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Energy-efficient and environment-friendly elastocaloric refrigeration, which is a promising replacement
of the conventional vapor-compression refrigeration, requires extraordinary elastocaloric properties.
Hitherto the largest elastocaloric effect is obtained in small-size films and wires of the prototype NiTi
system. Here, we report a colossal elastocaloric effect, well exceeding that of NiTi alloys, in a class of bulk
polycrystalline NiMn-based materials designed with the criterion of simultaneously having large volume
change across phase transition and good mechanical properties. The reversible adiabatic temperature
change reaches a strikingly high value of 31.5 K and the isothermal entropy change is as large as
45 Jkg~' K. The achievement of such a colossal elastocaloric effect in bulk polycrystalline materials
should push a significant step forward towards large-scale elastocaloric refrigeration applications.
Moreover, our design strategy may inspire the discovery of giant caloric effects in a broad range of

ferroelastic materials.
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Refrigeration has become an indispensable technology
in our modern society, which is required in numerous
application areas such as food preservation, cold-chain
transportation, and air conditioning. Present refrigeration
technologies are based primarily on vapor compression
using environmentally harmful fluids which produce green-
house gases and therefore raise serious environmental
concerns [1-3]. It is imperative to develop alternative
cooling technologies that are clean and highly efficient.
Solid-state refrigeration based on magnetocaloric, electro-
caloric, and elastocaloric effects (which refer to the
adiabatic temperature change or the isothermal entropy
change of the material upon the application of magnetic
field, electric field, and stress, respectively) [4—8] is nowa-
days under extensive investigation worldwide. The mag-
netocaloric (electrocaloric) effect requires large magnetic
(electric) fields [4,9] which can be costly and challenging to
generate. Recently, elastocaloric refrigeration employing
the large latent heat associated with stress-induced mar-
tensitic phase transition [10,11] has been identified by the
U.S. Department of Energy as one of the most promising
non-vapor-compression cooling technologies [1].

Implementation of elastocaloric refrigeration relies on
development of high-performance elastocaloric materials,
the heart of the refrigeration device. Large elastocaloric
effects have been observed in ferroelastic phase-transition
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materials [12] such as Cu-based shape memory alloys
(SMAs) [10,13], NiTi-based SMAs [14-18] and NiMn-
based Heusler-type magnetic SMAs [19,20]. Particularly,
the prototype NiTi SMAs exhibit a giant elastocaloric effect
[5,14,15]. Up to now, the highest elastocaloric effect with
an adiabatic temperature change AT, up to 25 K is
reported in NiTi wires, thin films, and foils [14-17],
whereas bulk polycrystalline NiTi SMAs typically display
a AT, below 15 K. For elastocaloric performance, the
amount of heat transfer is proportional to the mass of the
elastocaloric material and intimately related to the magni-
tude of the elastocaloric effect. However, it remains a great
challenge to develop bulk polycrystalline materials with
higher elastocaloric effects, which are essential for cost-
effective large-scale cooling applications.

Here, by employing a novel design strategy, we
achieved a colossal elastocaloric effect in a class of
NiMn-based bulk polycrystalline alloys. The reversible
AT, in these alloys reaches 31.5 K and the reversible
isothermal entropy change is as large as 45 Jkg=' K=,
This reversible AT,y far exceeds that directly measured in
all elastocaloric, electrocaloric and barocaloric materials
[21]. Furthermore, the working temperature of our alloys
can be easily tuned for desired cooling and heat pumping
applications. This study may inspire the discovery of giant
caloric effects in a broad range of ferroelastic materials.

© 2019 American Physical Society
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The elastocaloric effect originates from the coupling
between the lattice and the externally applied stress [10]. To
achieve a reproducible large elastocaloric effect, the fol-
lowing strategy is employed. The basic concept mainly
focuses on two points. First, the transformation entropy
change AS,, of the elastocaloric material must be large to
provide great potential for achieving a large elastocaloric
effect since AS; corresponds to the maximum attainable
value for the stress-induced isothermal entropy change
AS,, [4,5]. Second, the mechanical properties of the
elastocaloric material must be good enough to withstand
a stress that is sufficiently high to fully induce the
martensitic transformation, so that the potential for the
large elastocaloric effect can be realized. For ferroelastic
SMAs, the AS, for martensitic transformation can be
expressed as AS; & ASy + ASy,, + ASge, Where ASjy,
ASpag, and AS,. are the lattice (structural), magnetic, and
electronic contributions to AS,;, respectively, among which
ASj, plays a dominant role [23]. As is known, volume
change is an important characteristic of first-order phase
transitions [8]. Specifically, for martensitic transformation,
the larger the unit cell volume change (AV/V,) across the
transformation, the stronger the first-order transition, which
leads to a larger AS), (and thus AS,,) [24-26] [see Fig. 1(a)
for example]. This is reasonable since the heat of formation
of an intermetallic compound is proportional to the volume
of formation of the compound from the component
elements [24,27]. Therefore, we expect that a large elas-
tocaloric effect to be achieved in ferroelastic alloys
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FIG. 1. Guide for the design of high-performance elastocaloric

materials. (a) Correlation between transformation entropy
change AS, and unit cell volume change AV /V, across the
transformation in NiMn-based Heusler alloys. The data are
taken from the present work and literature (see Supplemental
Material, Note 1 [28] for details). For “This work™ the upper
symbol is for (NisyMns; 5Tiig5)995Bo2 and the lower one for
(NisgMn3,Tijg)g9 sBo. All the data presented in this figure are
taken from the alloys in which the martensitic transformation
occurs above the Curie transition of austenite, namely, the
magnetic contribution to AS,, is negligible. (b) Ratio of bulk
modulus B to shear modulus G, B/G and the Cauchy pressure
C,—Cyy, obtained from ab initio calculations, plotted as a
function of AV/V,, for NiMn-based Heusler alloys (see Supple-
mental Material, Note 1 [28] for detailed data).

with simultaneous large AV/V, and good mechanical
properties.

To seek such ferroelastic alloys, NiMn-based Heusler-
type SMAs are considered as potential candidates taking
into account the large AV /V, in the master alloy NisyMns
[49]. In order to gain insight into mechanical properties of
the NiMn-based Heusler-type SMAs, we performed ab ini-
tio calculations, using the exact muffin-tin orbitals (EMTO)
method in combination with the coherent potentials
approximation (CPA) (see Supplemental Material [28]
for more details), to determine their elastic constants and
moduli [Fig. 1(b)]. It is well acknowledged that the intrinsic
brittle or ductile properties of metals can be reflected by the
ratio of bulk modulus B to shear modulus G, B/G [50,51]
and the Cauchy pressure C;,—Cyy (C;o and Cyy being
elastic constants) [51,52]. The fact that the NiMnTi alloys
exhibit the highest positive C;,—C44 and B/G [Fig. 1(b)]
unambiguously indicates that it is most probable to achieve
good mechanical properties in the NiMnTi system.
Actually these NiMnTi alloys belong to the recently
reported all-d-metal NiMnTi material family [53,54].

We thus prepared a series of NisoMnso_, Ti, (at. %)
(x = 12-18.5) bulk polycrystalline alloys by arc melting
and subsequent annealing at 1173 K for 48 h (see
Supplemental Material [28] for details). Differential scan-
ning calorimetry (DSC) measurements show that with
increasing x, the martensitic transformation temperature
decreases (Supplemental Material, Fig. 1 [28]). When x
reaches 18 and 18.5, the transformation temperature is
brought down to slightly below room temperature.
Although the NiMnTi alloys show the least intrinsic brit-
tleness in comparison with other NiMn-based alloys as
indicated in Fig. 1(b), we further microalloyed the
NisoMns_ Ti, (x = 18 and 18.5) polycrystalline alloys
with boron, since it is known that microalloying with boron
enhances the grain boundary cohesion and improves the
mechanical properties of NiMn-based Heusler-type SMAs
[55,56]. It is found that microalloying with boron leads to
decreasing transformation temperature (Supplemental
Material, Fig. 2 [28]). For elastocaloric refrigeration the
working temperature should be around room temperature,
so we will focus on those alloys with transforma-
tion temperature slightly below room temperature:
(NisoMn3, sTijg5)99sBoo  and  (NispMn3,Tijg)g9 sBos
(whose transformation temperatures can be found in the
Supplemental Material, Fig. 2 [28]).

Our in situ synchrotron high-energy x-ray diffraction
(HEXRD) experiments (as shown in detail later)
reveal that these alloys do exhibit a large AV/Vj:
1.89% for (NisoMn3145Ti18.5)99_8B0_2 and 1.84% for
(NisoMn3,Tijg)g9 sBoo. Such AV/V( values are much
higher than those in other NiMn-based Heusler SMAs
[Fig. 1(a)]. Thus, a large AS,, is expected in these NiMnTiB
alloys. It should be noted that AS,. for this kind of NiMn-
based Heusler alloy is very small [23], and AS,,,, for the
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FIG. 2. Colossal adiabatic temperature change in
(NisoMn3; 5Tijg.5)99 sBo.2- (2) Temperature variation during load-
ing, holding, and unloading, shown as a function of time. The
maximum applied stress is 700 MPa, and the strain rate & for
loading and unloading is displayed in the figure. (b) Adiabatic
temperature change as a function of strain rate ¢ (the same ¢ is
applied for both loading and unloading), with the maximum
applied stress of 700 MPa. (c) Adiabatic temperature change as a
function of maximum applied stress, with loading and unloading
rate £ of 0.16 and 5.33 s™!, respectively.

present NiMnTiB alloys is negligible since their martensitic
transformation occurs between paramagnetic austenite and
paramagnetic martensite (Supplemental Material, Fig. 3
[28]); hence, the AS,, for these alloys mainly comes from
AS), which is directly linked to AV /V,,. Indeed, our DSC
measurements confirm that all the NisyMns,_, Ti, (at. %)
(x = 12-18.5) alloys have a remarkably large AS,, in the
range of 60-80 Jkg~! K~!. Although the AS, decreases
slightly with boron microalloying (Supplemental
Material, Fig. 2 [28]), it still remains a much higher
value [76 Jkg=!K~! for (NisyMns; 5Tijgs)e9gBo, and
70 Jkg ' K=! for (NisyMns;Tijg)g9Bo2] as compared
with other NiMn-based Heusler alloys [5,56]. Therefore,
a large elastocaloric effect can be expected in these alloys.

We investigated the elastocaloric effect of both
(NisoMn3, sTijg5)99gBoo  and  (NisoMn3;Tijg)gg §Bo.2s
and found that the magnitude of their elastocaloric effect
is similar and the only difference is the working temper-
ature, owing to their different transformation temperatures.
Hereafter we will focus on the results obtained from
(NisoMns; 5Tiig5)99 gBoo, considering that its working
temperature is around room temperature. The elastocaloric
effect measurements were performed on cylindrical sam-
ples cut from the middle of the annealed button ingots;
these samples show columnar grains displaying a strong
texture with (001) of austenite parallel to the axial direction
of the samples (see Supplemental Material [28] for details).

The adiabatic temperature change AT,4, an important
parameter for the elastocaloric effect, was examined by
directly measuring the temperature variation of the sample
during compressive loading and unloading, using a

thermocouple (see Supplemental Material [28] for details).
For such measurements [see Fig. 2(a)], the sample was first
held at the testing temperature for a certain period [~20 s
for Fig. 2(a)] and then loaded rapidly (within 1 s) to the
maximum applied stress, followed by holding for #; [~40 s
for Fig. 2(a)] to ensure the sample temperature recovers to
the testing temperature, and subsequently unloaded rapidly
(within 1 s) to 0 MPa followed by further holding for ¢,
[~60 s for Fig. 2(a)]. The temperature variation for
(NisoMn3; 5Ti1g5)99 gBo2 is shown as a function of time
in Fig. 2(a). Strikingly, the sample temperature increases by
26.9 K during loading and decreases by as much as 31.5 K
during unloading. Since the loading and unloading rates are
high, these temperature changes are approximately taken as
AT 4. The sample temperature changes during loading and
unloading are similar in magnitude (it should be mentioned
that the loading and unloading rates are different), indicat-
ing that the AT, is reversible. Notably, this value of 31.5 K
is a colossal reversible ATy, far exceeding that directly
measured in all elastocaloric, electrocaloric, and baro-
caloric materials in any form (thin film, wire, bulk, etc.)
(Table I) [21].

We systematically investigated the effect of strain rate &
and maximum applied stress o,,,, on AT 4. When o6, is
fixed at 700 MPa, AT first increases rapidly for low ¢ and
then tends to saturate above 0.05 s~! [Fig. 2(b)]. This
suggests that the adiabatic condition is approximately
reached for & above 0.05 s™!. When the loading and
unloading rates ¢ are fixed at 0.16 and 5.33 s~!, respec-
tively, AT,y first increases with 6., and then reaches
saturation at o,,,, = 700 MPa [Fig. 2(c)], indicating that
700 MPa is sufficient to induce the complete martensitic
transformation under such é.

To examine the stress-induced isothermal entropy
change AS;,,, which is the other important parameter for
the elastocaloric effect, we measured the compressive
stress-strain curves at different temperatures. ASi,, is
computed based on the integration of the Maxwell rela-
tion [10], which gives AS;;, = vy [§(0a/0T),de, where v,
is the specific volume [1.42x 10~* m*kg~' for the
(NisoMn3; 5Tijg5)99 5B alloy studied here]. With the
stress-strain curves displayed in Fig. 3(a), AS,, is esti-
mated numerically for different strain levels and shown as a
function of temperature in Fig. 3(b). Remarkably, the AS;,
for 7% strain is as high as 45 Jkg~! K~!. This AS,, is
reversible since the stress-strain loop indicates perfect
superelasticity [the inset of Fig. 3(a)]. This reversible
AS,, is very large, as compared with other caloric
materials (Table I). It is worth noting that our experimen-
tally determined AT,y and AS), can be well correlated with
ATy = —(TASi,)/C, where C, is the specific heat
capacity [4,5], which, for (NisoMns;sTijgs)e9sBo2, is
around 470 Jkg='K~! in the temperature range 280—
320 K. In terms of the -elastocaloric effect, the
(NisoMn3; 5Tijg5)99 gBoo alloy (with a directly measured
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TABLE L. Reversible adiabatic temperature change AT 4 and reversible isothermal entropy change AS;,, for typical caloric materials*.
Reversible Reversible
Caloric material T (K) |AT 4| (K) |AS;o| kg™ ' K1) Field change Ref.
Elastocaloric
(NisoMnj3; 5Tijg.5)99 §Boo (bulk pe) 308 315 45 700 MPa This work
Niyg oTisy | (Wire) 330 25 35 900 MPa [14]
Nisg4Tigg ¢ (film) 300 16 500 MPa [16]
Niso4Tige 6 (sC) 304 14 500 MPa [57]
Cuﬁg_IanigAlmi (SC) 300 6 21 120 MPa [10]
N150F619G327C04 (SC) 348 10 300 MPa [58]
(Ni51_5Mn33In15_5)99_7B0‘3 (bulk pC) 303 6.6 550 MPa [56]
Magnetocaloric
Gd (bulk pc) 294 13 11 5T [59]
GdsSi,Ge, (bulk pc) 280 15 19 5T [60]
LaFe; 4Mn(4Si; 3H; 5 (bulk pc) 290 3 11 12T [61]
MHFEO'95P0_59B0_OSSiO'33 (bulk pC) 280 2.6 10 1T [8]
Nig93C0;,Mns;3 5Iny55 (bulk pe) 235 14.6 5T [62]
Ni45A7Mn36A61n13A5C04'2 (bulk pC) 282 3 2T [63]
Electrocaloric
PbZr( 46Sng 45Tig O3 (bulk pc) 317 1.6 30kVem™! [64]
P(VDF-TrFE) (film) 340 12 1200 kV cm™! [4]
Barocaloric
GdsSi,Ge, (bulk pc) 270 1.1 11 0.20 GPa [65]
LaFe; 3Co( 551, (bulk pc) 237 2.2 8.7 0.20 GPa [9]

|AT,q|, reversible adiabatic temperature change obtained from direct measurements; |AS;,|, reversible isothermal entropy change
derived from indirect measurements; 7', testing temperature; pc, polycrystal; sc, single crystal; P(VDF-TrFE), poly(vinylidene fluoride—
trifluoroethylene) 55/45 mol %. *Note: Only reliable data are included. Although a large |AT 4| of 58 K was reported in a Ni-Ti foil
(Ref. [66]), this value is not reliable because the [AS;, | (~95 Jkg™' K™') derived via the relation C,|AT | & T|ASi, | (C,,, specific heat

capacity) is significantly larger than the transformation entropy change AS, (~35 Jkg=' K~!) experimentally determined therein

(Ref. [66]), and therefore this value is not adopted.

reversible AT,; of 31.5 K and a reversible AS;, of
45 Jkg=' K~!) well outperforms the prototype NiTi elas-
tocaloric materials (typically with a maximum AT,y of
~25 K and AS;, of ~35 Jkg=' K~!) (Table I). It is worth
mentioning that the AS;,, we achieved is lower than the
AS, determined from DSC measurements under zero
stress. Two possible reasons are (i) the transformation
strain is lower if the transformation occurs under a higher
stress [Fig. 3(a)], which, according to the Clausius-
Clapeyron relation [10], leads to the decrease of trans-
formation entropy change with increasing stress and (ii) the
entropy change associated with the transformation from
austenite to multivariant martensite under zero stress is
different from that associated with the stress-induced
transformation from austenite to single-variant martens-
ite [10].

To better understand the colossal elastocaloric effect and
its underlying mechanism, we performed in situ synchro-
tron HEXRD experiments to trace the structural evolution
during loading and unloading (Fig. 4 and Supplemental
Material, Figs. 4 and 5 [28]). The experiments were
performed at 295 K and a monochromatic x-ray beam
with a wavelength of 0.1173 A was used. The stress was
applied with a loading frame controlled by displacement.

As indicated from Fig. 4(a), the sample exhibits a Heusler
austenite structure (space group Fm3m, No. 225) with
lattice parameter a, = 5.945 A before loading. Upon
loading, it transforms into an orthorhombic (space
group Pmma, No. 51) martensite with lattice para-
meters ay, = 8.553, by, =5.505, and c,; =4.378 A
(Supplemental Material, Fig. 4 [28]). Notably, the stress-
induced martensitic transformation is fully accomplished
when the stress reaches above 413 MPa [Fig. 4(a) and
Supplemental Material, Fig. 5 [28]]. During unloading, the
stress-induced martensite fully transforms back to austenite
(Fig. 4). As seen from Fig. 4(b), the 2D HEXRD
patterns collected before loading and after unloading are
almost identical, indicating that the stress-induced trans-
formation is fully reversible. The completeness and
reversibility of the stress-induced transformation are
important for the achievement of the colossal reversible
elastocaloric effect. Based on the lattice parameters of
austenite and martensite, the unit cell volume change across
the transformation AV/V, is determined to be 1.89% for
(NisoMn3; 5Tiig5)g9 gBo 2. This large AV /V, accounts for
the large AS,, which is a prerequisite for the colossal
elastocaloric effect. It is worth noting that the stress
required for inducing complete transformation is different
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FIG. 3. Stress-induced isothermal entropy change in
(NisoMn3; 5Tig5)99gBo2- (@) Compressive stress-strain curves
measured with a low strain rate of 1.3 x 107 s~! at different
temperatures. For clarity, only the curves recorded during loading
are displayed. The inset shows a full stress-strain loop measured
at 288 K, as an example. (b) Isothermal entropy change for
different strain levels, shown as a function of temperature. The
data are derived from the stress-strain curves displayed in (a).

in the in situ HEXRD experiment (Fig. 4) and elastocaloric
effect measurements [Figs. 2(c) and 3(a)], which is attrib-
uted to the different strain rates and testing temperatures
(a detailed explanation is presented in the Supplemental
Material, Note 2 [28]).
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FIG. 4. Crystal structure evolution during stress-induced trans-
formation in (NisoMns; 5Tijg5)99 gBo2- (a) 1D HEXRD patterns
at different stress levels during loading and unloading at 295 K.
(b) Representative zone of the 2D HEXRD patterns collected
before loading (2 MPa), at the maximum stress (490 MPa), and
after unloading (1 MPa) at 295 K.

In conclusion, we have achieved a colossal elastocaloric
effect in a class of bulk polycrystalline NiMnTiB alloys
designed with the criterion of having simultaneous large
volume change across phase transition and good mechanical
properties. The reversible AT, reaches a strikingly high
value of 31.5 K, which represents the largest reversible AT 4
directly measured in all elastocaloric, electrocaloric, and
barocaloric materials (Table I) [21]. The reversible AS;, is
as large as 45 Jkg~! K~!. Furthermore, the working temper-
ature of the present NiMnTiB alloys can be easily tuned for
refrigeration and heat pump applications at different temper-
atures. We anticipate that the achievement of such a colossal
elastocaloric effect in bulk polycrystalline materials that are
inexpensive to fabricate and can be easily scaled up will push
a significant step forward towards large-scale applications
of high-efficiency and environment-friendly elastocaloric
refrigeration. Moreover, the present design strategy opens a
new avenue for discovering giant caloric effects in ferroe-
lastic materials.
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