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Solid-state cooling technologies have been considered as potential alternatives for vapor compression cooling systems.
The search for refrigeration materials displaying a unique combination of pronounced caloric effect, low hysteresis, and
high reversibility on phase transformation was very active in recent years. Here, we achieved increase in the elastocaloric
reversibility and decrease in the friction dissipation of martensite transformations in the superelastic nano-grained NiTi
alloys obtained by cold rolling and annealing treatment, with very low stress hysteresis (6.3 MPa) under a large applied
strain (5%). Large adiabatic temperature changes (ATax = 16.3 K at € = 5%) and moderate COPp,¢er values (maximum
COPpater = 11.8 at € = 2%) were achieved. The present nano-grained NiTi alloys exhibited great potential for applications

as a highly efficient elastocaloric material.

Keywords: elastocaloric effect, stress hysteresis, superelasticity, NiTi alloy

PACS: 65.40.gd, 46.25.Hf, 62.20.fg

1. Introduction

Refrigeration is a vital technology for modern society.
However, the traditional vapor compression cooling technolo-
gies are facing more and more pressure because their refriger-
ating fluids have high global warming potential and severely
damage the environment. The solid-state cooling technolo-
gies based on caloric effects (such as magnetocaloric, elec-
trocaloric, elastocaloric, and barocaloric effect) are consid-
ered as promising alternatives for vapor compression cooling
technology due to their environmentally friendly and efficient
nature.!'! Among these solid-state cooling technologies, the
elastocaloric refrigeration was evaluated to be the most poten-
tial way by the US Department of Energy owing to its higher
cooling efficiency and wider working temperature range. Elas-
tocaloric refrigeration could be characterized by the adiabatic
temperature change (AT,q;) or the isothermal entropy change
(AS;o).2! Furthermore, hysteresis reflected the energy dissi-
pation during transformation, which was detrimental to the
reversibility of transformation.[*>! Low hysteresis was im-
portant for achieving high energy conversion efficiency and
for enhancing the reversibility of transformation.>~71 How-
ever, most elastocaloric materials showed the first-order phase
transformation behavior, which caused the intrinsic and un-
avoidable stress hysteresis. In recent years, more works fo-
cused on narrowing down the stress hysteresis. Alloying mod-
erate elements was reported to be an effective way to re-
duce the hysteresis behavior and to improve the mechanical
properties. 8131 Besides, the microstructural feature was also
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a decisive factor influencing the stress hysteresis.!14-2!]

Compared with the common elastocaloric materials of the
Cu-based?>?3! and the ferromagnetic alloys,”*>7! the NiTi-
based alloys were studied and were considered as the most
promising for practical applications owing to their excellent
mechanical properties, large elastocaloric effect, and commer-
cial availability.?8-331 However, large stress hysteresis could
cause to large energy dissipation and to degradation of cyclic
stability in the NiTi alloys.!3*! In the present work, the nano-
grained NiTi alloys with very low stress hysteresis were ob-
tained by cold rolling and appropriately annealing treatment.
The effects of grain size on the superelasticity, elastocaloric
effect, and stress hysteresis were studied. Enhanced supere-
lasticity and reversible elastocaloric effect were observed in
the nano-grained NiTi alloys with low stress hysteresis.

2. Experimental details

The commercial austenitic NiTi sheets (Kelloggs Com-
pany) of 5-mm thickness (Af = —10 °C) were used in this
study. The NiTi sheets were sandwich packaged by stainless
steel sheets and cold-rolled by multiple passes until 3.15-mm
final thickness (37% thickness reduction) at room temperature.
The cold-rolled sheets were wire-cut along the rolling direc-
tion and then annealed at different conditions to achieve dif-
ferent grain sizes (as shown in Table 1). The grain sizes were
measured by a bright field TEM (JEOL model JEM 2010F)
and a Williamson—-Hall method. Uniaxial tensile tests were
conducted on a electronic universal testing machine (Instron
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model 5985) with a electronic extensometer (Epsilon model
3542-025M-100-LT, with a gauge length of 25 mm). The
isothermal tension was performed at a lower strain rate of
0.0001/s. For the elastocaloric measurement, the sample was
loaded at a much higher strain rate of 0.02/s (approximately
reach the adiabatic condition), and then held for 2 min—5 min
to make sure the specimen temperature returned to the original
value. The tests were conducted with a strain-controlled mode.

The temperature changes during the testing process were mon-
itored by a platinum resistance thermometer attached at the
middle position of the sample. To improve thermal contact,
the platinum resistance thermometer was attached using silver
paint. The output of the platinum resistance thermometer was
read by a multimeter (Keithley model 2000) at a frequency of
2 Hz. All measurements were carried out in air without any
thermal insulation.

Table 1. Average grain size and mechanical properties.

Sample number 1 2 3 4 5
Annealing condition Raw NiTi 250 °C/2 min 250 °C/30 min 350 °C/8 min 450 °C/5 min
Ave.rage grain _ 4 2 3 63
size (nm)
Hysteresis loops
4.49 1.78 1.74 3.61 433
(€ =3%) (MPa)
Phase transition 155 450 320 297 223
stress (€ = 3%) (MPa)
Young’s modulus (GPa) - 36.85 26.90 25.13 22.13

3. Results and discussion

Figure 1 showed a set of representative TEM images ob-
tained after the cold rolling and annealing treatment. The aver-
age grain size of the sample #2 was 4 nm, showing that appro-
priately annealing (at 250 °C for 2 min) promoted recovery of
the deformed lattice and resulted in fine grain. With increas-
ing annealing temperature and time, the grain sizes grown up
and reached to 63 nm for the sample #5 annealed at 450 °C for
5 min (as shown in Table 1).

No. 2: Grain size=4 nm No. 3: Grain size =12 nm

Fig. 1. TEM imagines of the annealed NiTi alloys with different grain
sizes.

The isothermal stress—strain curves were summarized in
Fig. 2. The tensile test was controlled by the strain mode with
a low strain rate of 0.0001/s to satisfy the isothermal condi-
tion. For the raw NiTi austenite alloy (sample #1) with the
applied strain of 1%, the stress linearly increased with strain,

corresponding to the elastic response of the austenite phase.
Then a relatively flat ‘plateau’ appeared in the stress—strain
curve, which corresponded to the stress-induced martensite
transformation. After the stress was released, the strain recov-
ered, indicating the superelastic deformation. With increasing
the applied strain, larger residual strain was observed. The
residual strain even increased to about 2.3% when the applied
strain enhanced to 3%, showing amount of remnant marten-
site stabilized by dislocation strain field.!*>! With increasing
the applied strain to over 3%, the sample fractured. These
results showed that the raw NiTi alloy did not possess good
superelastic performance. It was interesting that the excellent
superelastic properties were obtained by cold-rolling and ap-
propriately annealing treatment. For the annealed sample #2
with fine grain size of 4 nm, the stress—strain relation showed
ideal superelastic behavior and small stress hysteresis loop be-
tween the loading and unloading curves in a wide strain range
of 5%. Only a little amount of residual strain of 0.1% was
observed even at high strain level of 5%, which was much
lower than that of the raw NiTi alloy. The stress hystere-
sis loop between the loading and unloading curves increased
with increasing strain levels and attained to just 6.3 MPa at
the applied strain of 5%, which was much lower than that of
most elastocaloric materials. [!1:222%-36:37] With increasing the
grain sizes, the annealed samples showed superelastic defor-
mation in smaller strain ranges. When the grain size increased
to 63 nm (annealing at 450 °C for 5 min), large amount of
residual strain of 2% was observed at the applied strain level
of 3%, showing deteriorative superelastic deformation. This

result was analogous to that of the raw NiTi alloy.
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Fig. 2. The isothermal stress—strain curves of all the samples (#1: the
raw NiTi alloy; #2: annealed at 250 °C for 2 min; #3: annealed at
250 °C for 30 min; #4: annealed at 350 °C for 8 min; #5: annealed at
450 °C for 5 min).

In order to fully study the superelastic properties of the
NiTi alloys with different grain sizes, the isothermal stress—
strain curves with the applied strain of 3% were shown in
Fig. 3. The sample #2 with small grain size of 4 nm showed
nonlinear superelastic behavior with high phase transition
stress (450 MPa) and small hysteresis loop (1.78 MPa). With
increasing grain sizes, the phase transition stress decreased
to 200 MPa and hysteresis loop area slightly enhanced to
5.5 MPa for the annealed sample #5 with grain size of 63 nm
(as shown in Fig. 3 and in Table 1), which got close to those of
the raw NiTi alloy. These results showed that fine grains were
beneficial for lower phase transition hysteresis and higher
phase transition stress. The generation of internal stress with
increasing grain size was favorable for the formation of the
stress-induced martensite phase, leading to the gradual degra-
dation of the critical phase transition stress.*33%! To illustrate
the effect of grain sizes on the stress hysteresis in a simple
way, a multiscale model was reported. The variation of hys-
teresis loop area (H) was approximated by a simple scaling

law as!1440]

H = Hy(1—1y/1), (1

where Hj is the hysteresis loop area of the coarse-grained
poly-crystal, I, is the austenite/martensite interface thickness,
and / is the grain size. From Eq. (1), the H value decreased
with reducing grain size. When the grain size decreased to the
interface thickness (I = Iy,), the stress linearly increased with
strain, corresponding to the linear superelasticity. From ther-
modynamics point of view, the macroscopic stress hysteresis
of a polycrystalline material meant mechanical energy dissi-

[401 S0, the stress hystere-

pation in a phase transition process.
sis greatly affected the energy conversion efficiency. The low
stress hysteresis of these nano-grained NiTi alloys was impor-
tant for achieving high efficiency.

The Young’s moduli were also obtained (as shown in

Fig. 3 and Table 1). For the annealed samples, the Young’s

modulus decreased with increasing grain sizes. It was reported
that the Young’s modulus of grain boundary and amorphous
phase were significantly higher than that of the crystallite in
NiTi alloys.[*!=#3] Therefore, the Young’s modulus decreased
with increasing grain sizes, which may be related to the nucle-
ation, growth, and the resultant decrease of the volume fraction

of grain boundary.
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Fig. 3. The isothermal stress—strain curves of all the samples with the
applied strain of 3%.

1000
Heat treatment: 250 °C/2 min ()
800
600

400

Stress (MPa)

200

0 1
Strain (%)

Heat treatment: 250 °C/2 min (b)

—5}
—10f

3%
de/dt =0.02/s

4% 5%

1000 1500
t (s)
Fig. 4. (a) The adiabatic stress—strain curves (de/dt = 0.02/s), (b) the

measured AT,g; values of the annealed sample #2 with grain size of
4 nm.

0 500 2000

Figure 4 shows the adiabatic stress—strain curves and the
corresponding temperature changes (AT,g;) of the sample #2.
The absolute temperature changes (|AT,q|) during both load-
ing and unloading enhanced with increasing the applied strain
levels, which maybe due to the increase in the volume frac-
tion of stress-induced martensitic transformation and reverse
transformation. It was worth noting that the absolute tempera-
ture changes (|AT,q;|) upon loading were almost equal to those
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upon unloading process in the applied strain range of 2%—
4%, showing reversible elastocaloric behavior. When the ap-
plied strain increased to 5%, a maximum AT,4; value increased
to 16.3 K upon loading but decreased to —11.4 K upon un-
loading. Considering the mentioned low stress hysteresis, the
moderate AT,q; value is competitive compared with other elas-
tocaloric materials.[**3%371 As shown in Fig. 4(a), the residual
strain increased to about 1% when the applied strain increased
to 5%, showing that increased remnant martensite was stabi-
lized by dislocations and was not fully reversible any more.
So, the increased residual martensite hindered the decrease of
—AT,q4; values at € = 5%.

To study the effect of grain size on the elastocaloric effect
of the present NiTi alloys, the adiabatic temperature changes
(AT,q;) were measured with the applied strain of 3% and were
shown in Fig. 5. Upon loading, the measured AT,4; value of the
fine-grained sample #2 reached to its maximum value of 9 K
due to the release of heat during the forward martensite trans-
formation. During holding, the sample temperature recovered
to room temperature as a result of heat exchange between the
sample and environment. Then AT,4; value decreased to —9 K
upon unloading due to the absorption of heat during reverse
martensite transformation. Finally, the sample temperature re-
covered again to room temperature. The measured AT,4; value
upon loading was almost equal to that upon unloading, in-
dicating the elastocaloric reversibility (ATjpad = ATunload) be-
tween the forward and reverse martensite transformations for
the nano-grained NiTi alloys. The elastocaloric reversibility
had scarcely been reported in the NiTi-based elastocaloric ma-
terials due to the friction dissipation of martensite transforma-
tions. In the present work, the very low stress hysteresis of the
nano-grained NiTi alloys greatly decreased the friction dissi-
pation of martensite transformations, causing the elastocaloric
reversibility and increasing the energy conversion efficiency of
the elastocaloric effect.

15

#3

Time (s)

Fig. 5. The measured AT,4; values as a function of time for all the samples.

With increasing the grain sizes, the measured AT,y val-
ues upon loading were almost equal to that of the fine-grained
sample #2, indicating that grain sizes hardly affected the AT,g;

values. However, the elastocaloric irreversibility (AT, =

ATipad — ATyn10ad) Occurred and increased with increasing the
grain sizes. When the average grain size increased to 63 nm,
the elastocaloric irreversibility of the sample #5 nearly reached
to that of the raw NiTi alloy. The increased residual strain with
increasing grain sizes (as shown in Fig. 3) hindered superelas-
tic deformation and decreased adiabatic temperature change
upon unloading process. Besides, the enhanced stress hystere-
sis (as shown in Table 1) could also contribute to the increased
elastocaloric irreversibility.

The COPpy (= Q/W, the coefficient-of-performance
of the material) was another key parameter to evaluate the
caloric performance of the elastocaloric materials. (82944461
Since the elastocaloric refrigeration employed the heat ab-
sorption process during unloading, the measured AT,q4; value
during unloading was used to estimate the absorbed heat Q
(= AT,4iCyp). The input work (W) corresponded to the stress
hysteresis loop area (H), which could be obtained by inte-
grating the area enclosed by the loading and the unloading
With the
applied strain of 2%—-5%, the COPp e, values of the fine-

trajectories in the adiabatic stress—strain curves.

grained sample #2 were estimated by using the measured den-
sity (p = 6.8 g/cm?) and heat capacity (Cp = 424 J/(kg-K))
and shown in Fig. 6. The COPpy,; value was calculated to
be 11.8 with the applied strain of 2%, which was much higher
than those of many poly-crystalline NiTi alloys.*”] These re-
sults showed that the low stress hysteresis of the annealed
nano-grained NiTi alloys contributed to high COP e value
and energy conversion efficiency. With increasing the applied
strain, the COP e values showed an inverse dependency on
the applied strain level. Considering the adiabatic temperature
change and superelastic performance mentioned above, appro-
priate strains and COP e Values would be expected in actual

applications.
15
® This work
® NiTi poly-crystalline
P ]
. 10}
3
=
A ® -
o
O st ® [ ]
[ ]
] ° °
0 1 1 1 1 1 1

Strain (%)

Fig. 6. The COPpy,er values of the fine-grained sample #2. Red solid
circle symbols correspond to literature data. ]

To further evaluate the comprehensive elastocaloric prop-
erties, the cooling performance data (AT,gi, COPpy, and stress
hysteresis) of the nano-grained NiTi alloys (with the applied

strain of 2%-5%) and other literaturesl>-22:23-26,28,36.48-51]
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were shown in Fig. 7. Among the collected diverse alter-
natives, the FePd-based alloys showed low stress hystere-
sis but small AT,4;, the common NiTi-based alloys possessed
large AT,gi, COPpy values but high stress hysteresis. These
results indicated that there was still considerable space to
improve refrigeration performances by material engineering.
By moderate cold-rolling and annealing treatment, the nano-
grained NiTi alloys showed not only large adiabatic tempera-
ture changes (—11.4 K upon unloading), moderate COPp,ter
values (11.8 at € = 2%) but also low stress hysteresis (several
MPa).

25
(a)
A
20
A [ ]
X< 151 A
< “ °
E B This work
z 10 ® NiTi bulk
* A NiTiCu-based
€ NiMnSn
5 o * NiFeGa
= P = CoNiGa
FePd
0 ) ) )
0 50 100 150 200
Stress hysteresis (MPa)
30
(b) B This work
® NiTi bulk
25 F ® A NiTiCu-based
€ NiMnSn
* NiFeGa
g 201 ® CoNiGa
K A FePd
A 15F
o L 4
© 10 - o
*
5
0 1 1
0 50 100 150

Stress hysteresis (MPa)

Fig. 7. Comparison of cooling performance between the present nano-
grained NiTi alloys and other elastocaloric materials: 222526281 (a) the
|AT,qi| values during unloading, (b) the COPpqeer values versus the
stress hysteresis.

4. Conclusions

In summary, the nano-grained NiTi alloys were obtained
by cold-rolling and appropriately annealing treatment. Com-
pared with the raw NiTi alloys, the annealed nano-grained
NiTi alloys show excellent superelasticity and reversible elas-
tocaloric properties. Large adiabatic temperature changes
(AThax = 16.3 K) and moderate COPpaer Values (maximum
COPppater = 11.8 at € = 2%) are achieved. What is more, the
very low stress hysteresis (several MPa) of the nano-grained
NiTi alloy greatly decreases the friction dissipation of marten-
site transformations, causing to the elastocaloric reversibility
and to increase in the energy conversion efficiency. The nano-
grained NiTi alloys exhibit great potential for applications as

a highly efficient room-temperature elastocaloric material.
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