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High-performance elastocaloric materials require a large reversible elastocaloric
effect and long life cyclic stability. Here, we fabricated textured polycrystalline
Nisg4Mny73Gayy 3 alloys by cost-effective casting method to create a <001> tex-
ture. A strong correlation between the cyclic stability and the crystal orientation
was demonstrated. A large reversible adiabatic temperature change AT ~6 K was
obtained when the external stress was applied parallel to <001> direction. How-
ever, the AT decreased rapidly after 50 cycles, showing an unstable elastocaloric
effect (eCE). On the other hand, when the external stress was applied perpendicu-
lar to <001>, the adiabatic AT was smaller ~4 K, but was stable over 100 cycles.
This significantly enhanced eCE stability was related to the high yield strength, low
transformation strain and much higher crack initiation-propagation resistances per-
pendicular to <001> direction. This study provides a feasible strategy for optimizing
the eCE property by creation of the texture structure in polycrystalline Ni-Mn-Ga and
Ni-Mn-X (X= In, Sn, Sb) alloys. © 2018 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5028212

Recently, the solid-state refrigeration based on the elastocaloric effect (¢CE) has been emerging
as a promising candidate technique for the conventional vapor-compression refrigeration.! Giant
adiabatic temperature changes (47) have been realized in shape memory alloys, such as 25 K
in NisgTiso? and 13 K in Cu7;5Al;75Mn;;.°> Ni-Mn-based ferromagnetic shape memory alloys
(FMSMA:s), including Ni-Mn-Ga and Ni-Mn-X (X=In, Sn, Sb), exhibited multifunctional properties
including magnetic-field-induced strain (MFIS),* magnetic shape memory effect,” magnetoresis-
tance,® magnetocaloric effect (MCE)’ and eCE.® It was reported that stress-induced A7 in Ni-Mn-Sn
and Ni-Mn-In-Co alloys reached 3-9.5 K,”!® which were comparable to that induced by a high
magnetic field.!!

The application of elastocaloric refrigeration requires a large reversible AT and good cyclic
stability during multiple stress cycles. However, the metamagnetic Ni-Mn-X (X = In, Sn, Sb) alloys
usually exhibit a distinct irreversibility during loading-unloading cycles® because of the elastic incom-
patibility of the martensite/austenite interface and the formation of dislocations or micro-cracks.'?!3
Moreover, the reversibility is important for high cyclic stability and thus a long functional fatigue
life.'* Improvement of the martensite transformation (MT) reversibility may be realized by tun-
ing the geometric compatibility between A/M interface.'>!® The thermodynamic process during
MT also affects the reversibility.!” For example, in Ni-Ti alloys, the transformation hysteresis of
B2-R is smaller than that of B2-B19°, implying a better elastocaloric reversibility during B2-R
cycling.!® In Ni-Mn-Ga alloys, the austenite«<>5M martensite exhibited the most promising eCE
due to the low superelastic critical stress and small transition strain,'® which benefit for a long
fatigue life. In single crystalline Ni-Mn-Ga alloys, only 5SM martensite could be formed under
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compressive stress along <001> direction because the stress-induced intermartensite transformation
was prevented.’??!

Single crystalline FMSMAs such as Ni-Fe-Ga,'* Co-Ni-Ga??> showed good reversibility and
fatigue life during stress-cycling. However, their polycrystalline alloys are brittle. It is effective to
enhance the ductility by micro-alloying?® or by reducing intergranular constraints through texture.?*>
For example, a stable AT = 4 K over 200 cycles was achieved in a <001> textured Nigg sMngGay 5
alloy.”> However, further work is needed to build a relationship between crystal orientation and
cyclic stability of eCE. Here, this relationship was demonstrated in a textured Nisp4Mny73Gay 3
alloy: Smaller AT but enhanced cyclic stability when loading perpendicular to <001> direction than
parallel to it. This provides a feasible strategy to optimize the microstructural and loading direction
for stable eCE.

Polycrystalline Niso4Mny73Gass 3 (at.%) rectangular plate was prepared by melting pure Ni, Mn
and Ga metals (purity >99.95%) under argon atmosphere in a vacuum induction furnace and casting
into a graphite mold with size 200x100x25 mm. The composition of the plate was determined by
energy dispersion spectrum (EDS). Compressive samples for eCE tests with size of 4x4x8 mm?
were prepared by electron discharge machining (EDM). The samples were sealed into a quartz tube,
vacuumed and then subjected to a stepwise annealing heat treatment (1273 K 10 h, 998 K 2 h,
973 K 10 h and 773 K 20 h) for compositional homogenization and chemical ordering. After anneal-
ing, the martensite structure was examined by X-ray diffraction (XRD) with Cu-Ko radiation. The
grains along the solidification direction (SD) of the plate was analyzed using a scanning electronic
microscope (SEM) equipped with electron back-scattered diffraction (EBSD) at a temperature of
370 K. The martensite transformation was monitored in a TA Discovery-2500 differential scanning
calorimeter (DSC). The heat capacity was determined by T4P Tzero® heat flow technology. The
superelastic cycling tests were performed in an Instron 5500R universal testing machine and the adi-
abatic temperature change AT ,,, was recorded using a T-type thermocouple welded on the sample
surface. The temperature data were recorded by an OM-DAQ-USB-2401 data acquisition module
with a working frequency 1 Hz. The measurement accuracy of the thermocouple is +1.1 K.

The MT temperatures of the annealed Nisg 4Mnj7 3Gay; 3 alloy were determined by DSC (Fig. S1a
of the supplementary material). The corresponding first-order MT temperatures (M, My, Ay, Ar) and
second-order Curie point (T) are listed in Table I. The thermal hysteresis Ay - M was determined
to be 9 K. Such low thermal hysteresis may favor the reversible superplasticity. The enthalpy change
(4H) and entropy change (4S = 4H/Ty, where Tg = (M + Af)/226) are also summarized in Table 1.
Given a complete MT during superelastic cycling, the adiabatic temperature change limit may be
theoretically calculated by |AT | = (Tx4S5)/Cp| = 8.8 K, where the heat capacity C, was determined
to be 610 J/kg K (Fig. S1b of the supplementary material).

XRD patterns confirmed the existence of the SM martensite in the Nisg4Mny73Gayy 3 alloy at
room temperature (Fig. S2 of the supplementary material), which is beneficial for the low superelastic
critical stress and small transition strain.’’ Fig. 1a shows coarse columnar grains in the austenite
state at a temperature of 370 K. The axis of the columnar grains was parallel to the <001> crystal
direction, as shown by the pole figure in Fig. 1b. The transformation strains of the austenite<>5M
was calculated according to the Lattice Deformation Theory (LDT),?” using the lattice parameters:
austenite a = 5.823 A, 5M martensite a = 5.919 A and ¢ = 5.584 A obtained from Fig. S2 of the
supplementary material. The result illustrated in Fig. 1c shows that the transformation strain along
the <001> direction was the largest (4.1%), but smallest along <111> direction, implying a large
crystal orientation dependent transformation strain in textured Ni-Mn-Ga alloys.

TABLE 1. Martensite transformation temperatures (M, My, A, Ar), Curie point (T ¢), the enthalpy change (4H)) and thermal-
induced transition entropy change (4S) during cooling (4H, 4S.) and heating (4H},, AS},) process of the Niso 4Mny73Gaz 3
alloy determined by DSC.

Transformation temperature, K Enthalpy change, J/g Entropy change, J/kgK

My M Ay Af T, I4H | LAH,| 14S,| 14S,]

308 314 318 323 369 522 5.15 16.4 16.2
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FIG. 1. a)Inverse pole figure (IPF) map and b) pole figure showing columnar grains that grow along the solidification direction
(SD) in the Nisp 4Mnj7.3Gay; 3 alloy obtained at a temperature of 370 K. The inset of a) schematically shows the rectangular
alloy plate prepared by casting. c¢) illustrates the orientation dependent transformation strain map related to austenite<>5M
transition. The colors represent the transformation strains.

Fig. 2a and 2b displays the superelastic curves when the compressive direction (CD) is parallel
and perpendicular to <001>, respectively. At a temperature of 317 K (slightly lower than As, 318 K),
a superelastic stress plateau appeared during loading, but with a large residual strain upon unloading.
The residual strain completely disappeared at a higher temperature of 322 K (close to Ar = 323 K). At
temperatures >Ay, the alloy shows fully reversible superelastic behavior with a maximum recoverable
strain of 2.2% and 1.5% parallel and perpendicular to <001>, respectively. The critical stress oy
was smaller while the maximum recoverable strain was larger along <001> than those perpendicular
to <001>. The theoretical strain parallel to <001> is 4.1%, as shown by blue circle in Fig. 1c, and
the strain perpendicular to <001> is 2.8%, which is the average strain of direction perpendicular
to <001>, i.e. the pink line in Fig. 1c. As a result, the critical stress that triggers the austenite to
martensite transition parallel to <001> was lower than that perpendicular to <001> according to
the Clausius-Clapeyron equation do/dT = (A4S x p)/A4e.?® The experimental reversible strains in
both directions were about half of the theoretical strains due to the grain boundary restriction on the
favorable single variant formation.>” The stress hysteresis, defined as the stress difference between
the loading/unloading plateaus (arrows in Fig. 2a), were 27 and 34 MPa at 327 K parallel and perpen-
dicular to <001>, respectively, both decreasing with temperature. The low stress hysteresis obtained
by taking advantage of the austenite<>5M transformation contributes to the enhanced reversibility of
eCE."”

From Fig. 2, the MT critical stresses (045 and o ps5) were shown in Fig. S3 of the supplementary
material. The slope do/dT in both directions was 3 MPa/K for the austenite to martensite forward
transformation, and 4-4.4 MPa/K for the backward transformation. The obtained critical stress is

a 250 -
317K CD 1 <001>
cor<oor=| by Lo [
317K 312Kk 327K 337K
322K 327K 3TK
_ _ 200}
£ &
z 2 150
: .f
£ £
3 Z 100t
s0f
40/0 4“/“
A% 0 A%
Strain (%) Strain (%)

FIG. 2. Compressive superelastic curves of the Niso4Mny73Gagy 3 alloy at different temperatures under a strain rate of
4x10™ 571, The compressive direction is a) parallel and b) perpendicular to <001> direction. o~y and o~ yy marked in a) refer
to the martensite and austenite formation critical stresses, respectively. The arrows marked in a) defines the stress hysteresis
of the superelastic cycle.
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similar to that in Ni-Mn-Ga single crystals,”’ implying that martensite/austenite interface movement
resistance in this Niso.4Mnj73Gayy 3 alloy was as low as that in single crystals attributed to the coarse
columnar grains and <001> texture.

In order to investigate the reversibility of the adiabatic temperature change (47T), load-
ing/unloading cycling compressive test was conducted. The holding time between loading and
unloading processes was 30 s, allowing for the full temperature equilibration in the specimen. The
AT — time (¢) curves are displayed in Fig. 3. It is noted from Fig. 3a that ATy, reached 6.1 K
upon loading and 6.5 K upon unloading when the compressive direction was parallel to <001>,
which are smaller than the theoretical AT, = 8.8 K and are comparable to Ni-Fe-Ga single crystals
AT =7.5 K30 The smaller AT oxpr Was thought to be related to the incomplete superelastic transition
and inhomogeneous temperature distribution in the sample.?? AT perpendicular to <001> direction,
i.e. 3.3 Kupon loading and 4.1 K upon unloading (Fig. 3b), are comparable to those in polycrystalline
Ni48Mn351n]731 and Ni45Mn36.4In13‘6C05.]32 alloys.

Of note is that the obtained AT perpendicular to the <001> direction is lower than that along
<001> direction. This is probably related to the high superelastic critical stresses that only incom-
plete superelastic behavior occured perpendicular to <001>, as shown in the inset in Fig. 3b. A
larger AT could be obtained under increasing applied stress or decreasing temperature, as verified
in Fig 3c. The fact that |AT expr-joading <|AT expt-unioading! 18 in agreement with the Clausius-Clapeyron
relationship in which the slope of the unloading process (4 - 4.4 MPa/K) is higher than that of load-
ing process (3 MPa/K), as shown in Fig. S3a of the supplementary material. However, this is not

a 8 Loading . Unloading b 100
ol l Holding A o ,1, E"‘:
EM ___.__/f’r 5,,.,:
4t 1 E’w /_ /}f %“"
6.1K] | go /S /’ F 20
= 2} k Eal - —_ |
5 by L E % I‘?r ‘!(/}3 3
Strain (%
20 [ tswain b S Pafarani
aoen
2f @ﬂw@ j
65K & I
# [Temperature: 327K 4l J f Temperature: 327K
-6 | CD//<001= 4 |Strain rate: 0.033s" - CD L<001> - Strain rate: 0.033s™
0 20 40 60 80 0 20 40 60 80
Time (s) Time (s)
Cc”
Stress: 100MPa
6 Strain rate: 0.033s™
i
5t - B
—_ n
K4 .
— .
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3t ]
; . L
L S B -m
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1 . . .
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FIG. 3. The adiabatic temperature changes A7 of the Nisg4Mny73Gayy 3 alloy at a temperature of 327 K and strain rate of
0.033 5!, The compressive direction is a) parallel and b) perpendicular to <001> direction, respectively. The insets of a) and
b) represent the corresponding superelastic curves during A7 tests. ¢) shows the temperature dependent AT for compressive
direction CD//<001> and CD_L<001>, respectively. The AT, represent the working temperature window denoted as the
full width at half maximum of the AT peak.
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agree with NiTi wires®® and Ni-Mn-In-Co alloys,” in which 14T eypr-ioading! > AT expr-unioading! due to
their intrinsic heat dissipation behavior.> A larger 14T expr-unioading! may be attributed to the addi-
tional MT during stress holding process, which has also been reported in NizsMn3gIn;4Cos>* and
Nis4Fe19Gayy alloy® alloys. This phenomenon implies that the cooling effect from additional trans-
formation upon unloading exceeds the heating effect from frictional heating in the Nisg 4Mny73Gay; 3
alloy. The irreversible temperature change related to the intrinsic heat dissipation,®® calculated
based on the hysteresis area in the stress-strain curve at 327 K in Fig. 2, was determined to be
0.2 K in both directions and is much smaller than those of Ni-Ti wires* and Ni-Mn-In-Co bulk
alloys.”

Fig. 3c shows AT during a fast unloading process under a maximum stress of 100 MPa. The
largest |AT| parallel and perpendicular to <001> are 6.3 K and 5.3 K, corresponding to the test tem-
peratures of 327 K and 324 K, respectively. For caloric materials, the working temperature window
AT ,,in, defined as the full width at half maximum of 4S or AT, is also an important factor to evaluate
the cooling capacity. Here under a low stress of 100 MPa, a high AT,,;,, = 16 K was obtained along
<001>, which is smaller than that of the NisoFe ;9Gay7Coy single crystal 28 K37 but is compara-
ble to those of NigzsMnueSn;;3® (~8 K), NisssMnse4In14Cos.13° (~12 K) and NigsMnazCosSn;;*°
(~12 K) compounds. It can also be seen from Fig. 3c that AT, perpendicular to <001> direc-
tion (8 K) was smaller than that parallel to <001> (16 K) because the higher critical stresses
perpendicular to <001>, as displayed in Fig. 2. As experimentally verified in CuegZnjgAljs and
NisgFe9Gay7Coqy alloys,37’41 AT i increased with external applied stress, showing that even broader
AT i, can be obtained. Supposing a full MT induced by stress, AT would be equivalent in directions
parallel and perpendicular to <001> since the transition entropy change is independent on crystal
orientation.*?

For a caloric material, the figures-of-merit, such as Coefficient of Refrigerant Performance
(CRP),** Relative Cooling Power (RCP)** and Temperature averaged Entropy Change (TEC),*
is useful to evaluate the refrigeration capacity and refrigeration efficiency calculated by isothermal
entropy change. For the direct method, the specific caloric effects, defined as |4T/4c0| and 14T/ Ael,
reflect the caloric efficiency and energy conversion ratio. A low 4o implies less energy and feasibility
for eCE, while a small 4 contributes to a longer fatigue life and miniaturization of the refrigeration
device. The adiabatic temperature and specific caloric effects of the present alloy, some conven-
tional and ferromagnetic shape memory alloys are summarized in Table II. Most shape memory
alloys display only high |47/ 40| or 14T/ A¢l, while the present Nisp4Mnj7 3Gay; 3 alloy shows both
high I4T/ 4ol and high 14T/ Ael. This implies that the present Nisg 4Mny73Gay; 3 alloy shows a high
efficiency to convert mechanical work to heat.

The cyclic stability of eCE was performed by the superplastic cycling under a strain rate of
0.033 57! and temperature of 327 K, as shown in Fig. 4. The oy decreases with increasing cycle
number in the two orientations. This is related to the stress fields of the residual martensite trapped by
dislocations, which oriented favorably to accommodate the applied stress.* Before 50" cycles, the
transformation strains in both directions kept intact and fully recovered during unloading (Fig. 4a).
It is also interesting to found that the maximum strain increased rapidly between 50-63" cycles
along <001>, while the strain changed little up to 100 cycles perpendicular to <001> (Fig. 4b). This
phenomenon is consistent to the damage behavior of the samples, as shown in the insets in Fig. 4a

TABLE II. A comparison of adiabatic temperature change (A7) and specific adiabatic temperature change (I47/407| and
14T/ A£l) for the present Nisg 4Mnj73Gajs 3 alloy, some conventional and ferromagnetic shape memory alloys.

Materials Sample status AT, K AT /Ao7], K/IGPa AT /A1, K/1% Reference
Nisp4Mny73Gagy 3 (//<001>) Texture polycrystal 6.5 65 3 Present
Nis04Mnjy73Gazn 3(L<001>) Texture polycrystal 4.1 53 3.1 Present
NisqFe9Gayy Single crystal 7.5 83 2 30
NigsMnj3g 5In;3.5Cos Texture polycrystal 8.6 344 2.2 9
CosoNizgGayg Single crystal 6 40 1.7 22
Ni43‘9Ti51_1 Wire 25 31.25 5 33

Cu7;5Al17.5Mny Texture polycrystal 13 72 1.5 3
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FIG. 4. Compressive superelastic cycling curves (a, b) and corresponding adiabatic temperature change A7 (c, d) at a tem-
perature of 327 K and strain rate of 0.033 sl in the Nisg4Mno7 3Gan 3 alloy. The compressive direction is a) parallel and
b) perpendicular to <001> direction, respectively. The inset macro-images of a) and b) show the morphology of the samples
after 63 and 100 cycles. ¢) and d) are time dependent AT in the directions parallel and perpendicular to <001> direction,
respectively.

and 4b, in which serious damage occurred in the samples stressed along <001> due to the plastic
deformation. Overall, the alloy exhibited a high AT but unstable cycling stability along <001>, and an
enhanced stability but smaller AT perpendicular to <001>. Given that elastocaloric cooling requires
many cycles with little fatigue behavior, the application of eCE perpendicular to <001> direction is
more favorable.

The AT profiles parallel and perpendicular to <001> directions are illustrated in Fig. 4c—d. Fig. 4c
showed that, along <100> direction, a stable AT ~6 K existed in 50 cycles but rapidly decreased with
increasing cycles. The AT perpendicular to <001> direction, however, kept stable in 100 cycles, with
AT ~4 K during loading/unloading processes (Fig. 4d), indicating a good stability and reversibility of
the eCE behavior. The good cyclic stability is comparable to the dual-phase containing Nis4Fe 9Gay7>
and (Nis; sMn33In;s.5)997Bo 32 alloys. Here the improvement in the cyclic stability was achieved
by introducing a <001> texture rather than a second phase. A high cyclic stability over 200 cycles
with stable AT = 4 K along <001> direction was also found in a Nigg sMnygGay; 5 alloy prepared
by a directional solidification method.>> Considering the eCE properties along <001>, the obtained
stable AT = 6 K in the present alloy is higher than that reported in Ref. 25, but the stable cycles in this
work (50 cycles) are smaller than that in Ref. 25 (200 cycles), probably due to the high defect density
and transformation strain, and the existence of the triple grain junctions (Fig. 1a). The present work
further demonstrated that the cyclic stability showed a strong orientation dependence, i.e. enhanced
fatigue behavior perpendicular to <001> because of the small transformation strain, high dislocation
slip resistance*® and low energy dissipation.*’” The higher crack initiation/propagation resistances
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perpendicular to <001> direction®* under a compressive stress state also contributed to the high
fatigue behavior.

In summary, we demonstrated the strong crystal orientation dependent cyclic stability of the
eCE in a <001> textured Nisg4Mnj73Gas; 3 alloy. A large AT up to ~6 K may be obtained along
<001> direction, however decreased rapidly after 50 cycles. On the other hand, a stable AT ~4 K
over 100 cycles was achieved when stressing perpendicular to <001>. The enhanced cyclic stability
was attributed to the high yield strength, low transformation strain, low energy dissipation and high
crack initiation/propagation resistances perpendicular to <001> direction. This work provides a
feasible strategy for optimizing the eCE property by creation of the texture structure in polycrystalline
Ni-Mn-Ga and Ni-Mn-X (X=In, Sn, Sb) alloys.

See supplementary material for the martensite transformation, SM martensite phase and
temperature dependent superelastic stresses of the studied Nisg4Mnj73Gay; 3 alloy.
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