors: the
compatibility of the martensite-austenite interfaces, the crit-
ical stress for phase transformation, the yield strength, and
the loading modes (compressive/tensile). In recent years,
to optimize functional stability and engineering practicabil-
ity, researchers have concentrated on alleviating microscopic
strain incompatibility at phase interfaces via element doping,
strengthening the matrix strength by means of grain refine-
ment, precipitation hardening, and nanocomposite engineer-
ing, and optimizing the difference between the martensitic
transformation stress and the yield stress.

The addition of third or fourth elements represents a
common and effective strategy for enhancing yield strength

66.671 However, in elas-

through solid solution strengthening.|
tocaloric alloys, such dopants often affect the martensitic
phase transformation characteristics, thereby influencing func-
tional performance. Up to now, researchers have examined
and screened various doping elements (such as Cu, Fe, V, and
Ga) to simultaneously improve mechanical and elastocaloric
properties. Among these, Cu, which partially substitutes for
Ni atoms, effectively reduces hysteresis and energy dissipation
during phase transformation, modifies the phase transition be-
havior, and improves cyclic stability. A Ti-rich Ni-Ti—Cu film
prepared via magnetron sputtering technique has demonstrated
exceptional durability, sustaining up to 1 x 107 cycles with-
out performance degradation. The significant improvement in
cyclic stability is primarily attributed to the enhanced geomet-
ric compatibility between different phases and the formation
of coherent Ti,Cu precipitates.[¢®]

Bulk alloys exhibiting large near-room-temperature AT,q
and excellent functional stability are considered essential
for current large-scale elastocaloric refrigeration applications.
Yang et al. [*°! prepared a bulk polycrystalline solution-treated

(Nigp 5TisoCu7.5)99Coq (Cu7.5) alloy exhibiting a large elas-

tocaloric effect (AT,q = 14.4 K, Fig. 7(a)), low stress hys-
teresis (only 90 MPa), a high COPReverseBrayton (up to 16.7),
and room-temperature operational capability. As shown in
Fig. 7(b), the Cu7.5 alloy demonstrates a stable elastocaloric
response over 200 tensile loading—unloading cycles, with
nearly unchanged AT,q, indicating great potential for practi-
cal applications. Although increasing Cu content improves
lattice compatibility between the transforming phases, it si-
multaneously reduces the enthalpy change AH associated with
the B2 <+ B19 (B19’) transformation, and therefore excessive

(291 The great comprehensive perfor-

Cu doping is undesirable.
mance at room temperature is achieved through a synergistic
strategy involving Co doping, which slightly lowers the trans-
formation temperature, and the optimal selection of 7.5 at.%
Cu content, which effectively balances phase stability with

functional properties.
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Fig. 7. (a) Temperature variation during loading with a strain rate of
5.6 x 1072 s~! to amaximum strain of 2.7%, holding, unloading with a
strain rate of 9 x 1072 s~!, and further holding, as a function of time.
(b) Temperature variation during 200 cycles of loading, holding, unload-
ing and further holding, shown as a function of time. The maximum
strain is 2.2%. The loading and unloading rates are 5.6 x 1072 s~! and
9x 1072 s~ !, respectively. Adapted from Ref. [29].
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Fig. 8. (a) Compressive stress—strain curve of the Tisg 5Niss 5Gas alloy
during loading until fracture. oy, represents the yield strength of the alloy.
(b) Temperature variations as a function of time recorded during elas-
tocaloric effect measurements under different ambient temperatures at a
constant Omax of 700 MPa. Adapted from Ref. [42].

Additionally, Kim e al.'%°) introduced V as a ternary al-

loying element into equiatomic Ni-Ti SMAs. The V con-
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tent was delicately optimized to achieve transformation tem-
peratures slightly below room temperature (Af = 288 K) and
a low thermal hysteresis of 12 K. The NisgTig53V47 alloy
demonstrates a reversible AT,q of 12.5 K under a compres-
sive stress of 260 MPa at room temperature, with no signifi-
cant degradation in the elastocaloric effect after 5000 loading-
unloading cycles. Upon unloading from 170 MPa, the al-
loy achieves a high AT,q/c value of 51.5 K-GPa~! and a
COPReverseBrayton Of 22.5. Wang et al.1*?! reported that a bulk
polycrystalline Tiqg 5Nigg 5Gas alloy, fabricated via simple
casting and solution treatment, exhibits a large AT,4 of 24.8 K
and a high AT,q/c value of 49.6 K-GPa~! upon unloading
from 500 MPa at room temperature. The high yield strength
of ~ 1140 MPa (Fig. 8(a)), which exceeds that of conventional
coarse-grained binary Ni—Ti SMAs, is attributed to lattice dis-
tortion and localized strain fields resulting from Ga substitu-
tion. Meanwhile, the relatively low driving force (~ 405 MPa)
required for stress-induced martensitic transformation, com-
bined with a narrow stress hysteresis of 98 MPa, contributes to
enhanced phase transformation reversibility and improved sta-
bility of the elastocaloric effect.[*?] As shown in Fig. 8(b), the
Tisg sNigg 5Gas alloy demonstrates an effective operating tem-
perature range from 273 K to 323 K, highlighting its promis-
ing potential for practical near-room-temperature refrigeration
applications. Aaltio er al.!°! suppressed the stress-induced
B2 — B19' transformation by substituting Ni with Fe, thereby
avoiding the large stress hysteresis and high energy dissipa-
tion associated with this phase transition. Instead, the B2 — R
transformation, which exhibits lower energy dissipation, was
achieved. The maximum AT,q estimated from the latent heat
AH of the R — B2 transformation reaches 12.4 K for the
NiygTisgFe, alloy and 8.7 K for the NiggTisoFes alloy.
Introducing nanocomposite microstructures or coherent
precipitates into the matrix can significantly improve the sta-
bility of the elastocaloric effect, maintaining high functional
performance over millions of cycles without substantial degra-

1.3%] leveraged the localized molten envi-

dation. Hou et a
ronment and near-eutectic mixing of elemental powders in-
herent in the powder-feed laser-directed-energy deposition (L-
DED) additive manufacturing process to facilitate the for-
mation of Ni-rich, non-transforming intermetallic compounds
(Ni3Ti phases). These phases exhibit intricate dendritic mor-
phologies and are uniformly dispersed within a binary Ni—
Ti matrix at high volume fractions (up to 50 vol.%), thereby
contributing to improved functional stability. As a result, the
L-DED-produced nanocomposite exhibits quasi-linear supere-
lasticity, which was attributed by the authors to effective load
transfer between the intermetallic Ni3Ti phase and the binary
matrix phase.[’%7!1 A AT, of 4.1 K is obtained upon unload-
ing from a large applied stress of approximately 1400 MPa at
room temperature. Furthermore, both the mechanical response

and elastocaloric effect exhibit remarkable stability for more
than one million cycles, highlighting its promise for commer-

s.13%1 This outstanding

cial solid-state refrigeration application
cyclic stability is enabled by the dendritic Ni3Ti reinforce-
ments, which contribute to a small hysteresis and thereby ef-
fectively mitigate material fatigue and failure. It is worth not-
ing that, despite the exceptional cyclic stability, the magnitude
of AT,q was greatly reduced due to the presence of a high frac-

tion of non-transforming Ni3Ti phase.
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Fig. 9. (a) TEM bright field image of the aged Nis; 4Tisg ¢ 3D-printed
alloy. (b) High-angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) image of the aged Nis; 4Tisg ¢ 3D-printed
alloy. (c) Temperature variation during the Ist, Sth and 10th cycles of
loading (with a strain rate of 1073 s~1), unloading (with a strain rate of
6 s’l), and holding, shown as a function of time for the aged Nis; 4Tisg.6
3D-printed alloy. Adapted from Ref. [72].

Cao et al.l’?! fabricated a Nis; 4Tisg 6 alloy using the se-
lective laser melting (SLM) additive manufacturing technique.
The functional performance and transformation temperature
of the 3D-printed alloy can be effectively tuned by adjust-
ing SLM processing parameters and applying post-process
heat treatments. As shown in Figs. 9(a) and 9(b), the TEM
bright-field images of the 3D-printed binary alloy produced
with a hatch spacing (h) of 0.08 mm reveal randomly dis-
tributed nanoscale Niy Tiz precipitates, less than 80 nm in size,
within the matrix after ageing treatment at 723 K for 5 h.
Consequently, the aged alloy exhibits a significantly enhanced
elastocaloric effect, achieving a AT,q of up to 23.2 K upon
unloading from a compressive stress of 750 MPa at 333 K
(Fig. 9(c)).["?! Moreover, the combined effects of pronounced
precipitate hardening and low stress hysteresis result in a sta-
ble superelastic response, maintaining complete strain recov-
ery over 10 cycles. Notably, the aged alloy exhibits excellent
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cyclic stability of the elastocaloric effect, with less than 5%
degradation in AT,y after the same number of stress cycles.
More Lin et all”

Tis9»Nigp 3Cu75Co; alloy that achieved a large-yet-stable

recently, developed a bulk
elastocaloric cooling property through combining an ageing
treatment with premultiaxial forging (MAF) after the homoge-
nization process. Specifically, the selection of the intermediate
7.5 at.% Cu content maintained the B2 — B19’ transforma-
On the other hand, uni-
formly distributed nanoscale coherent Ti(Ni, Cu), precipitates

tion with a relatively large AT,q.

(Fig. 10(a)) formed in the alloy, which significantly enhances
the yield strength and thus suppresses dislocation motion dur-
ing the cyclic phase transition. As a result, the bulk Ti—-Ni—
Cu—Co alloy exhibited a high yield strength (1804 MPa, as
shown in Fig. 10(b)) and a low critical stress for martensitic
transformation (350 MPa).
strain responses were achieved under a compressive stress of
550 MPa for over 1 x 108 cycles (Fig. 10(c)). Notably, the
significant disparity between the yield strength and the exter-

Moreover, stable cyclic stress—

nally applied stress can contribute to the effective inhibition
of dislocation motion. Additionally, it exhibited a large and
stable AT,q (up to 17 K, as shown in Fig. 1(d)) and a high
AT,4/c (31 K-GPa™!) during these cycles.
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Fig. 10. (a) Bright-field TEM image with corresponding selected area
diffraction pattern (SADP), where B2 and T represent the lattice struc-
tures of austenite phase and tetragonal Ti(Ni, Cu), nanoprecipitate, re-
spectively. (b) Large-strain compressive stress—strain curves showing en-
hancement in yield stress of the nano-precipitated Ti—-Ni—-Cu-Co com-
pared to an as-homogenized Ti-Ni—Cu—Co (coarse grain without nano-
precipitates). Both tests in panel (b) were performed at the temperatures
of Ar+ 10 K, that is, 297 K (room temperature) and 223 K for the nano-
precipitated and the homogenized TiNiCuCo, respectively. Cyclic com-
pressive quasistatic stress—strain responses (a) and AT,q (b) over 1 X 108
phase-transition cycles of the nano-precipitated Ti—-Ni—Cu—Co at room
temperature. Adapted from Ref. [73].

Refining grains through complex cold/hot deformation
processes can effectively suppress dislocation motion and en-
hance the yield strength of alloys, thereby improving their

cyclic stability under stress cycling. Similarly, researchers
have also intensively focused on the elastocaloric effect and fa-
tigue lifetime in nanocrystalline Ni-Ti-based alloys. As grain
size decreases, the volume fraction of grain boundaries in-
creases, leading to a monotonic reduction in the elastocaloric
effect. Furthermore, the phase transformation tends to evolve
into a continuous, stable, and reversible process, in contrast to
the conventional nucleation-and-growth mechanism observed
in coarse-grained polycrystals. This evolution is attributed to
the constraints imposed by grain boundaries in nanocrystalline
alloys, where phase transformations occur within extremely
confined spatial regions. As a result, the stress—strain behavior
of nanocrystalline Ni-Ti-based alloys increasingly approaches
ideal reversible elasticity, exhibiting small stress hysteresis
and reduced temperature dependence. Notably, stress-induced
martensitic transformation can be fully suppressed when the
grain size is refined below 60 nm.[7"!

Zhou et al.'"* systematically investigated the grain-size
effect on the elastocaloric effect and its reversibility in nano-
grained Ni-Ti alloys fabricated through cold rolling and an-
nealing. It was revealed that reducing the grain size to the
nanoscale (average grain size ~ 4 nm) significantly improved
superelasticity, achieving a large reversible strain of 5% with
a small stress hysteresis. Meanwhile, the very low stress hys-
teresis greatly reduces the friction dissipation associated with
martensitic transformation, resulting in excellent elastocaloric
reversibility and high energy conversion efficiency of the elas-
tocaloric effect. As a result, the AT,q value (~ 9 K) upon
loading was almost equal to that upon unloading when the ap-
plied strain was 3%. However, as the annealing temperature
increases and the holding time extends, coarser grains lead to
the degradation of superelastic responses, resulting in an in-
crease in residual strain and stress hysteresis loop.

Chen et al.l”! investigated the functional stability and
structural fatigue behavior of polycrystalline NisggTiag.4
cylinders with an average grain size of 100 nm under cyclic
compression at a frequency of 20 Hz and a maximum stress
of 800 MPa. Notably, the cylinders achieved a fatigue life of
approximately 70 million cycles. After 65 million cycles, the
nanocrystalline cylinder demonstrated a AT,q of 9.9 K and a
COPReverseBrayton Of 18.8 at an ambient temperature of 303 K.
Lin et al.'’® combined grain refinement and high-density dis-
locations to enhance the cyclic stability of Ni-Ti alloys. The
nanocrystalline Nisg gTisg» alloy was fabricated through cold
rolling followed by low-temperature annealing (583 K, 2 min),
yielding an average grain size of 31 nm and high-density dislo-
cation cells with diameters of 15 nm. Consequently, the room-
temperature yield strength of this high-density dislocation
nanocrystalline (HDDN) Nisg g Tisg 5 alloy reaches 2090 MPa,
which can be attributed to the synergistic strengthening ef-
fects arising from grain boundary strengthening, governed by
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the Hall-Petch relationship, and dislocation strengthening, de-
scribed by Taylor hardening theory.””-78] More importantly,
the HDDN NisogTigg» exhibits a stable room-temperature
temperature change of 17.3 K over one million transformation
cycles under a high compressive stress of 1400 MPa, demon-
strating its potential for long-term elastocaloric cooling appli-
cations.

Liang et al.!”’]

reported that nanocrystalline Nisg 57Tig9 43
tubes fabricated by cold drawing exhibit lenticular grains with
a thickness of 78 nm, demonstrating superior fatigue resis-
tance, sustaining over 120 million cycles under a compres-
sive stress of 800 MPa at a frequency of 20 Hz in air. The
AT,q during unloading shows good cyclic stability, decreas-
ing slightly from an initial value of 7.0 K to 6.6 K after 120
million cycles.[79] Meanwhile, the COPRreyerseBrayton inCreases
from an initial value of 8.8 to 11.6 after 100 million compres-
sive cycles. Consequently, these Ni—Ti tubes demonstrate both
a stable elastocaloric effect and an ultrahigh fatigue lifetime.
Wang et al.'® introduced near-saturated dislocation struc-
tures and residual martensite nanodomains into the B2 matrix
through overstress training, i.e., applying five loading cycles
at a maximum stress of 1900 MPa — significantly exceeding
the yield strength of cold-drawn and annealed nanocrystalline
Ni-Ti tubes. As a result, the microstructure of the trained tube
exhibits a high density of dislocations that aggregate to sub-
divide the B2 matrix into fine nanodomains with diameters of
5-10 nm. This dislocation-rich nanostructure effectively sup-
presses further dislocation formation and motion during subse-
quent cyclic compression, thereby substantially improving the
cyclic stability of the Ni-Ti tube. Consequently, the trained
Ni-Ti tube maintains a stable AT,q of 11 K after one million
compressive cycles under 1000 MPa at a frequency of 10 Hz at
room temperature. 89 It is worth mentioning that Ni-Ti tubes
and tubular structures, which offer high heat transfer rates, are
regarded as among the most promising configurations for elas-
tocaloric refrigeration.

Recently, Chen et ].136:81-83]

reported a series of
gradient-structured (GS) Nisg gTisg o alloys fabricated by ap-
plying various precisely controlled laser surface annealing
processes to a severely deformed cold-rolled sheet. The
strong synergetic interaction between fine-grained and coarse-
grained layers enables highly tunable mechanical properties
and a significantly enhanced elastocaloric response in these
GS alloys.

loads and promote transformation homogenization, leading to

Specifically, the fine-grained layers bear higher

lower energy dissipation, whereas the coarser-grained layers
contribute more effectively to a stronger elastocaloric effect.
Consequently, the unique superelastic response of the GS Ni—
Ti alloys differs markedly from that of the initial cold-rolled
sheet, which exhibits a quasi-linear superelastic response, as
well as from that of coarse-grained Ni-Ti, which shows a

typical stress plateau accompanied by a large hysteresis loop.
The elastocaloric cooling performance of GS Ni-Ti was eval-
vated, demonstrating a AT,q of 9.4 K under a maximum ten-
sile strain of 3.5% at room temperature.[83] Moreover, GS
Ni-Ti exhibits low stress hysteresis, high yield strength, and
excellent mechanical compatibility across heterogeneous do-
mains; these characteristics collectively enhance long-term
cyclic stability and enable an expanded working temperature
range for elastocaloric cooling applications. Dang et al.[%%]
developed several ternary Ti—Ni—Cu alloys manufactured via
cold rolling followed by heat treatment. The cold-rolled and
annealed nanocrystalline TisoNig9Cujg alloy exhibits a large
AT,q exceeding 20 K when tested at a relatively high temper-
ature of 340 K, with no significant degradation observed over
200 tensile cycles. Furthermore, Dang et al.!®3 developed a
bulk ternary aged nanocrystalline (ANC) Nigg g Tig9 2Cujg al-
loy by combining cold rolling with subsequent ageing treat-
ment. The novel ANC alloy exhibits a AT,4q of 13.8 K with
only 0.3 K degradation after 450 tensile cycles at room temper-
ature (Fig. 11). This remarkable elastocaloric performance can
be attributed to the synergistic strengthening effect between
the nanocrystallinity induced by cold rolling and the uniformly
distributed coherent Ti(Ni, Cu), nanoprecipitates formed dur-
ing ageing.[® Specifically, the high-density dislocation net-
works introduced by cold rolling increase the critical stress for
dislocation slip, thereby suppressing plastic deformation. Si-
multaneously, these dislocations act as nucleation sites for pre-
cipitates and accelerate the precipitation process, collectively
enhancing the reversibility of the B2 <+ B19 transformation
and inhibiting dislocation accumulation during cyclic loading.
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Fig. 11. (a) Bright field image of the ageing nanocrystalline (ANC)

NigogTisg2Cujg alloy. (b) HAADF-STEM image of the ANC alloy
showing spherical nanoprecipitates. (c) The AT,4 of the ANC alloy as
a function of cycling number. Adapted from Ref. [85].
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High entropy alloys (HEAs), typically defined as alloys
containing at least five principal elements with the concen-
tration of each element ranging from 5 at.% to 35 at.%,
can exhibit desirable properties such as high strength, ex-
cellent ductility, and superior wear resistance. The con-
cept of HEAs presents a promising strategy for address-
ing the limitations of conventional Ni-Ti SMAs, particularly
their poor cyclic stability and narrow operational tempera-
ture range for the elastocaloric effect. The significant lattice
distortion inherent in HEAs leads to pronounced solid so-
lution hardening, while the sluggish diffusion kinetics does
not hinder martensitic transformation, thus preserving the
functional properties essential for elastocaloric applications.
Moreover, the high yield strength of HEAs enables a broader
temperature range for stress-induced martensitic transforma-
tion. Li er al.1® reported a NiCuTiHfy ¢Zro 4 high entropy
SMA with a yield strength exceeding 1.7 GPa, which ex-
hibits a large AT,q of 9.3 K over a broad temperature range
from 303 K to 423 K. Subsequently, Liu et a1 developed
a Tiz;ZrsHf4NizpCosCuyq high entropy SMA that demon-
strates a stable elastocaloric effect, achieving a AT,q of 11.5 K
after 10000 compressive stress cycles at room temperature
(297 K).

As mentioned above, numerous studies have been con-
ducted on elastocaloric cooling based on Ni—Ti-based SMAs.
To clearly illustrate the advantages of the aforementioned Ni—
Ti-based elastocaloric materials for cooling applications, we
compared multiple properties of typical alloys using radar
charts. Notably, the fatigue performance of elastocaloric ma-
terials exhibits significant differences under different loading
modes. Therefore, Figs. 12(a) and 12(b) show the property
comparison under compressive and tensile loading, respec-
tively. Overall, the Ni-Ti-based SMAs demonstrate compre-
hensive advantages for elastocaloric cooling applications un-

der compressive loading.
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Fig. 12. Comprehensive comparison of multiple properties of Ni-Ti-
based SMAs under different loading modes. (a) Compressive mode.
(b) Tensile mode.

4. Other types of elastocaloric alloys

Co—V-Ga Heusler-type SMAs, which undergo a marten-
sitic transformation from a L2; cubic phase to the D0,
tetragonal phase accompanied by a considerable entropy
change, have demonstrated great promise for elastocaloric
refrigeration applications over a wide operational temper-
ature range.®%1 Niu er al.PY reported a [001]-oriented
Cos0.7V33.3Gayg alloy fabricated by directional solidification,
achieving a large AT,q of 18.7 K during unloading from a
uniaxial compressive stress of 400 MPa at 297 K. Surpris-
ingly, this alloy exhibits good cyclic stability without observ-
able degradation in the elastocaloric effect after 100 cycles.
Moreover, a large ATyq of approximately 12.5 K was main-
tained across a broad temperature range (258-373 K). Liu
et al."! developed a polycrystalline CosoV35Ga4Ni; alloy,
achieving a large AT,q of 12.1 K upon unloading. This al-
loy also demonstrates good cyclic stability, retaining its elas-
tocaloric performance over 4000 loading—unloading cycles
without significant degradation. Niu e al.°!! engineered a
promising Cos7V29Tip sFe; s alloy through a combination of
a two-step martensitic transformation pathway with an all-
This alloy exhibits a large AT,q of 24 K
and a COPRevyerseBrayton Of 25 upon rapid removal of a max-

d-metal design.
imum stress of 900 MPa at room temperature. More im-
pressively, a stable AT,q of 23.5 K was still maintained af-
ter 10000 cycles. Co-Ni—Ga SMAs, a class of CsCl-type
B2 intermetallic compounds, have attracted attention for elas-
tocaloric refrigeration due to their narrow stress hysteresis,
low transformation driving force, and broad operating temper-

92931 Zhang et al.!>¥ fabricated a polycrystalline

ature range. !
(Co47.1Ni22.9Gazp)9sCuz gBp o alloy with a <001>32 texture
and ductile secondary phases. This textured heterostructural
alloy demonstrates a stable room-temperature elastocaloric ef-
fect, with a AT,4 of 3.2 K upon unloading and no observable
degradation after 20000 cycles.

Ni—Fe—Ga-based SMAs seem attractive for elastocaloric
refrigeration due to their low critical stress for martensitic
transformation (typically < 100 MPa).[*>%1 However, single-
phase polycrystalline Ni-Fe—Ga alloys suffer from poor cyclic
stability, failing after just 10 cycles due to intergranular
cracking. Notably, single crystalline Ni-Fe—Ga-based SMAs
demonstrate good cyclability under repeated stress cycles. Li
et al.”’! developed a [420]-oriented NissFe 9Gay7 single crys-
tal fabricated using the float-zone-melting technique. This
alloy exhibited a suitable A; of 284.3 K, a reversible tem-
perature change of 7.5 K at 3.8% transformation strain un-
der a relatively low driving stress of approximately 30 MPa,
and a corresponding exceptional AT,q/c of 250 K-GPa~! at
293 K. Pataky et al. %8 reported a single-crystal NipFeGa al-
loy which demonstrated a large AT,4 of 13.5 K with high cyclic
stability over 10* cycles. However, it is worth noting that the

066201-12



Chin. Phys. B 35, 066201 (2026)

testing temperature (~ 323 K) far exceeds the desirable room-
temperature requirements. Additionally, single-crystal Ni—Fe—
Ga-based SMAs also face limitations such as severe chemical
segregation, slow growth rates, and high production costs. Im-
ran et al. ") investigated the elastocaloric effect and cyclic sta-
bility of porous Nis3 sFej9.9Gaye ¢ foams (53% porosity) and
the bulk counterpart Nis3Fe19 4Gay7 ¢ alloy. The porous struc-
ture of the foams mitigates the constraints of grain boundaries
and reduces the stress hysteresis during cyclic loading. Con-
sequently, although the foams exhibit a lower AT,q of 2.8 K
compared to 5.8 K for the bulk counterpart, they demonstrate
better cyclic stability over 100 cycles relative to the bulk coun-
terpart. Furthermore, Imran et al.!'%! also reported Ni—Fe—
Ga foams with a stable AT,q of 4.1 K, a high AT,q/c value
of 58.6 K-GPa~!, and a COPreverseBrayton Of 22 under a low
stress of 70 MPa for 194 cycles.
duced a microstructure design strategy combining strong tex-

Huang et al."" intro-

ture (to reduce strain incompatibility) with a ductile interfa-
cial y-phase (to prevent intergranular fracture) to improve me-
chanical properties, thereby enhancing the cyclability of the
elastocaloric effect in Ni-Fe—Ga alloys. Their polycrystalline
NissFej9Gay7 alloys, fabricated by directional solidification
and a subsequent annealing process, exhibit a compressive
strength of 1.5 GPa at room temperature. A AT,q of 8.5 K was
obtained under 6% strain at 318 K.['0! Furthermore, a sta-
ble AT,q of ~ 3 K was maintained over 20000 cycles without
appreciable degradation, which demonstrates good cyclability
for the polycrystalline Ni-Fe—Ga alloys.

As promising elastocaloric materials, Cu-based SMAs
exhibit notable advantages such as low cost, high thermal
conductivity, small stress hysteresis, and a wide operating
temperature range.['9%193] Qian er al.l'% reported a ATy
of 4.0 K for the CuggAli6Znys alloy and 3.9 K for the
Cu73Al;5sMny; alloy under compressive loading. Moreover,
Cu-Al-Mn single crystals can be easily fabricated using the
abnormal grain growth (AGG) enabled by simple cyclic heat

[105.106] which can efficiently eliminate the inter-

treatments,
granular constraints and suppress plastic slip during stress-
Lu et al.l'1 devel-
oped an AGG-processed bicrystalline Cuy;Alj7Mny, alloy
with a low Af of 202 K, achieving a ATyq of 6.5 K at room

temperature. Wang et al.['% developed a (105)4-oriented

induced martensitic transformation.

Cugg 5Al17.5Mny4 single crystal that shows a AT,y of 6.6 K
during rapid removal of 10% strain at 290 K. The cyclabil-
ity of the elastocaloric effect was examined under cyclic com-
pressive loading with a maximum compressive strain of 8%.
After 6000 cycles, the AT,q decreased from 6.5 K to 3.5 K,
attributed to the accumulation of lattice defects. Moreover,
the Cugg sAlj7.5Mny4 alloy exhibits a wide working temper-
ature range, spanning from 77 K to 450 K. Guo et al.l'%!
reported a Cugg 7Al17.9Mn3 4 single crystal fabricated by di-

rectional solidification and subsequent AGG process, which
exhibits a AT,q of 10.2 K upon unloading at 290 K and a
broad operating temperature window ranging from 140 K to
410 K. Furthermore, Fan et al.''% achieved a large AT,q of
19.5 K upon unloading in [001]-oriented Cu7;Al;75Mny; 5
single crystals produced by high-rate directional solidification
and subsequent AGG process. After 10000 cycles with a max-
imum uniaxial compressive stress of 350 MPa, no obvious
cracks were observed on the sample surface. However, the cor-
responding AT,q significantly decreased from 19.5 K to 2.1 K,
which was attributed to the accumulation of a high density of
dislocations and residual martensite during cyclic loading. Li
et al.'""!l reported a columnar-grained Cu;; Alj7.sMn 5 alloy
with a strong (001) texture, fabricated using the laser-based
powder bed fusion of metals (PBF-LB/M) technique, show-
ing a AT,4 of 8.0 K upon unloading at room temperature.

Notably, Li et al.l''?! proposed a novel non-phase-
transition-based approach to achieve highly efficient solid-
state heat pumping by utilizing the thermoelastic effect based
on the linear elastic deformation in the martensitic phase of
ferroelastic alloys. The thermoelastic effect is closely associ-
ated with the intrinsic linear coefficient of thermal expansion
(CTE) along the loading direction, which shows significant
anisotropy among the crystallographic directions. Specifically,
[001]-textured Ti7gNbyy martensitic polycrystals were fabri-
cated through a two-step plastic deformation process involv-
ing cold rolling and compression (CRC). The alloy exhibits
no discernible martensite—austenite transition driven by ther-
mal or stress fields. It exhibits near-linear stress—strain curves
with a practically zero hysteresis loop area within the wide
temperature range of 298—473 K. Meanwhile, upon the rapid
release of a 700 MPa stress, a AT,q of approximately 2.2 K is
observed at 298 K, and the AT,q reaches 5.2 K at 473 K. The
increased AT,q values can be attributed to the elevation of the
CTE as the ambient temperature rises. These AT,q values are
far higher than the AT,y values of conventional metallic mate-
rials, polymers, glass, and ceramics. The non-phase-transition
[001]-textured Ti7gNbs> demonstrates a COPrevyersestirling Of
25.3, which significantly surpasses those associated with typ-
ical first-order phase transitions in elastocaloric SMAs. Addi-
tionally, cyclic stability over 10 million cycles is also achieved
under a compressive stress of 700 MPa at 298 K. It is worth
mentioning that, in addition to solid-state heat pumping, this
highly efficient non-phase-transition-based strategy for caloric
effect can serve as excellent guidance for the material explo-
ration of elastocaloric refrigeration.

Next, we compared multiple properties of different types
of SMAs using a radar chart (Fig. 13). Obviously, those elas-
tocaloric materials based on the first-order martensitic trans-
formation are typically limited by poor fatigue resistance.
However, the Ti7gNbys alloy, which operates based on the ther-
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moelastic effect associated with thermal expansion, shows an
outstanding fatigue life. Nevertheless, its AT,q value is inad-
equate. Therefore, considerable research efforts are still re-
quired to optimize their overall elastocaloric performance.
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Fig. 13. Comprehensive comparison of multiple properties of different
types of SMAs introduced in Section 4.

5. Summary and outlook

Highly efficient and environmentally friendly elas-
tocaloric refrigeration, which leverages the thermal effect
associated with stress-induced martensitic transformation in
elastocaloric materials, has attracted significant attention as
a promising solid-state alternative to conventional vapor-
compression refrigeration technology, which exacerbates the
global warming crisis. The performance of elastocaloric re-
frigeration systems depends critically on the properties of the
elastocaloric materials, which serve as the solid-state refrig-
erants. Ideal elastocaloric materials are expected to simulta-
neously meet several critical criteria: (a) large latent heat, (b)
excellent functional fatigue resistance, (c) an appropriate and
broad operational temperature window, (d) robust mechani-
cal properties, (e) low stress hysteresis, (f) high COP, and
(g) cost-effectiveness. In this paper, we present an overview
of recent advancements in various types of SMAs for elas-
tocaloric refrigeration, with a focus on Ni-Mn-based, Ni—
Ti-based, Co-based, Ni—Fe—Ga-based, and Cu-based alloys.
This review systematically evaluates their elastocaloric perfor-
mance, underlying microstructural mechanisms, and persist-
ing challenges limiting their practical implementation. Cur-
rent strategies to improve elastocaloric performance primarily
involve: (a) compositional design to improve crystallographic
compatibility between transforming phases and to tailor phase
transformation temperatures, (b) texture engineering via ad-
vanced processing techniques such as directional solidifica-
tion, and (c) strengthening approaches such as grain refine-
ment and precipitation hardening.

While remarkable progress has been made in boosting
the elastocaloric effect, these advancements unfortunately of-
ten come at the expense of other important material prop-
erties, posing a major obstacle to practical application. Al-
though Ni-Mn-based alloys have recently been demonstrated

to show very large values of AT,q exceeding 30 K, their in-
trinsic brittleness and unsatisfactory fatigue resistance still re-
quire improvement in future work. As the leading candidate
among SMAs for elastocaloric refrigeration, Ni—Ti-based al-
loys demonstrate excellent cyclic stability of the elastocaloric
effect, maintaining a moderate elastocaloric effect on the or-
der of one million cycles through various optimized strategies
reported in the literature. However, their practical application
in refrigeration is still restricted by a limited AT,q, a large driv-
ing force, and an unsuitable working temperature range. Other
types of elastocaloric alloys, including Co-based, Ni-Fe—Ga-
based, and Cu-based SMAs, often suffer from unsatisfactory
mechanical properties, inadequate functional durability, and
high cost, which inhibit their widespread use in elastocaloric
refrigeration.

To overcome these limitations, emerging methodologies
such as multiscale simulations, machine learning-aided de-
sign, and novel manufacturing techniques are being leveraged
We an-
ticipate that through the synergistic combination of advanced

to develop next-generation elastocaloric materials.

materials design strategies and novel fabrication technologies,
high-performance elastocaloric materials will be developed
and sustainable eco-friendly elastocaloric refrigeration will
achieve widespread adoption in diverse industrial and domes-
tic applications in the near future.
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