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The NiTi shape memory alloy exhibits excellent superelastic property and elastocaloric effect. The large temperature
change (AT) value of 30 K upon loading and —19 K upon unloading are obtained at room temperature, which are higher
than those of the other NiTi-based materials and among the highest values reported in the elastocaloric materials. The
asymmetry of the measured AT values between the loading and unloading process is ascribed to the friction dissipation.
The large temperature change originates from the large entropy change during the stress-induced martensite transformation
(MT) and the reverse MT. A large coefficient-of-performance of the material is obtained to be 11.7 at € = 1%, which
decreases with increasing the applied strain. These results are very attractive in the present solid-state cooling, which
potentially could replace the vapor compression refrigeration technologies.

Keywords: elastocaloric effect, shape memory alloy, martensitic transformation, entropy change
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1. Introduction

Due to the large latent heat associated with the martensitic
phase transformation, shape memory alloys are interesting

candidates for solid state refrigeration.!l Compared with the

24

magnetocaloric>*#! and electrocaloric cooling,>% the elas-

tocaloric cooling (whose caloric effect is driven by the uni-

7-11 and barocaloric cooling (whose caloric ef-

12,13

axial stress)!
fect is driven by the hydrostatic pressure)!!>!3] have attracted
much more attention in recent years. A giant barocaloric effect
has been reported in the NiMnlIn magnetic shape memory al-
loy in the past several years,!'?l which was comparable to the
magnetocaloric effect. What is more, the elastocaloric cooling
technique has been assessed as being the most promising non-
vapor compression mechanical refrigeration system because
of its high coefficient of performance (COP) and moderate cost

by the US Department of Energy!'#!

and opened the way to
solid-state refrigeration.

Elastocaloric cooling is based on the diffusionless first
order phase transformation of the shape memory alloy. The
stress-induced martensite transformation leads to the heating
of the material. After releasing the stress, the temperature
of the material decreases due to the reverse martensite trans-
formation. So, the elastocaloric effect can be regarded as
the entropy change under isothermal condition (ASjs,) and
temperature change under adiabatic condition (AT,4;) when a

mechanical stress is used or released in a given material.[”!

DOI: 10.1088/1674-1056/27/10/106501

The COP is an important parameter of cooling technology,
which describes the energy conversion efficiency at the op-
erating temperature. For the convenience of estimation, the
COP at a material level COPpyer (= Q/W) (here, COPpater
stands for coefficient-of-performance of the material) is cal-
culated on the assumption that the material undergoes a spe-
cific cooling cycle with an ideal system configuration with
full recoverable unloading energy and no auxiliary power
consumption, [!1:13-16] where Q is the cooling power and W is
the input work. Besides, refrigeration capacity (RC), hystere-
sis, and the working temperature window are also noteworthy.
The RC represents the amount of heat that can be transferred
between the cold and hot sink in a thermodynamic cycle. It
could be estimated according to the following relation!!”]

Thot
RC = ASsdT, 1)

Teold
where AS; is the stress-induced entropy change based on the
Clausius—Clapeyron equation. Tyo1q and T are the lower and
upper temperature at full width half maximum of the ASs—T
curve. The hysteresis originates from the energy dissipation in
the form of frictional work and plastic accommodation, which
is the intrinsic feature of the first-order phase transformation
for the shape memory alloy. So it is adverse to the perfor-
mance of the elastocaloric cooling. A wide working temper-
ature window is imperative for practical elastocaloric cooling

applications.
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Compared with other shape memory alloys (FePd,!”!

CuZnAlL 8191 NiFe- and NiMn-based SMAs!11:12.20-251y " the
NiTi-based shape memory alloys!”-10:1526.27] show wonder-
ful potential due to their good elastocaloric effect. In poly-
crystalline NiTi wires, Cui et al. reported a large temperature
change (AT) value of 25.5 K upon loading and 17 K upon
unloading for the tension cycle. The obtained COP e val-
ues are 3.7 for the tension cycle and 11.8 for the compres-
sion cycle, respectively.[!3] Large temperature changes of 21 K
upon loading and —19 K upon unloading (at 342 K) were also
reported in the loading-unloading trained NiTi alloy with an
applied strain of 6%. Such high temperature changes con-
tribute to the large entropy change (35.1 J/kg-K for loading
and 33.9 J/kg-K for unloading process estimated by using the
Clausius—Clapeyron equation)./?8! Pataky er al.1>>! and Wu et
al.”! then reported the elastocaloric effect of the NiTi sin-
gle crystals. In Pataky er al.’s work, the temperature drops
of 14.2 K and 13.3 K were observed in the [148] orientation
and in the [112] orientation, respectively.’”>! In Wu et al.’s
work, a higher temperature drop was obtained to be 18.2 K in
the [148] orientation.*®! Although the temperature changes of
these NiTi single crystals were not higher than the above val-
ues of poly-crystal NiTi wires, the estimated entropy changes
(maximum AS value of 69.64 J/kg-K in [148] orientation) of
these NiTi single crystals were much higher than those of the
poly-crystal NiTi wires. It is worth noting that the above
stress-induced entropy changes each were calculated by the
Clausius—Clapeyron relationship ASs ~ vpAedoy/dT.!" For
the NiTi single crystals, the transformation strain A€ in the
above equation was estimated using lattice deformation the-
ory (LDT),?>?! which may be higher than that obtained by
the measured stress—strain curves. Besides, the elastocaloric
effect of the NiTi (Cu) films was also reported. 10-26-30]
Because the great majority of applications require a large
quantity of materials, it would therefore be desirable to study
bulk elastocaloric materials. Here in this paper, we study the
elastocaloric effect of the poly-crystalline NiTi bulks. Some
key parameters (AT,4i, ASiso, COPater) Of the elastocaloric ef-
fect are also estimated and discussed in a temperature change
of 35 K (286 K-321 K), which is required for almost all prac-
tical solid-state cooling applications. The loading-unloading
cycles of up to 1000 times are tested under a large strain level
of 7%. The present poly-crystalline NiTi SMA exhibits an ex-
cellent elastocaloric effect, showing potential prospects in the
solid-state refrigeration (or heat-pump) technologies.

2. Experimental methods

The starting materials were the poly-crystalline NiTi
The diameters of the
tensile testing samples were all 2 mm. They were annealed

shape memory alloys (Nig9gTisg2).

above the austenite finish temperature (A; = 283 K). The gauge

length of the specimen between the two grips was 60 mm.
The uniaxial tensile tests were conducted on a testing machine
(20KN, SUNS). The material testing system was equipped
with a cryogenic furnace. The stress—strain curves at different
temperatures were recorded at a low strain rate of 1 x 10™% s~!
to ensure the isothermal condition. For the elastocaloric cool-
ing measurement, the sample was loaded at a much higher
strain rate of 5 x 10° s~ (the maximum loading/unloading
rate of the testing machine in the strain control mode) to ap-
proximately approach to the adiabatic condition, and then held
for several minutes to make sure that the specimen tempera-
ture returned back to the environmental temperature. Then,
the sample was unloaded quickly. The temperature changes in
the loading, holding, and unloading process were monitored
by a platinum resistance thermometer attached at the mid-
dle position of the sample. To improve thermal contact, the
platinum resistance thermometer was attached by using silver
paint and then was firmly kept in place by means of Teflon
tape. The output of the platinum resistance thermometer was
read by the Keithley-2000 multimeter at a frequency of 2 Hz.
The strain was measured by an electronic extensometer (Y'Y U-
10/50, Central Iron and Steel Research Institute at room tem-
perature, and 3542-025M-050-LT, Epsilon at cryogenic tem-
perature). It is worth noting that the quicker unloading rate did
not result in a larger temperature drop in our previous work, 3!}
so the unloading rate of 5 x 10° s~! was regarded as a reason-
able value in this paper.

3. Results and discussion
3.1. Mechanical behaviors

Figure 1 (a) shows the stress—strain curves of the NiTi al-
loys with an applied strain of 7% at various temperatures. The
NiTi alloys are tensile tested at approximately the isothermal
hysteresis loop area (with a low strain rate of 1 x 1074 s~1),
In the present case, the stress linearly increases with strain
at low strain level (¢ = 1%) increasing, corresponding to
the elastic response of the austenite phase. When the criti-
cal stress (oy) for stress-induced martensitic transformation is
reached, a large transformation strain (A€) occurs at almost
constant stress over the transformation plateau (the determina-
tion method of oy and Ae will be shown in Fig. 4(a)). Then the
produced martensite phase is elastically deformed. After stress
is released, the total strain can be fully recovered, indicating
complete superelastic deformation in NiTi alloy. However, a
little residual strain is observed at 313 K and 321 K, sepa-
rately, which can be attributed to the dislocations generated
by the stress-induced martensite transformation and remnant
martensite stabilized by the dislocation strain field at higher
temperatures. It is worth noting that the flat “plateau” ap-
pears in the loading and unloading processes of the stress-
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strain curves, typically indicating the positive/reverse stress-
induced MT. The “plateau” gradually moves to the higher
stress with increasing temperature. As shown in Fig. 1(b),
the critical transformation stress (o) linearly increases with
a slope of doy/dT = 8.194 MPa-K~! in the loading and
6.433 MPa-K~! in the unloading process, separately. Fig-
ure 1(c) shows the variation of isothermal hysteresis loop area
for loading-unloading cycles. It is worth noting that the NiTi
binary alloy shows three phases (B2, R, and B19’) based on
the phase composition diagram, where the R phase is an inter-
mediate transitional phase.?) The stress-induced martensite
transformation (A-M) undergoes the B2-R—B19 phase change
process, while the reverse phase transformation (M—A) from
B19’ back to B2 is a single step process. The intrinsic two-step
phase transformation and asymmetric phase transformation
path on the phase diagram determine that the NiTi shape mem-
ory alloy has hysteresis during the phase transformation. 33!
Like the behavior of the critical stress, the hysteresis loop area
increases with temperature increasing. Both of them show
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that more input work is needed to induce the martensite trans-
formation at higher temperature. It is worth noting that the
hysteresis loop area turns to decrease at 321 K, which may
be related to the insufficient phase transformation for the ap-
plied strain of 7% at higher temperature. Based on the stress-
strain curves in Fig. 1(a), the Young’s modulus is evaluated
and shown in Fig. 1(d). The Young modulus is strongly tem-
perature dependent and decreases with temperature decreas-
ing, showing the softening of the trend towards the transition
temperature (Ar = 283 K). It is reported that the Young moduli
of both the martensite phase and austenite phase are temper-
ature dependent and softened toward the transition tempera-
tures for NiTi shape memory alloys. This is attributed to the
shear phonon softening of the austenite phase and martensite
phase in the vicinity of the transition temperature. 343 Quan-
titatively, the austenite phase of this NiTi alloy exhibits the
softening (approximately 0.94 GPa-K~!) with temperature de-
creasing.
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Fig. 1. (color online) (a) Isothermal stress—strain curves of NiTi alloys with applied strain of 7% at different temperatures. (b) Curves
of critical stress of stress-induced MT and reverse MT versus temperature. (c) Isothermal hysteresis loop area of the above isothermal
stress—strain curves at different temperatures. (d) Young’s moduli of NiTi alloys at different temperatures.

3.2. Elastocaloric properties

Figure 2(a) shows the isothermal stress—strain curves
(with a low strain rate of 1 x 10~* s~!) for different strain lev-
els of 1%—7% at 291 K. The critical stress (oy) is reached at an
applied strain of about 1%. Then the transformation plateau
extends with increasing the applied strain. When the applied
strain reaches to 7%, the stress-induced martensite transforma-
tion is completed and the produced martensite phase is elasti-
cally deformed. After the stress is released, the total strain
could be fully recovered for all the applied strain levels, in-

dicating an ideal superelastic deformation in NiTi alloy. The
critical stress reaches to about 480 MPa with an applied max-
imum strain of 2% and then gradually decreases to 420 MPa
when the applied maximum strain increases to 7%. The gen-
eration of internal stress with increasing strain is favorable for
the formation of the stress-induced martensite phase, leading
to the gradual degradation of the critical stress.*8! We also
observe that the area of the stress hysteresis loop between the
loading and unloading curve increases with strain increasing,

showing that the fraction of martensite phase increases with
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strain increasing.
In order to measure the adiabatic temperature change,

~1 is used in the ten-

an increased strain rate of 5 x 1073 s
sile test (Fig. 2(b)) and the temperature changes are shown in
Fig. 2(c). The temperature change increases correspondingly
with the strain increasing, which is attributed to the increase
of the martensite volume fraction. When the applied strain in-
creases to 7%, the temperature change (ATjoading) reaches to
its maximum value of 30 K upon loading due to the release of
heat during the forward MT. During holding, the temperature
change value recovers to the room temperature as a result of
heat exchange between the sample and environment, and then
decreases to —19 K upon unloading (AT} nj0aq) due to the ab-
sorption of heat during reverse MT. Finally, the temperature
change value recovers again to the room temperature during
further holding due to the heat exchange.

The ATjoading value is not equal to the ATygioading value
at each strain level (1%-7%) (Fig. 2(c)), indicating the elas-
tocaloric irreversibility (ATi; = ATjoadATunioad # 0) between
the forward and reverse MTs. Analogous elastocaloric irre-

800 ,
O max (a)
5 600 Tmax e
g i —
E P
= 400+
n
9 i
n
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0
: /
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Time/s

Stress/MPa

versibility was also reported in other NiTi alloys.?!-3*! We also
calculate the elastocaloric irreversibilities derived from the

friction dissipation (ATjy) by using the following equation!?®!

ATy = (TASfri)/Cp = (Tths)/(CpT)

§ (0de)/(pCy). @

where the density (p) is 6.71 g-cm™>, and the specific heat ()
is measured to be 0.432 J-g~!-K~! for the NiTi alloy. The Ohys
value is the stress hysteresis area of the isothermal test. The
irreversible entropy change (ASf;) is obtained from the stress
hysteresis area of the stress—strain curve under the isothermal
condition (Fig. 2(a)) since the stress hysteresis under the adia-
batic condition additionally includes the thermodynamic work
needed to perform the cooling cycle with self-heating and self-
cooling of the material.[*8! The obtained AT}y values are plot-
ted in Fig. 2(d). They are consistent with the measured AT;;,
values, which confirms that the friction dissipation contributes
to the elastocaloric irreversibility.

ool ®
600
500
400}
300}
200}
100},

o 1 2 3 4 5 6 7 8
Strain/%
40 T T T T T T T
— A’1—’luading (d)
301 — A,-_Funloauding
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Irreversible AT/K

0 1 2 3 4 5 6 7 8
Strain/%

Fig. 2. (color online) (a) Stress—strain curves at different strain levels (¢ = 1%-7%) under an approximately isothermal condition
(low strain rate of 1 x 10~* s~1). (b) Stress—strain curves at different strain levels (€ = 1%-7%) under an approximately adiabatic
condition (high strain rate of 5 x 1073/s) at room temperature. Higher strain rate leads to both higher critical stresses and larger stress
hysteresis. (c) Corresponding AT-time profiles at different strain levels (€ = 1%—7%). (d) AT-strain profiles at different strain levels
(€ = 19%-7%) in the loading and unloading process. All the above tensile tests are conducted at room temperature.

Figure 3 shows the measured temperature changes of NiTi
alloys in a wider temperature range of 286 K-321 K, which
is required for almost all practical solid-state cooling applica-
tions. Large temperature changes of 20 K~ 30 K upon load-
ing and —13 K~ —19 K upon unloading are observed with
an applied strain of 7% in the measured temperature range.
The maximum temperature change (ATy,x) values are 30 K
upon loading and —19 K upon unloading at 291 K, respec-

tively, which are even higher than the measured AT values of
some other reported NiTi alloys (such as the poly-crystalline
NiTi wires,[!33!] the trained poly-crystalline NiTi wires, >8]
the NiTi single crystal,!>3?°! and the NiTi thin film3%').
Based on the Clausius—Clapeyron equation, the stress-
induced entropy change (ASs) can be calculated from ASs ~
ASiso = —VoAedo;/dT, M where T is the ambient temperature
in Kelvin, C; is the specific heat (432 ] -kg_l-K_l), Vo is the
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specific volume of 1.48 x 107* m? kg™ '), A¢ is the transfor-
mation strain, and doy/dT is the critical transformation stress
dependence on temperature (shown in Fig. 1(b)). As a result,
large ASs values of —60.6 J.kg~!-K~! ~ —75.8 J.)kg~!.K~!
for loading and 45.7 J-.kg=!-K~! ~ 49.5 J.kg~"-K~! for un-
loading process are obtained in the measured temperature
range of 286 K-321 K (Fig. 4(b)), respectively, which
are higher than those of some other poly-crystalline NiTi

5.[28311 S0 the above high temperature changes can be

alloy
attributed to these large entropy changes. In the NiTi single
crystals, a larger theoretical ASs value of 69.64 J-kg!-K~! is
reported in the [148] orientation, in which the transformation
strain (A€, ) is calculated by using the lattice deformation the-
ory (LDT).[?3! The Ag,, value is the potential attainable trans-
formation strain. So the measured temperature drop (—14 K)

is not higher than our results (shown in Fig. 3).
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10 o o NiTi (e=4%) unloading
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Fig. 3. (color online) Measured temperature changes of NiTi alloys in the
loading and unloading process with an applied strain of 7%. The open tri-
angles correspond to the measured AT values of trained poly-crystalline
NiTi alloy with applied strain of 5.5%.!%8] Open cycles correspond to the
measured AT values of the poly-crystalline NisogTisg alloy with applied
strain of 4%.13!1 Open diamonds correspond to measured AT values of
poly-crystalline NiTi wires with applied strain of 8%.'>! The open down-
triangles correspond to measured A7 values of NiTi films with applied strain
of 6%.13% Open stars correspond to the measured AT values in [148] orien-
tation of NiTi single crystals with applied strains of 4% % and 4.25%.1?3!

As mentioned above, the COPpy, is expressed as the
ratio of cooling power (Q) to input work (W) (COPpaer =
Q/W = AT,4iCpp/W),I15) where AT,qi is the theoretical
temperature change under the adiabatic condition, which is a
potentially attainable value. In the following, the COP e,
value is approximately estimated (COPyaer & ATipeaCpp /W)
by using the measured temperature change (ATne,). Based
on the adiabatic stress—strain curves at room temperature
(Fig. 2(b)), the input work (W) in the unloading process is cal-
culated by integrating the area enclosed by the loading and the
unloading curve.l'"-131 With a density of 6710 kg-m~> and heat
capacity of 432 J-kg~!-K™!, the COP e value is estimated
at different strain levels (&€ = 1%—7%) and shown in Fig. 5.
The COPpaeer values show an inverse dependency on the ap-

plied strain level. When the applied strain level is € = 1%,

the obtained COP e value is 11.7. With increasing the ap-
plied strain level, the COP e values decrease. Smaller strain
amplitudes should be used to increase the COPpa; values.
Analogous results were reported in NiFeGa magnetic shape
memory alloy.?>! However, larger strain should be loaded up
to obtain high temperature change. So, a moderate strain level
will be adopted in the actual cooling application.
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Fig. 4. (color online) (a) Transformation strain (A€) values during stress-
induced MT and the reverse MT at room temperature. (b) Stress-induced
entropy change (ASy) values of NiTi alloys. Open cycles correspond to the
data of the poly-crystalline Nisq g Tigg > alloy.[*!) Open triangles correspond
to the data of trained poly-crystalline NiTi alloy. >8]
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Fig. 5. The COPpar values of the NiTi alloys at different strain levels
(€ = 1%-7%) in the unloading process.

The tensile cycling test is performed 1000 times with a
high strain rate (5 x 1073 s=!) at 300 K. The AT;.x values of
the first cycle are 29 K upon loading and —17 K upon unload-
ing, respectively, under a large strain level of 7% (Figs. 6(a)
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and 6(b)), which is consistent with the above results of other
samples. With increasing the cycle numbers, the ATp,x value
gradually decreases and then gradually stabilizes at 23 K upon
loading and —6 K upon unloading when the cycle number is
over 200. The decrease of AT« With increasing cycle number
is also observed in some other elastocaloric materials,!!!-31]
which is attributed to the accumulation of dislocations with
increasing cycles. In Figs. 6(c) and 6(d), we observe the de-
crease of the critical stress of martensitic transformation, the
area of hysteresis loop and the transformation strain, which
confirms the accumulation of defects with increasing cycles.
The initially formed dislocations and remnant martensite, in

turn, suppress the dislocation generation in the subsequent
long-term cycles, which leads to the stabilization of the tem-
perature changes.!?%2°3%1 However, it is still not enough to
evaluate the elastocaloric stability (long-term stress cycles on
the order of 10° would be needed). In the next work, the mi-
crostructural modification by doping (Cu, Co, etc.) or incor-
porating the ductile second phase into grain boundaries, and
mechanically training pretreatment of elastocaloric materials
are expected to enhance mechanical and elastocaloric stabil-
ity. Moreover, the compression, instead of tension, will re-

strain the fatigue crack growth and lead to a longer life span.
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Fig. 6. (color online) (a) Representative temperature variations of NiTi alloy (with an interval of 100 times, 1st, 100th, 200th, ..., and 1000th
cycle) during tensile cycling tests with a strain rate of 5 x 1073 s~! at room temperature. (b) Measured maximum temperature change ATj.x
as a function of the cycle number. (c) Representative stress—strain curves of NiTi alloys (with an interval of 100 times, the 1st, 100th, 200th,

..., and the 1000th cycle). (d) Critical stress of martensitic transformation as a function of cycle number.

4. Conclusions

In summary, the present NiTi alloys not only exhibit
an excellent shape memory effect and superelasticity but
also show a giant elastocaloric effect. Large temperature
changes of 19 K~ 30 K upon loading and —13 K~ —19 K
upon unloading were measured, respectively, in a tempera-
ture range of 35 K (286 K-321 K). The maximum AT val-
ues (ATpax) of 30 K upon loading and —19 K upon unload-
ing are measured at room temperature, respectively, which
are higher than those of the other NiTi-based elastocaloric
materials and among the highest values of the elastocaloric
materials. The asymmetry of the measured AT values be-
tween loading and unloading depends on the applied strain

level and is ascribed to the friction dissipation. The large

temperature changes mainly originate from the large entropy
change (—60.6 J-.kg~!-K~! ~ —75.8 J-’kg~!-K~! for loading
and 45.7 J’ kg7 'K~ ~ 49.5 J-)kg~!.K~! for unloading pro-
cess) during the stress-induced MT and the reverse MT. The
ATax values decrease in the first 200 mechanical cycles and
then gradually stabilize at 23 K upon loading and —6 K upon
unloading with tensile cycle number increasing up to 1000 cy-
cles, showing the cyclic stability of the elastocaloric effect.
The accumulation of defects is supposed to contribute to the
decrease of ATyax values. A COPpaeer of 11.7 is obtained at
€ = 1%, which decreases with applied strain increasing. The
present NiTi alloy exhibits larger temperature change (AT') and
entropy change (AS) than the reported NiTi elastocaloric ma-
terials, and shows strong competitive ability in the solid-state
refrigeration (or heat-pump) technologies.
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