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ABSTRACT

Multiferroic phase-transforming alloys demonstrate intriguing multicaloric effects, but they are
intrinsically brittle and their elastocaloric effect shows poor cyclability, which remains a major chal-
lenge for exploiting more efficient multicaloric refrigeration. Here, by employing a novel strategy of
strengthening grain boundary, the cyclability of elastocaloric effect in the prototype Ni-Mn-based
multiferroic phase-transforming alloys is strikingly enhanced by two orders of magnitude. Ultrahigh
cyclability of a large elastocaloric effect is achieved. This not only paves the way for exploiting mul-
ticaloric effects for more efficient cooling, but also provides a strategy for overcoming the cyclability
issues in the ubiquitous brittle intermetallic phase-transforming materials.
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The cyclability of elastocaloric effect in the prototype Ni-Mn-based multiferroic phase-transforming
alloys has been strikingly enhanced by two orders of magnitude through employing the strategy of

strengthening grain boundary.

1. Introduction

Refrigeration is becoming increasingly important to
industry, transportation and households and it accounts
for a considerable fraction of the global energy con-
sumption. Nowadays the most commonly used cool-
ing technology is based on vapor compression, which
produces ozone-depleting or greenhouse gases that are
detrimental to the global environment [1]. It is impera-
tive to develop alternative cooling technologies that are
environment-friendly and highly efficient to address the
environmental concerns [2]. Elastocaloric refrigeration,
which is a novel solid-state cooling technology, is con-
sidered to be the most promising alternative to the
traditional vapour-compression-based technology [1].
Such refrigeration relies on the elastocaloric effect of

the refrigerant material, which refers to the temperature
change of the material under adiabatic conditions or the
entropy change under isothermal conditions upon the
application of a uniaxial stress [3]. Large elastocaloric
effects usually occur in ferroelastic phase-transforming
materials, such as Ti-Ni-based [4], Cu-based [5] and
Ni-Mn-based shape memory alloys [6,7]. For elas-
tocaloric refrigeration, the cyclability of elastocaloric
effect, which determines the service life of refriger-
ants, is of utmost importance [1,8]. Multiferroic phase-
transforming alloys, which combine ferroelastic order
and ferromagnetic order, exhibit intriguing multicaloric
(elastocaloric, magnetocaloric and barocaloric) effects
[1]. This offers the unique opportunity for multicaloric
refrigeration which yields much stronger cooling effect
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than single-caloric refrigeration [9]. However, these
materials are highly brittle and exhibit poor cyclability of
elastocaloric effect, which remains a major challenge for
refrigeration applications. In this work we demonstrate
that, with a novel yet simple strategy of strengthening
grain boundary, we have strikingly enhanced the cycla-
bility of elastocaloric effect in the prototype Ni-Mn-based
multiferroic phase-transforming alloys, by two orders
of magnitude. This represents a significant advance
in developing high-performance fatigue-tolerant elas-
tocaloric materials.

The basic concept of our strategy is illustrated in
Figure 1. The great brittleness of the multiferroic phase-
transforming alloys, which are ordered intermetallics
in nature, is directly related to the grain boundary
weakness. The elastocaloric effect in these alloys orig-
inates from the stress-induced reversible transforma-
tion between austenite and martensite that releases or
absorbs heat upon forward or reverse transformation
[3]. During transformation, the stress-induced marten-
sitic variants that are formed asynchronously and ori-
ented differently in neighboring grains result in stress
concentrations and crack initiation at grain boundaries
[10], leading to poor cyclic stability of elastocaloric effect.
Therefore, we expect that strengthening grain boundary
and refining grains (to increase yield strength) should be
effective in enhancing mechanical properties and cycla-
bility of elastocaloric effect. Furthermore, the enhanced
mechanical properties enable the alloys to withstand a
stress that is high enough to induce the complete trans-
formation, which facilitates the achievement of a large
elastocaloric effect. With inspirations from the work on
structural intermetallics such as NizAl [11], NizFe [12],
and FeAl [13] alloys, we envisage that microalloying with
boron could effectively strengthen grain boundary and
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suppress intergranular fracture in the present functional
intermetallic alloys. Meanwhile, similar to the case for
TiAl structural intermetallics [14], microalloying with
boron could also lead to refinement of grains. Hence,
in this work we microalloyed the Ni-Mn-based multifer-
roic phase-transforming alloys with boron to simultane-
ously strengthen grain boundary and refine grains. With
this strategy, we have achieved ultrahigh cyclability of a
very large elastocaloric effect in a boron-microalloyed Ni-
Mn-In-based alloy. A high adiabatic temperature change
(AT,q) of ~5.6 K remains stable for 2700 cycles of load-
ing and unloading. Our findings may serve as the foun-
dation for exploiting multicaloric effects in multiferroic
phase-transforming alloys for environment-friendly and
high-efficiency solid-state cooling applications.

2. Materials and methods

Polycrystalline button ingots were prepared by arc-
melting high-purity constituent elements. Rod ingots of
®3 mm were prepared by suction casting using parts
of the arc-melted ingots. These rod ingots were subse-
quently sealed into evacuated quartz tubes and annealed
at 1173 K for 2 h followed by water quenching.

The phase transformation temperatures were deter-
mined by differential scanning calorimetry (DSC) mea-
surements. Microstructure examination was conducted
by using scanning electron microscopy (SEM) operated
at 15kV. Chemical distribution at the atomic scale was
investigated by 3D atom probe tomography (APT) on
a LEAP 5000 XR. The APT tip specimen was prepared
using a focused ion beam.

The mechanical properties and elastocaloric effect
were studied using a mechanical testing machine
(Instron-5966) under a compression mode. Samples of
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Figure 1. Schematic illustration of the concept for enhancing mechanical properties and cyclic stability of elastocaloric effect in

multiferroic phase-transforming alloys.



®3 x 6 mm?>, cut from the rod ingots, were used. The
strain was recorded with a dynamic strain gauge exten-
someter. The adiabatic temperature change during load-
ing and unloading was measured by a K-type thermo-
couple, which was first soldered on the sample surface
and then wrapped together with sample using an alu-
minium wire (diameter: 0.1 mm). The temperature data
were recorded using an OM-DAQ-USB-2401 data acqui-
sition module.

3. Results and discussion

For solid-state refrigeration, the phase transformation
temperatures of the refrigerant materials should be
around room temperature. Since microalloying the Ni-
Mn-In alloys with B decreases the martensitic transfor-
mation temperature [6], we substituted Fe for In and Ni
simultaneously to slightly increase the electron concen-
tration e/a and transformation temperature. For this kind
of alloys, the phase transformation temperature gener-
ally increases with e/a [15], and therefore the Fe sub-
stitution compensates the effect of B microalloying on
transformation temperature. In this way, we designed
and prepared a series of Ni-Mn-In-based bulk polycrys-
talline alloys whose detailed information is shown in
Table 1. Calorimetric investigation shows that, with B
microalloying and Fe substitution we have obtained a
(Nis;Mnj33Ini4Fes)99 4B g alloy with an austenitic trans-
formation finish temperature (Af) slightly below room
temperature (Figure S1). Stress—strain tests demonstrate
that the mechanical properties of the alloys are indeed
remarkably enhanced by B microalloying; both the yield
strength and fracture strength increase with B microal-
loying (Figure S2). The (Nis;Mnj33Ini4Fez)994Bo ¢ alloy
exhibits very good mechanical properties.

The cyclic stability of elastocaloric effect was inves-
tigated by monitoring the sample temperature variation
during cyclic loading and unloading. The results for the
Nis; 5sMn33Ins 5, NisyMn33Ini4Fe; and (Nis;Mnsslngy
Fez)99.4Bo 6 alloys are shown as a function of time in
Figure 2. The compressive stress with a maximum of
350 MPa, was applied at a temperature slightly higher
than Af for each alloy, at which reversible stress-induced

Table 1. Composition, electronic concentration e/a and phase
transformation temperatures of the Ni-Mn-In-based alloys.

Composition ela M (K) At (K)
Ni51,5Mn33In15,5 7.93 291 304
(Nis1 sMn331n15.5)99.4Bos6 - 233 257
Ni51Mn33In14Fe2 7.99 306 319
(Nis;Mn33Inq4Fe2)99.4Bos - 266 284

Note: Ms and As are martensitic transformation start and austenitic transfor-
mation finish temperatures, respectively.
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transformation occurs. Since the samples were exposed
to air during testing, a relatively high strain rate of
2.8x1072s7! was employed for both loading and
unloading to approximate adiabaticity. For each cycle, the
sample was firstly loaded to the target stress, followed
by holding for 10s, and then unloaded followed by fur-
ther holding for 10s. As can be seen (refer to the inset
of Figure 2(b) for more details), in each cycle the sam-
ple temperature rapidly increases upon loading, tends to
recover to the testing temperature during holding and
rapidly decreases upon unloading. The adiabatic temper-
ature change AT,q during loading and unloading, which
is an important parameter that characterizes the elas-
tocaloric effect, was determined from the temperature
variation, as demonstrated in Figure 2(b).

As shown in Figure 2(a), the boron-free Nis; sMn33
In;s 5 alloy shows poor cyclability of elastocaloric effect;
the sample fractured after only 27 loading-unloading
cycles, owing to the great brittleness of the poly-
crystalline intermetallic multiferroic phase-transforming
alloys. The Fe substitution leads to some improvement
of the cyclability of elastocaloric effect. The elastocaloric
effect of the Nis;Mns3Ini4Fe; alloy remained almost
stable for 109 loading-unloading cycles and then the
sample fractured, as shown in Figure 2(b). In con-
trast, the cyclic stability of elastocaloric effect is strik-
ingly enhanced by boron microalloying. The boron-
microalloyed (Nis;Mns3InjsFez)994Bo¢ alloy exhibits
ultrahigh cyclability of elastocaloric effect. As demon-
strated in Figure 2(c,d), the elastocaloric effect of
(Nis; Mn33InisFe;)99 4Bos showed almost no degrada-
tion during the 2700 loading-unloading cycles we per-
formed, and the structural integrity of the sample was
well maintained after the test. This represents the high-
est cyclability of elastocaloric effect reported hereto-
fore in multiferroic phase-transforming alloys. Actually,
such cyclability, with at least 2700 cycles, far exceeds
that reported in other multiferroic phase-transforming
alloys [6,16]. Furthermore, the elastocaloric effect of the
boron-microalloyed (Nis;Mnj33InisFe;)994Bog alloy is
very large, with a high AT,q of ~5.6K during load-
ing (Figure 2(c,d)). It should be mentioned that the
AT,q we achieved during loading is higher than that
during unloading (Figure 2(d)); this is mainly because
that, with the program control the sample could only
be rapidly unloaded to ~50MPa using the relatively
high strain rate of 2.8 x 1072571 (see Figure 2(e)), and
heat exchange between the sample and environment hap-
pened during further slow manual unloading to 0 MPa.
In principle, the AT,q4 values during loading and unload-
ing are roughly the same if the adiabaticity is satisfied.
As indicated from the isothermal stress-strain curves in
Figure 2(e), under the isothermal condition applying a
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stress of 350 MPa (with a strain rate of 2.8 x 10™4s71)
can only induce a part of the transformation. Considering
the fact that the stress required for inducing marten-
sitic transformation under the adiabatic condition (the
strain rate is 2.8 x 1072s71) is higher than that under
the isothermal condition (Figure 2(e)), the application of
350 MPa in the cyclic elastocaloric effect measurement
(Figure 2(c)) could only induce partial transformation.
The ultrahigh cyclability of the large elastocaloric effect
confers the boron-microalloyed Ni-Mn-In alloys great
potential for elastocaloric and multicaloric refrigeration.

As demonstrated above, the cyclability of elastocaloric
effect of the Ni-Mn-In alloys is strikingly enhanced by
two orders of magnitude by boron microalloying. This
is attributed to the strengthening of grain boundary and
grain refinement as a result of boron microalloying. The
increase in fracture strength in the boron-microalloyed
sample (Figure S2) is one indication for the strengthening
of grain boundary resulting from boron microalloying.
To provide further evidence, we examined the fracture
modes (see Figure 3). The boron-free Nis; sMn33In;s 5
and Nis;Mns3Inj4Fe; alloys both exhibit intergranular
fracture (Figure 3(a,b)), owing to the grain boundary
weakness. In contrast, the fracture mode in the boron-
microalloyed (Ni51,5Mn33In15.5)99,4B0.6 and (Ni51M1’133
In14Fes)994Boe alloys is predominantly transgranular
(Figure 3(c,d)). This provides unambiguous evidence
that the grain boundary in the boron-microalloyed sam-
ples is indeed strengthened.
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To elucidate how the boron microalloying strengthens
grain boundary, we studied the chemical distribution at
the atomic scale by 3D atom probe tomography (APT). A
(Nis; Mn33In14Fez)99.4Bo ¢ tip specimen was taken from a
region around the grain boundary, as illustrated in Figure
S$3d. The 3D APT results are shown in Figure 4. The peak
assignment of the mass spectrum confirms that the com-
plexion NiBH™ forms (Figure 4(a)). It is clear that, while
the single atoms of Ni, Mn, In and Fe show homogenous
distribution, the complex ion NiBH™ exhibits strong seg-
regation to grain boundary (Figure 4(b)). Due to the
segregation and clustering of NiBH™ at grain bound-
ary, the hydrogen is bonded to B and Ni and trapped
into the NiBH clusters. This trapping effectively reduces
the hydrogen diffusion along grain boundary and thus
suppresses the hydrogen embrittlement which is a well-
known reason for intergranular fracture in ordered inter-
metallics [17]. In this way, the grain boundary strength
is enhanced due to boron microalloying. The strength-
ening of grain boundary suppresses the fatigue crack
formation and propagation along gain boundaries dur-
ing stress-induced transformation, and thus enhances the
cyclability of elastocaloric effect.

In order to gain information on grain size of
the alloys, we performed microstructure examination
(see Figure S3). Evidently, boron microalloying is
indeed very effective in grain refinement. While the
boron-free Nis; sMn33In;s 5 alloy exhibits a microstruc-
ture with coarse grains of ~100pum (Figure S3a),

Figure 3. Scanning electron fractographs for the (a) Ni51,5Mn33In15_5, (b) Ni51Mn33In14Fe2, (@] (Ni51,5Mn33In15,5)99,4Bo_6 and

(d) (NisyMn33In14Fe;)99.4Bg s alloys, respectively.
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Figure 4. (a) Mass spectrum for the (Nis;Mns33Ini4Fe;)99.4Bo 6 tip
specimen taken from a region around the grain boundary (as
illustrated in Figure S3d). The inset shows the assignment of the
peaks enclosed in the rectangular frame in the main panel; the
red vertical lines denote the peak positions of NiBHT. (b) 3D
APT reconstructions of atomic distributions of Ni, Mn, In and Fe
and distribution of NiBH™ around the grain boundary, together
with the iso-concentration surface for NiBH™ at 0.8% (lower right
panel).

the bOI'OIl-miCI'OZlHOYCd (Ni51Mn33In14Fe2)99‘4B0.6 alloy
shows significantly refined grains of ~15um (Figure
§3d). The grain refinement increases the yield strength
and thus impedes local plastic deformation during stress-
induced transformation [18], which may become the
crack initiation sites during cycling. Moreover, since the
grains are refined, the misorientation between neigh-
boring grains becomes smaller, and this leads to more
synchronous stress-induced transformation in neighbor-
ing grains and thus diminishes stress concentrations
at grain boundaries. These factors contribute to the
enhanced cyclability of elastocaloric effect and are also
beneficial for attaining a larger elastocaloric effect in
the boron-microalloyed samples. It should be noted that
boron microalloying results in the formation of precip-
itates, especially at grain boundaries (Figure S3c and
S3d). Our energy dispersive spectroscopy (EDS) analy-
sis shows that the precipitates are rich in Ni and lean in In
(Table S1). High-resolution transmission electron

microscopy (TEM) experiment reveals that the interface
between the precipitate and the matrix is incoherent with
a large lattice misfit (Figure S4). Hence, the precipitates
have little contribution to the strengthening of the alloys.
After all, it is the strengthening of grain boundary and
grain refinement that contribute to the good mechanical
properties and high cyclability of elastocaloric effect in
the boron-microalloyed samples.

To demonstrate that our present strategy (Figure 1)
can readily be applied to other multiferroic phase-
transforming alloys, we also microalloyed the Ni-Mn-
Sn alloys with boron to simultaneously strengthen
grain boundary and refine grains. A high-performance
(Ni5; 5Mn35Sn12.5Fe1)99.4Bo ¢ alloy with transformation
temperatures around room temperature was achieved.
Figure S5 shows the temperature variation during cyclic
loading and unloading for this alloy. Clearly, this alloy
also exhibits ultrahigh cyclability of elastocaloric effect.
The elastocaloric effect remained almost stable for the
3000 loading-unloading cycles we performed. The sam-
ple remained intact after the test. This clearly evidences
the applicability of our strategy to other multiferroic
phase-transforming alloy systems. It should be noted
that, in addition to the bulk polycrystalline samples, the
present strategy is expected to yield significant enhance-
ment of the cyclability of elastocaloric effect in thin films
that have fine and uniform grains. Since our strategy is
based on grain boundary engineering, it is not expected
to be applicable to single crystals that are free of grain
boundaries.

For a caloric material, the cyclic stability which is
directly related to operation life is of crucial impor-
tance for refrigeration applications. Meanwhile, the
field-induced adiabatic temperature change AT,q is
an important parameter quantifying the caloric effect.
Figure 5 demonstrates the comparison of the cycla-
bility of elastocaloric effect and AT,q of the alloys
designed here with other elastocaloric materials in the
polycrystalline form [4-6,16,19-23]. As compared to
other materials except Ti-Ni-based alloys, the present
(Nis;Mn33Ini4Fe;)99.4Bo.s and (Nis; sMn3s5Snyz 5Fer )99 4
By alloys exhibit the highest cyclability of elastocaloric
effect reported hitherto. It should be noted that the elas-
tocaloric effect of Ti-Ni-based alloys degrades consid-
erably during cycling [4,21] while that of the present
(Nis;Mn33Ini4Fe;)99.4Bo.s and (Nis; sMn3sSnyz 5Fer )99 4
By ¢ alloys remains very stable for more than 2700 cycles.
More importantly, the Ti-Ni-based ferroelastic phase-
transforming alloys display only elastocaloric effect,
while the present multiferroic phase-transforming alloys
show attractive multicaloric effects [1]. Besides stress-
induced transformation, the present alloys also exhibit
magnetic-field-induced transformation (as shown in
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Ni-Cu film [4], Ti-Ni-V [21], Ti-Ni [23], Ni-Mn-In [6], Cu-Zn-Al [5],
Ni-Co-Mn-In [16,19], Ni-Mn-Ga [20], Ni-Fe-Ga [22].

Figure S6). This opens opportunities for exploiting mul-
ticaloric effects for more efficient refrigeration. Synergic
harnessing of the multicaloric effects under optimized
coupling of stress, magnetic field and temperature could
yield a significantly larger caloric effect in these alloys as
compared to the materials showing only a single-caloric
effect.

4. Conclusions

In conclusion, by employing the strategy of simul-
taneously strengthening grain boundary and refining
grains, we have strikingly enhanced the cyclability of
elastocaloric effect by two orders of magnitude in the
prototype Ni-Mn-based multiferroic phase-transforming
alloys. Ultrahigh cyclability of a very large elastocaloric
effect has been achieved in the (Nis; Mn33In;4Fe;)99 4Bo.¢
bulk polycrystalline alloy: the high adiabatic temperature
change AT,q of ~ 5.6 K remains stable for 2700 cycles of
loading and unloading. This (Nis;Mn33Inj4Fes)99.4Bo6
alloy contains neither expensive nor toxic elements
and is easy to fabricate. It shows great potential
for environment-friendly solid-state refrigeration. Our
achievement of the ultrahigh cyclability of a large elas-
tocaloric effect in multiferroic phase-transforming alloys
paves the way for exploiting multicaloric effects for more
efficient cooling applications. Furthermore, the present
strategy is not believed to be limited to the multiferroic

MATER. RES. LETT. 143

phase-transforming alloys, but could readily be applied to
the ubiquitous brittle intermetallic phase-transforming
materials to enhance their cyclability for advanced sens-
ing, actuating and energy harvesting applications.
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