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a b s t r a c t   

In this study, the orientation dependence of the elastocaloric effect and superelasticity in Ni50Mn30Ga20 

single crystals undergoing L21–10M/14M–L10 martensitic transformations was investigated. The maximum 
value of the adiabatic temperature change ΔTad at reverse stress-induced martensitic transformations was 
shown to weakly depends on the orientation and equals 10.8 and 12.3 K in compression along the [001] and 
[011] directions, respectively. The superelasticity and elastocaloric effect temperature intervals were de
termined from the crystal orientation and were 80 K from 373 to 453 K for [001]-oriented crystals and 30 K 
from 373 to 403 K for [011]-oriented crystals. The strong orientation dependence of stress hysteresis Δσ 
(Δσ = 50–60 MPa for [001]-oriented crystals and Δσ = 110–142 MPa for [011]-oriented crystals) did not 
significantly affect the ΔTad, but determined the efficiency of the material for practical use as a solid state 
cooling device. The factors influencing the ΔTad(T) dependence were analyzed. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

In recent years, ferromagnetic shape memory alloys have at
tracted great interest as promising materials for solid-state cooling 
methods based on the elastocaloric effect (ECE). In shape memory 
alloys, elastocaloric cooling consists of the adiabatic temperature 
change ΔTad during the reverse endothermic stress-induced mar
tensitic transformation (MT) at superelasticity (SE) conditions [1–3]. 

Heusler NiMnGa- and NiFeGa-based alloys undergoing inter
martensitic L21–10M/14M–L10 MT are one of the promising mate
rials with potential in research and application of elastocaloric 
properties due to the large ΔTad values (up to 9.0–13.5 K), low de
forming stresses (150–350 MPa), narrow stress hysteresis, high 
coefficient of performance (COP) up to 20 and high cyclic stability of 
the ECE (stable elastocaloric behavior with a little degradation 
for > 250 loading/unloading cycles) [4–10]. Both narrow stress hys
teresis, responsible for energy dissipation, and low deformation 
stresses (150–350 MPa), required to complete stress-induced MT, 
increase the efficiency and facilitate the design of solid-state re
frigerators. In addition, the possibility of combining elastocaloric and 
magnetocaloric effects may significantly expand the application of 
the cooling ability of ferromagnetic shape memory alloys [11]. 

Research to date has shown that a directionally solidified 
Ni55Mn18Ga27 alloy with a strong < 100 > A preferred orientation 
displays large adiabatic temperature change values up to ΔTad 

~ 10.7 K [8]. However, studies investigating the ECE in NiMnGa single 
crystals have not yet been carried out. The following fundamental 
problems, therefore, remain to be solved: determining the max
imum resource of ΔTad of the alloy, identifying the orientation de
pendence of the ECE and establishing the relationship between the 
ECE and the thermomechanical properties of the alloy. It is known 
that a whole set of characteristics depends on the crystallographic 
orientation and can affect the ECE parameters. In Heusler NiMnGa- 
and NiFeGa-based alloys with intermartensitic L21–10M/14M –L10 

MT, the yield stress of martensite and austenite, the stress hysteresis, 
and the contribution of martensite detwinning to reversible strain 
during stress-induced MT strongly depend on the crystal orientation  
[9,10]. These parameters determine the value of energy dissipation 
and thus both the ΔTad value and the cyclic stability of the ECE. 
Studying the dependence of the ECE on orientation in single crystals 
allows for excluding the influence of grain boundaries and de
termining the efficiency of the material for using the ECE, as well as 
developing a strategy for optimizing the elastocaloric properties. In 
the light of the foregoing, the purpose of this work is to study the 
influence of test temperature and crystallographic orientation on the 
ECE during stress-induced L21–10M/14M–L10 MT in Ni50Mn30Ga20 

(at%) single crystals in compression. 

https://doi.org/10.1016/j.jallcom.2021.160553 
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2. Materials and methods 

Ni50Mn30Ga20 (at%) single crystals were grown using the 
Bridgman method in an inert gas atmosphere. MT temperatures 
were determined from the temperature dependence of the electrical 
resistance and by differential scanning calorimetry (DSC) using a 
NETZSCH DSC 404 F1 calorimeter. The specific heat ΔH, entropy ΔS 
for the MT and heat capacity at constant pressure Cp were de
termined according to standard methods based on the results of a 
DSC study, as, for example, in [12]. Transmission electron micro
scopic (TEM) studies were performed on a transmission electron 
microscope Hitachi HT-7700. The compression samples with di
mensions of 3 mm × 3 mm × 6 mm were cut using electro-discharge 
machining. Mechanical tests were carried out on an Instron 5969 
electromechanical testing machine. Sample strain was measured 
using common Instron 5969 sensor and controlled by the ASTM E83 
clip-on extensometer. Errors in strain and stress measurements 
during mechanical tests were 0.2% and 2 MPa, respectively. 

The ΔTad value was determined by directly measuring the tem
perature of the sample with a highly sensitive T-type thermocouple 
during mechanical testing at several temperatures. Thermocouple 
was attached to the samples during mechanical testing through 
thermoconductive paste. The scheme of mechanical tests with ECE 
(ΔTad) registration consisted of the following stages: loading the 
sample with a low strain rate under conditions close to isothermal 
until the specified stress was reached, which is necessary to com
plete the forward stress-induced MT. The stress level was then held 
for 10 s while the temperature of the sample was restored to the test 
temperature. After holding, the sample was unloaded with a high 
strain rate to ensure conditions closed to adiabatic. The results of the 
ECE study in as-grown Ni50Mn30Ga20 single crystals are presented 
for loading/unloading cycles, which were carried out at the loading 
rate = 2.0·10−3 s−1 and unloading rates 1 = 3.3·10−2 s−1 and 
2 = 6.7·10−1 s−1. The ECE measuring error was 0.5 K. The tempera

ture-time data were recorded simultaneously with stress and strain 
data using a data acquisition module. 

For the study, we selected as-grown Ni50Mn30Ga20 single crystals, 
oriented along the [001]L21- and [011]L21-directions. The orientation 
of the single crystals was determined using a DRON-3 diffractometer 
with FeKα radiation. Along both [001]L21- and [011]L21-directions, the 
full theoretical transformation strain at L21–(10M/14M)–L10 MT in 
compression is εtr = 5.8%, which is generally caused by the appear
ance of a twinned martensite εCVP and its subsequent detwinning 
εdetw under stress (εtr = εCVP + εdetw). The theoretical transformation 
strain was calculated using the phenomenological theory of the 
crystallography martensitic transformation [13,14]. For calculations 
the following Ni50Mn30Ga20 lattice parameters were used: a0 

= 0.5815 nm for L21 austenite, and a = 0.7753 nm, c = 0.6598 nm for 
L10 martensite [15]. As has been shown on [001]L21-oriented single 
crystals of Heusler alloys with L21–(10M/14M)–L10 MT, L10 mar
tensite detwinning does not contribute to stress-induced MT (εdetw 

= 0, εCVP = εtr). In these crystals, SE is characterized by narrow stress 
hysteresis (20–40 MPa) and high yield stress of austenite and mar
tensite [8,10]. On the other hand, along the [011]L21 direction, the 
contribution of L10 martensite detwinning to the total transforma
tion strain is 50% (εdetw = 2.9%, εCVP = 2.9%). Therefore, SE is accom
panied by high values of energy dissipation and, accordingly, wide 
stress hysteresis up to 150–300 MPa [8,10]. This orientation makes it 
possible to elucidate the effect of L10-martensite detwinning and 
stress hysteresis on ECE characteristics. 

3. Results and discussion 

DSC curves and the temperature dependence of electrical re
sistance (ρ(T)) are shown in Fig. 1. Using these two methods for 
determining MT temperatures, studies were carried out showing the 

presence of two stages of forward and reverse MT and demonstrated 
a good coincidence of the characteristic MT temperatures (MS, MF, 
AS, AF). MT temperatures, specific heat capacity (Cp), values of spe
cific heat ΔH and entropy ΔS for the full two-step L21–(10M/ 
14M)–L10 forward (ΔHA–M, ΔSA–M) MT and reverse (ΔHM–A, ΔSM–A) 
MT are shown in Table 1. The staging observed on the DSC and ρ(T) 
curves in the temperature range 323–373 K in Ni50Mn30Ga20 single 
crystals is associated with the L21–L10 MT through 10M/14M 
modulated structures in stress-free cooling/heating cycles (Fig. 1). 
This proposition is based on [16–18], where the existence of several 
DSC and internal friction peaks during the heating/cooling cycles is 
observed due to the multistep transformation from L21–phase to 
L10–phase through intermartensitic modulated structures. More
over, a previous study on NiMnGa concluded that L21–10M/14M MT 
occurred with a smaller value of the specific heat ΔH (about 4.0 J/g) 
compared to during the formation of non-modulated L10-marten
site, for which ΔH = 7.0 J/g [19]. As indicated in Table 1, the ΔH and 
ΔS values of the Ni50Mn30Ga20 crystals were close to those obtained 
earlier for various NiMnGa alloys of similar compositions with 
L21–(10M/14M)–L10 MT: 6.3–7.4 J/g and 15.2–16.4 J/(kg·K), respec
tively [19–21]. The calculated value Cp = 485 J/(kg·K) coincided with 
values previously obtained within 5% error [21,22]. 

TEM observations confirmed that at room temperature (below 
the MF) the material was in the L10-martensitic phase (Fig. 2). L10- 
martensite exhibits twinning along {111}L10 planes in select electron 
diffraction patterns. The dark-field image in the (111)tw reflection 
confirmed the presence of twins with a thickness of 10–50 nm. 

Figs. 3 and 4 show the stress-strain curves during mechanical 
tests and the corresponding time-temperature curves ΔT(t) (changes 
in the sample temperature in the loading/unloading cycles) in [001]- 
and [011]-oriented Ni50Mn30Ga20 single crystals. The temperature 
dependences of the ΔTad values corresponding to the maximum 
transformation strains are shown in Fig. 5. At low temperatures 
AS <  Tt <  AF

1, partial reversible strain during the MT in the loading/ 
unloading cycle was observed. In [011]-oriented single crystals at 
Tt <  AF

1, the curves were characterized by distinct stages, which in
dicate the successive processes of stress-induced intermartensitic 
L21–10M/14M–L10 MT (Fig. 4). On the first stage in temperature 
range Tt <  AF

1, the reorientation and formation of 10M/14M layered 
modulated structures occurred under low critical stress, and given 
strain remains partially irreversible after unloading and recovers 
only after heating to Tt >  AF

1. At the temperature range AF
2 ≤ Tt <  AF

1, 
the stress-induced L10-martensite formed during the second stage 

Fig. 1. Temperature dependence of electrical resistance and DSC curves for 
Ni50Mn30Ga20 single crystals. 

N.Y. Surikov, E.Y. Panchenko, E.E. Timofeeva et al. Journal of Alloys and Compounds 880 (2021) 160553 

2 



was thermodynamically unstable, and reversible strain was ob
served during unloading (Fig. 4, second curve). 

In [001]-oriented crystals in the temperature range AS <  Tt <  AF
1, 

the stress hysteresis Δσ ≈ 50 MPa exceeded the low critical stresses 
of martensite formation σcr ≈ 35 MPa; therefore, in loading/un
loading cycles at AF

2 ≤ Tt, L10-martensite undergoes reverse trans
formation only after unloading and significant additional heating up 
to T  >  AF

1 (Fig. 3). In the temperature range AS <  Tt <  AF
1, regardless of 

the crystal orientation, an increase in the ECE value upon unloading 
the sample (adiabatic change in the sample temperature ΔTad) was 
observed accompanied by an increase in the test temperature and 
reversible strain. The growth of the ΔTad occurs due to an increase in 
the volume fraction of the material undergoing reverse MT during 
unloading (Figs. 3–5). 

The temperature range of SE with completely reversible strain 
and, accordingly, the operating temperature range of the ECE were 
observed at Tt >  AF

1 and depended on the crystal orientation. Single 
crystals oriented along the [001]-direction were characterized by a 
wider operating temperature range of the ECE – 80 K, from 373 to 
453 K – compared with [011]-oriented single crystals, which had an 
ECE temperature range of 30 K: from 373 to 403 K. Such SE tem
perature interval dependence was observed in all single crystals of 
Heusler alloys with L21–(B2)–L10 MT [8–10]. The wide temperature 
range of SE in [001]-oriented crystals has been demonstrated to 
result from low critical stresses of martensite formation, narrow 
stress hysteresis, and high strength properties of austenite and 
martensite, compared with [011]-oriented crystals [8–10]. 

The maximum ΔTad value was observed at the beginning of the 
SE temperature range (373–393 K) and equaled 8.9 K and 10.8 K for 
the [001]-oriented and 11.3 K and 12.3 K for the [011]-oriented 
Ni50Mn30Ga20 single crystals at unloading rates 1 and 2 , respec
tively (Table 2). The ΔTad gradually decreased with a further increase 
in the test temperature Tt >  393 K. 

The maximum value of adiabatic temperature change during ECE 
for a material with a thermoelastic MT can be estimated from the 
following relationship [2,6]: 

=T
H

C
T S
C

.ad
p p (1)  

The values of specific heat and entropy, calculated from the DSC 
curves during the cooling/heating cycle in a stress-free state, do not 

depend on the orientation of the single crystals. Hence, the max
imum theoretical ΔTad value in the first approximation should not 
depend on the orientation of the compression axis. Since the adia
batic cooling of the material occurs during the reverse MT, therefore, 
we used the specific heat and entropy values for the reverse trans
formation ΔHM – A to estimate the ECE resource (Table 1). The 
maximum theoretical value of ΔTad for Ni50Mn30Ga20 single crystals 
was ΔTad(max) = 14.5 K. The maximum experimental values ΔTad 

= 12.3 K were 2.2 K lower than the theoretical estimation of the 
adiabatic cooling value ΔTad (max) in the studied crystals (Table 2). 
This can be explained by technical factors (heat removal by capture) 
and deviation from adiabatic conditions during the reverse MT. 

It was experimentally established that the ΔTad mainly depends 
on the SE transformation strain εSE and correspondingly on the vo
lume fraction of stress-induced martensite. In the [001]-oriented 
Ni50Mn30Ga20 single crystal, where the detwinning of L10-marten
site under stress is absent, the martensite volume fraction is un
equivocally characterized by SE strain – the larger the volume 
fraction of martensite, the larger the adiabatic temperature change.  
Fig. 3 (σ(ε) curve at Тt = 373 K) shows that the growth of ΔTad value 
with strain was observed in [001]-oriented crystals not only at the II 
stage (where the deformation strengthening coefficient θII = |dσ|/|dε| 
is low: 1.3–2.4 GPa) but also at the III stage (where the such coeffi
cient is high θIII = 14.1 – 13.2 GPa). This indicates that the III stage is 
affected by both the elastic strain of formed martensite and the in
crease of martensite volume fraction at stress-induced MT. To finish 
the stress-induced MT in [001]-oriented Ni50Mn30Ga20 single crys
tals, additional energy is required which leads to a higher coefficient 
of deformation strengthening θ as well as significant growth of 
stresses. 

In [001]-oriented single crystals, the reversible SE strain εSE de
creases with increasing temperature while the coefficient θ increases 
(Figs. 3 and 6). This SE strain to temperature response has been 
observed in many [001]-oriented single crystals of Heusler alloys in 
compression [9,10]. This is caused by several factors. First, the 
transformation strain decreases with the increase in temperature 
due to the difference between austenite EA and martensite EM elastic 
moduli. If EA <  EM, which has been observed in these crystals, the SE 
strain decreases with the increase in temperature and deforming 
stresses [9,10,23]. The maximum SE strain εSE 3.5% for [001]-oriented 
single crystals and 4.1% for [011]-oriented crystals is less than the 

Table 1 
Characteristic parameters of MT and heat characteristics of as-grown Ni50Mn30Ga20 single crystals.             

MS
1, K MS

2, K MF, K AS, K AF
1 , K AF

2, K ΔHA–M, J/g ΔHM–A, J/g ΔSA–M, J/(kg·K) ΔSM–A, J/(kg·K) Cp, J/(kg·K)  

374 337 312 321 378 344 -9.3 7.1 -22.3 15.6 485 

Fig. 2. Bright-field image, the corresponding select electron diffraction pattern (a) and dark-field image in the [111]tw reflection (b) of twinned L10-martensite (zone axis 
||[011] [011]m tw) in Ni50Mn30Ga20 single crystals. 
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theoretical strain εtr = 5.8%. This is typical not only for NiMnGa 
crystals [6,17], but also for other single crystals of Heusler alloys  
[9,10]. Second, the MT in loading/unloading cycles at Tt higher than 
413 K occurred in one stage with the high coefficient θ = 9.1 GPa, 
which increased with temperature. A high deformation strength
ening coefficient θ results in a high value of applied stresses for 
complete stress-induced MT. Because the finish point of the stress- 
induced MT is not reached on the stress-strain response, than the 
martensite volume fraction may not achieve 100%, resulting in the 
reduction of strain εSE and the change of adiabatic temperature ΔTad. 

This effect gets stronger with the increase in temperature (Figs. 3, 5a 
and 6a). 

The temperature interval of SE in [011]-oriented single crystals is 
2.67 times lower than the interval in [001]-oriented crystals; thus, the 
deformation strengthening coefficient θ does not increase with tem
perature. In such a narrow temperature interval (30 K), the SE strain εSE 

and ΔTad weakly depend on the test temperature (Figs. 5b and 6b). 
It should be noted that the increase in unloading rate from 

1 = 3.3·10−2 s−1 to 2 = 6.7·10−1 s−1 resulted in significant growth of 
ΔTad by 18% in [001]-oriented Ni50Mn30Ga20 single crystals, in 

Fig. 3. σ(ε) curves and corresponding sample temperature change as a function of time ΔT(t) in the loading/unloading cycles for [001]-oriented Ni50Mn30Ga20 single crystals in 
compression. 

Fig. 4. σ(ε) curves and corresponding sample temperature change as a function of time ΔT(t) in the loading/unloading cycles for [011]-oriented Ni50Mn30Ga20 single crystals in 
compression. 

N.Y. Surikov, E.Y. Panchenko, E.E. Timofeeva et al. Journal of Alloys and Compounds 880 (2021) 160553 

4 



comparison with the [011]-oriented crystals, where the change of 
ΔTad with the unloading rate was weaker (9%). This experimental 
result can be explained by different kinetics of reverse MT at loading/ 
unloading cycles depending on crystal orientation. The reverse MT is 
observed in a wide interval of deforming stresses (e.g., from 308 MPa 
to 103 MPa at Tt = 403 K) in [001]-oriented crystals, where the det
winning of L10-martensite under stress is absent. The same kinetics 
occurs in [001]-oriented crystals during MT in stress-assisted 
cooling/heating cycles: a higher stress level results in a wider MT 
temperature interval (Fig. 7a). This defines the strong dependence of 
adiabatic temperature change ΔTad on the unloading rate in [001]- 
oriented single crystals. 

In contrast, the detwinning of L10-martensite under stress, which 
is observed in [011]-oriented single crystals, leads to deviation of the 
habit plane from its invariant position, wide stress hysteresis and 

formation of reverse MT at almost constant stresses (e.g., 
σ ≈ 285 MPa at Tt = 403 K) (Fig. 4). Such “burst-like” kinetics of re
verse MT in [011]-oriented single crystals was confirmed to be ob
served in stress-induced cooling/heating MT (Fig. 7b) as well as in 
the other [011]-oriented single crystals of Heusler alloys [19,20,24]. 
Thus, at loading/unloading cycles in [011]-oriented crystals, the re
verse MT at unloading possessed almost “burst-like” kinetics and 
occurred after achieving a constant stress level. In this case, there
fore, the ΔTad value weakly depended on the unloading rate. 

In previous research [2,6], ΔTad at loading/unloading cycles was 
inversely proportional to energy dissipation, which can be a char
acteristic of stress hysteresis. In the present work in Ni50Mn30Ga20 

single crystals, the strong influence of energy dissipation (stress 
hysteresis) on ΔTad at loading/unloading cycles was not observed. 
First, the maximum ΔTad values for [001]- and [011]-oriented crys
tals were close (10.8 and 12.3, respectively) despite more than 
twofold difference in stress hysteresis values (Table 2). The lower 
value of adiabatic temperature change ΔTad = 10.8 K (Tt = 393 K, 
2 = 6.7·10−1 s−1) was observed in [001]-oriented crystals with 

narrow stress hysteresis Δσ = 51 MPa compared with [011]-oriented 
crystals, where SE was characterized by wide stress hysteresis Δσ =  
142 MPa and larger ΔTad = 12.3 K (Tt = 383 K, 2 = 6.7·10−1 s−1). 

Second, a 45% reduction of the ΔTad with the increase in test 
temperature was observed in [001]-oriented single crystals, while 

Fig. 5. The temperature dependence of the adiabatic temperature change ΔTad for [001] - (a) and [011] - (b) oriented Ni50Mn30Ga20 single crystals.  

Table 2 
Theoretical ΔTad (max) and experimental ΔTad(exp) values of the adiabatic tem
perature change, coefficient of performance COP of Ni50Mn30Ga20 single crystals.         

Orientation ΔHM–A, J/g ΔTad (max), К ΔTad (exp), К СОР 

1 2 1 2

[001]  7.1  14.5  8.9  10.8  20.4  25.8 
[011]  11.3  12.3  8.0  9.2 

Fig. 6. The temperature dependences of transformation strain εSE (a) and the stress hysteresis Δσ (b) for Ni50Mn30Ga20 single crystals.  
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the stress hysteresis remained the same Δσ = 50 ÷ 60 MPa (Figs. 5a 
and 6b). Consequently, stress hysteresis was not shown to define 
the ΔTad. 

However, the energy dissipation (and the stress hysteresis) de
fines the efficiency of the ECE for application in the work cycle. The 
COP can be used to classify the elastocaloric properties of materials 
in terms of application efficiency. This coefficient is equal to the ratio 
of the useful thermal energy, which can be absorbed by the sample 
from the environment during cooling, to the value of energy dis
sipation, which characterizes the work spent ( d ) for the loading/ 
unloading cycle [25,26]: 

=COP
C T

d1/
,p ad

(2) 

where ρ – density (6500 kg·m−3). The value of this coefficient 
achieved 25.8 and 9.2 for single crystals in this study along [001]- 
and [011]-directions in compression, respectively (Table 2). As was 
shown in previous research [1,6,25,26], the maximum COP values 
(20–25) were observed in CuZnAl and TiNiCu shape memory alloys 
in tension; however, the COP value did not exceed 20 in compression 
(14.2 for the CuZnAl alloy, ~13 for the NiFeGaCo alloy, ~7 for 
Ni44.8Mn36.9In13.3Co5.0 and ~17 for TiNi). The [001]-oriented 
Ni50Mn30Ga20 single crystals, therefore, possessed the largest COP 
coefficient of 25.8 among shape memory alloys in compression and 
thus have a high potential to be used in solid-state cooling devices. 

4. Conclusions 

It was experimentally shown in this study that as-grown 
Ni50Mn30Ga20 single crystals possess a weak orientation dependence 
of adiabatic temperature change ΔTad in compression. The max
imum values of ΔTad equal 8.9 (10.8) K along [001]-direction and 11.3 
(12.3) K along [011]-direction with the unloading rates of 3.3·10−2 s−1 

and 6.7·10−1 s−1, respectively. The experimental maximum ΔTad va
lues are close to the theoretical estimation of material cooling ability 
ΔTad (max) = 14.5 K, which was obtained from DSC data during MT at 
stress-free cooling/heating cycles. 

The temperature interval of efficient cooling ability in 
Ni50Mn30Ga20 single crystals is defined by the temperature interval 
of SE and strongly depends on the crystal orientation: the working 
temperature interval for [001]-oriented crystals is 80 K, which is in 
2.67 times larger than the interval for [011]-oriented crystals (30 K). 

The dependence of adiabatic temperature change ΔTad on the 
strain rate was shown to be defined by the kinetics of reverse MT and 
the crystal orientation. The “burst-like” kinetics of reverse MT in 
[011]-oriented Ni50Mn30Ga20 single crystals, where the detwinning 
of L10-martensite under stress is present, defines the weak depen
dence of the ΔTad on the strain rate. In contrast, [001]-oriented 
crystals are characterized by both the wide temperature interval of 

MT in cooling/heating cycles under constant stress and a high de
formation strengthening coefficient θ, which causes the much 
stronger dependence of ΔTad on the strain rate due to the absence of 
L10-martensite detwinning during forward stress-induced MT. 

Strong orientation dependence of stress hysteresis Δσ in 
Ni50Mn30Ga20 single crystals defines the orientation dependence of 
COP for applications. The results showed that [011]-oriented single 
crystals are characterized by wide stress hysteresis 
Δσ = 110 ÷ 142 MPa and low COP = 9.2. The narrow stress hysteresis 
Δσ = 50 ÷ 60 MPa in [001]-oriented Ni50Mn30Ga20 single crystals 
produce the maximum COP value (25.8) among shape memory al
loys, indicating the high potential for the application of their elas
tocaloric properties. 
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