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Abstract In this study, the elastocaloric and magne-
tocaloric effects in a paramagnetic shape memory alloy,
i.e., Coz7.5 Nizg s Alyg alloy were investigated. The study
reveals that the alloy shows an elastocaloric effect with a
temperature change of 2.2 K under 400 Mpa keeping a
strain rate of 0.25 s '. It shows a temperature change of
over 1 K within a temperature span of 50 K including the
room temperature. Under the same stress, with a strain rate
of 0.50 s~', the material shows a temperature change of
2.7 K and gives more than 1 K temperature change within
a span of 75 K including the ambient temperature. How-
ever, increasing the strain rate to 0.62 s7! causes the
material to break down. This shows that under a certain
limit, the increase in the strain rate increases the elas-
tocaloric temperature change and enhances the temperature
window of the material along with the peak shifts toward
lower measuring temperatures. Moreover, the study dedu-
ces that the material also exhibits a magnetocaloric effect.
The study also reveals that both of the effects show
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temperature changes with the same sign and in the same
region of the working temperature, thus enhancing one
another.
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1 Introduction

In the recent times, energy crisis is a huge issue all over the
world. The environmental impact of utilizing different
types of energies is being investigated by many research-
ers. The use of conventional refrigeration system (CFCs) is
not good for a healthy environment as it consumes a lot of
energy [1-4]. Thus, solid-state refrigeration [5] is being
explored as a solution to these issues. The Peltier effect is
the only solid-state refrigeration method which can be used
practically, however, it cannot produce the sufficient
cooling needed for a larger application [6]. Thus, in the
near future, the caloric effect-based cooling method is the
most reliable solution for larger applications [7]. In caloric
effect, heat is produced or absorbed in response to an
external stimuli in specific materials [6]. This external
stimuli can be either (1) electric [8], (2) magnetic field
[9-11], (3) uniaxial stress [12-14], or (4) hydrostatic
pressure [15]. For utilization of this technology in the real
world, scientists have made efforts to get a material that is
good in all aspects which are as follows: (a) huge tem-
perature change (AT),(b) a good efficiency, (c) better fati-
gue life, and (d) a large temperature range of operation, etc.
[16].

The refrigeration capability can be estimated by mea-
suring its temperature change during the phase transition.
The shape memory alloys (SMAs) have two phases, (1)
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low-temperature phase: martensite, and (2) high-tempera-
ture phase: austenite (high-temperature phase). The
austenite phase has a more closely packed structure, having
more entropy as compared to the martensite phase. The
transformation of a material from austenite to martensite
phase causes a reduction in the internal entropy and leaves
a AT in the form of heat with an excessive entropy of the
austenite phase. On the contrary, a decrease in the tem-
perature can be seen in the material for the transformation
from Martensite to Austenite phase, as it needs heat to
increase its entropy [17]. This cycle of heat exclusion and
inclusion, seen in the transformation between the two
phases, can be used for the refrigeration. Similarly, mag-
netic SMAs [18, 19] show the same cycle of heat transfer
during the magnetic phase change on Curie temperature.
The paramagnetic state is a high-entropy state, while the
ferromagnetic state is a low-entropy state. During a mag-
netic phase change, from paramagnetic to ferromagnetic,
the material releases an excessive entropy in the form of
heat while heat is required to randomize the magnetic
domains. The martensitic (first order) phase change is
dependent on an external stress, and the magnetic phase
change is dependent on the external magnetic field [20, 21].
Thus, that the phase change temperature has can be mod-
ified by applying these external stimuli. NiTi [22]- and Cu
[23]-based SMAs are some of the materials capable of
showing high AT. An important factor which can effect the
cooling efficiency of the material is the responding speed to
the external stimuli. The influence of strain rate on the
elastocaloric effect in different materials like on NiTi-
based SMAs is being thoroughly investigated [24, 25].

In this study, the influence of different strain rates
(0.25 s7! 050s7L 0.62 s_l) on different temperatures
(243-323 K) for Coz;7.5 Nisss Alyg. is being investigated.
Moreover, the combination of different calorics to get an
enhanced AT is being proposed [26]. In this regard, the use
of SMA, as it shows both elasto- and magnetic caloric
effect, is proposed as the better approach [27]. For this, the
two temperature changes on the same or nearly the same
working temperature with the same sign, so that it can
enhance each other and not cancel each other, are required
[28, 29]. Many magnetic SMAs show both the elasto- and
magnetocaloric effects but with opposite signs and hence
cancel out each other [30]. There are only a few materials
that show these effects with the same sign. The study
investigates such multi-calorics for Cos75 Nizys Alog.

2 Devices and Techniques
The polycrystalline alloy samples with the nominal com-

positions Cos75 Nisy s Alg were prepared. Corresponding
ingots were fabricated by arc melting with 99.9% purity
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under argon atmosphere. The sample was annealed up to
1572 K for 24 h in evacuated quartz tubes and subse-
quently quenched into room temperature water. The
martensitic transformation temperatures of the samples
were determined by a differential scanning calorimetry
(DSC, Q2000 from TA Instruments) with a temperature
sweeping rate of 10 K/min. Its magnetic transition was
characterized by measuring the magnetization versus
temperature (M-T) curve under the magnetic field of 500
Oe Superconducting quantum interference device (SQUID,
Model MPMS-3 from Quantum Design Inc.). The heat
treated ingot was cut into the small square pillars with the
size of 2.8 mm x 3 mm x 9 mm for stress—strain test and
elastocaloric measurement, which were conducted in a
testing machine (Autograph AG-1 50 kN Model M1, Shi-
madzu) with a compressive deformation mode. The
machine compliance was taken care of during the com-
pressive tests. Since it is generally accepted that the tem-
perature change of elastocaloric effect ATy provides more
reliable and straightforward information to evaluate the
elastocaloric performance of materials, the ATg of the
sample was detected directly by a T-type thermocouple
welded on its surface. For ensuring adiabatic condition, we
applied a high strain rate of 0.25%s™ " until 400 MPa was
reached. This stress was kept loaded for 30 s to make sure
that the sample came back to its original temperature and
then unload with the same strain rate. We did the same
experiment for the strain rates of 0.50%s ™" and 0.62%s "
The temperature change of magnetocaloric effect ATy was
also detected by a T-type thermocouple welded on the
sample surface. To approximate the near adiabatic condi-
tion during ATy measurement, the sample was rapidly
placed into a chamber of 5 T magnetic field for 2 s and held
for 50 s to wait for the sample to recover to its initial
temperature. After that, the sample was quickly moved out
from the chamber in 2 s for withdrawing the magnetic field
to O T.

3 Results and Discussion

The heat treated ingot is cut into the small pieces, the
transforming properties of alloy are revealed by the DSC
and magnetic measurements in Fig. la. The blue line is for
cooling and the red is for heating. The sample shows
obvious latent heat peaks in its DSC curve upon heat-
ing/cooling cycle, which demonstrates that it undergoes
martensitic transformation.

On cooling from high to low temperature, the marten-
sitic transformation starting temperature M, is 278 K and
finishing temperature My is 253 K. Similarly, for heating
process, the corresponding reverse transformation starting
temperature A, is 267 K and complete austenite phase is
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Fig. 1 a DSC curve for Coz; 5 Nisys Alyg, measured for both heating and cooling. b Magnetization versus temperature curve for Cos7.5 Nizys
Alyg under the applied field of 5000e. ¢ Stress—strain curve of Cos;s Nizys Alyg obtained at 313 K and 323 K with a maximum applied

compressive stress of 400 MPa.

achieved at 310 K from the endothermic peak of the
heating process.

The M-T curves measured under a magnetic field of 500
Oe for both cooling and heating processes are displayed in
Fig. 1b. It shows that the magnetization increases at low
temperature, demonstrating that the alloy undergoes a
conventional ferromagnetic transition on cooling. The
ferromagnetic transition temperature 7. is 330 K. Com-
paring with the cooling process, the ferromagnetic transi-
tion temperature is closer to the martensitic transformation
temperature during the heating process Fig. 1b.

4 Stress—Strain Curve

For investigating the behavior of induced strain in the
sample due to applied stress, we have plotted the stress
versus strain curves on temperatures 313 K and 323 K
which is just above Ay with an applied stress of up to
400 MPa. The curve shows the typical features of its
deformation behavior above A;. As displayed in Fig. Ic, a
complete superelastic behavior can be observed at these
two testing temperatures upon loading up to 400 MPa,
demonstrating that a complete stress-induced martensitic
transformation can be achieved under 400 MPa.
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5 Stress 400 Mpa Strain Rate 0.25 s™!

We have applied a stress of 400 MPa with a strain rate of
0.25 s7' on Cos75 Nisss Alyg and found change in tem-
perature for a variety of temperatures. On 293 K, it shows
max loading AT of 2.2 K, and for unloading, it is 1.89 K.
This heat is actually obtained from phase change of
martensite to austenite. As austenite is at the low-entropy
state, the excessive disorderness of martensite come out in
the form of heat. While unloading, it shows a negative peak
in which heat is extracted from the sample. It is due to the
austenite to martensite phase change. The data are com-
bined in a “Temperature change of elastocaloric effect
(ATg) as a function of temperature for the loading and
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Fig. 2 a ATy induced by stress of 400 Mpa with a strain rate of 0.25%s™

strain rate of 0.25%s~
0.50%s™".
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unloading process” as shown in Fig. 2b. The curves clearly
shows that we get a highest AT in the vicinity of martensite
phase change temperature. It is also noticeable that
AT loading is larger than AT unloading because excessive
heat is produced due to the movement of austen-
ite/martensite phase boundaries and martensitic twin
boundaries. This heat adds up while loading; while during
unloading, as the sample needs heat and when some heat is
already there, it will extract less heat from the environ-
ment; that is why the unloading curve shows comparatively
less temperature change AT. The curve shows a AT of more
than 1 K on the temperature span of 50 K (270 K-320 K)
including room temperature.
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! for loading and unloading. ¢ ATg of 400 Mpa with a strain rate of 0.50%s~". d ATy, versus temperature with strain rate of
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6 Stress 400 Mpa Strain Rate 0.50 s~

Figure 2c shows a temperature versus change in tempera-
ture curve when a stress of 400 MPa is applied with a strain
rate of 0.50 s~'. The graph shows highest AT of 2.7 K on
the temperature 283 K, while on unloading, we get 2.18 K
at 293 K, and Fig. 2d shows a AT of 1 K on the temper-
ature span of 75 K (250-325 K) including the room tem-
perature. Further increasing the
breakdown of the sample.

strain rate causes

7 Effect of Strain Rate

Figure 3a shows comparison of the maximum temperature
change in temperature curves for strain rate of 0.25 s~ and
0.50 s~'. We can notice there is a clear increase AT with
increase in strain rate. Increasing strain rate from 0.25 s~ ' (red
curve) to 0.50 s~ !(black curve), the maximum A7 increases
from 2.2 Kto2.7 K during loading, similarly for unloading, it
goes from — 1.89 K to — 2.086 K. An increased strain rate
causes a better adiabatic condition and a higher isothermal
entropy change. Similarly, increasing strain rate shifts the
peak of the curve from 293 to 283 K. It means that the phase
change temperature has shifted to lower value.

Figure 3b compares the AT of two curves while
increasing the strain rate, AT increases on every tempera-
ture we tested. The temperature span AT also increases for
0.50 s~ strain rate from 50 to 75 K (250 K-325 K)
including room temperature.
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The excessive fast loading and unloading (higher strain
rates) can cause small microcracks in the sample. These
microcracks propagate during every cycles and ultimately
can damage the sample. Therefore, an appropriate limit of
strain rate must be maintained to avoid break up or a huge
reduction in sample fatigue life. In our study, when we
increased the strain rate up to 0.62 s~' the sample broke
down. Moreover, normally, the change in temperature for
loading is larger than that for unloading; this is because of
the fact that during loading unloading process, it faces
different types of fractions just like interfacial fraction of
martensite and austenite, grain boundary or the interaction
between phase interface. All these frictions cause excessive
heat; during loading, heat is produced and the frictional
heats are added positively to the peak; while during
unloading, heat is absorbed and the frictional heat produced
inside diminishes the absorption of heat which results in a
relative small peak as compared to the loading peak.

8 Magnetocaloric Effect

The magnetocaloric effect is also characterized by detect-
ing its ATy The ATy for applying and withdrawing 5 T
magnetic field has been determined from the time depen-
dence of AT, as exemplified by the curve at 283 K
(Fig. 3b). The change in temperature in magnetocaloric
effect ATy, on different temperatures with external field of
5 T can be seen in Fig. 4a. The temperature dependence of
ATy changes slightly with temperature forming small peak

3 —293k 0.25™
—— 283k 0.50"

2.7k

Change in temperature(k)

30 40 50 60 70 80 90 100

Time(s)

Fig. 3 a Comparison of T versus AT curves of strain rates 0.25 s~' (lower curve) and 0.50 s™" (upper curve). b Comparison of maximum AT of
elastocaloric effect at strain rate of 0.25 s~' (lower curve) and 0.50 s~ (upper curve).

@ Springer



Trans Indian Inst Met

|}

__ 0.08-

=
=
2
o) 0.04
>3
©
o 0.004 —=— Applying H
g— —s—Removing H
2 .0.04
£
) [ )
O -0.08 -
c
a ]
O .o12]a ¢ *

T T T ¥ T ¥ T X T ¥ T ¥
260 270 280 290 300 310 320
Temperature(k)

283.10- — 283 100k H=5T
T=283k
283 05 AT =0.100
<3
o
S 283.00-
2
o
qé_ 28295
[0} AT =-0.111
= 28200
— 282.889k
28285 b . ; . . :
0 50 100 150 200
Time(s)

Fig. 4 a AT\, as a function of temperature with applied magnetic field of 5 T. b Maximum ATy curve with applied field of 5 T which occurred

at 283 K.

within the ferromagnetic transition range for applying and
withdrawing magnetic field processes.

9 Multi-Calorics

Figure 5 summarizes both the elastocaloric effect (red
curve) and magnetocaloric effect (blue curve). Both the
ATg and ATy have the same sign, and most importantly,
peaks of both the curves are very close to each other which

means that both ATg and ATy; will enhance each other
when 400 MPa stress and 5 T external magnetic field are
applied simultaneously on Cos75 Nizyq s Alyg. This combi-
nation of caloric properties is very important to enhance the
capacity of this material in the field of solid-state refrig-
eration. Moreover, it is clear that ATg is dominant on ATy,
which shows that the vibrational entropy change is much
more dominant on the magnetic entropy change.

Fig. 5 AT as a function of 3.0 0.30
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effect (lower curve, right scale) | ——M pa I
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10 Conclusion

In conclusion, the elastocaloric and magnetocaloric effects
of alloy have been studied. In our work, we have checked
the strain rate effect on the elastocaloric effect ATy, and as
compared to 0.25 s_l, the 0.50 s~! strain rate shows larger
AT\ on different temperatures. With increase in strain rate,
the performance of the caloric properties in the material
increases. It shows a maximum ATg of 2.7 K with a worthy
value of more than 1 K in a temperature window of 75 K
including the ambient temperature. The important finding
is that, the sample has maximum ability to withhold a strain
rate of 0.50 s~ for a stress of 400 MPa, as further increase
in the strain rate results in the breakdown of the sample.
Co3z7.5 Nizyg s Alyg shows both elasto- and magnetocaloric
effects. Moreover, ATg and ATy, have the same sign and
peaks in the same region of working temperature. These
capabilities make this material a good candidate for solid-
state refrigeration in the near future.
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