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ARTICLE INFO ABSTRACT

Keywords: The study of the elastocaloric effect of NiMnTi alloys is a key topic for developing materials for sustainable and
Elastocaloric effect efficient solid-state cooling and heating applications. In the current work, the mechanical behavior of two arc
NiMnTi

melted and heat treated NiMnTi alloys with 15 and 18 at% of Ti has been investigated. The effects of heat
treatments and operating conditions on the mechanical and caloric properties of the alloys have been assessed
through calorimetric analysis, isothermal stress-strain compressive measurements, and adiabatic tests. To eval-
uate the caloric performance of the NiMnTi alloys, both experimental and theoretical adiabatic temperature
changes have been identified, and the isothermal entropy change involved in the stress-induced martensitic
transformation has been computed from the discrete integration of the stress-strain curves. The NiMnTi alloys
treated at 900 °C exhibited better caloric performance than those treated at 1000°C. Specifically, the sample that
achieved the highest experimental positive and negative AT values (10.2 °C and —12.6 °C, respectively) was the
NiMnTi alloy with 15 at% of Ti and heat treated at 900 °C. This study provides a detailed analysis of the physical
properties, functionality, and caloric properties of polycrystalline NiMnTi fabricated through a melting process,
considering its potential use in solid-state cooling and heat pumping technologies.

Adiabatic AT

Isothermal entropy change
Stress-induced martensitic transformation
Coefficient of performance

1. Introduction The elastocaloric effect of shape memory alloys can be described by

several parameters that indicate, either directly or indirectly, the heat-

The elastocaloric cooling is one of the most promising and effective
solid-state alternatives to traditional vapor compression methods [1-3].
The main advantages of elastocaloric technologies include compactness
and simplicity of operation [4], high efficiency [5], and low environ-
mental impact [6-8], as they do not involve harmful fluids, such as
hydrofluorocarbons. Shape memory alloys (SMAs) are suitable materials
for the development of elastocaloric systems [9-11], since they are
characterized by a first-order reversible solid-state transformation
known as thermoelastic martensitic transformation (TMT), which in-
volves high latent heat [12]. It is possible to induce the martensitic
transformation by applying a load to a SMA in the austenitic parent
phase under adiabatic conditions, i.e. without heat dissipation towards
the environment. By removing the load, the endothermic inverse
transformation occurs, and the material cools down [13-18]. The heat
generated can be stored and utilized for various applications, potentially
involving different thermodynamic cycles [19]. Experimentally,
quasi-adiabatic loading conditions are achieved when the material is
deformed rapidly, with strain rates higher than 0.05 s~ [14].

ing and cooling capacity of the material under different loading condi-
tions [9,13,14,16,20]. Based on the calorimetric properties of the
material corresponding to the direct austenite-to-martensite trans-
formation, the maximum temperature change (ATZ‘d), that can be ach-
ieved at an operating temperature T and related to the direct transition
(i.e. during loading) is expressed as follows:

ASa_to-m T_AHpwowm T
[ To ¢

ATH = 1)

where ASa.4-m is the entropy change associated with the martensitic
transformation, AHp . is the enthalpy involved in the thermally-
induced martensitic transformation, c, is the specific heat, T is the
operating temperature for the elastocaloric experiment, and T, is
defined as (M; + Ay)/2, where Ms is the Martensite Start temperature and
Af is the Austenite Finish temperature [12]. This maximum AT can be
compared with the value experimentally measured on the sample sur-
face by adiabatic measurements, i.e. AToy.
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A second parameter commonly used to describe the elastocaloric
behavior of the material is the entropy change in isothermal conditions
associated with the stress-induced martensitic transformation, which
can be derived from the isothermal stress-strain curves in two ways. In
the first case, the AS is computed from the Clausius-Clapeyron rela-
tionship as follows:

1
|ASES| = ;kccet, @)

where p is the density of the alloy, k¢c is the Clausius-Clapeyron coef-
ficient determined from the isothermal stress-strain measurements at
increasing temperatures and ¢, is the transformation strain [21]. The
second approach relies on the discrete integration of the entire
stress-strain curves according to the Maxwell equation:
S5 1 “ do
asii= o [ 5 ©)
Finally, a coefficient of performance of the caloric material (COPpyq)
can be defined as the ratio between the heat involved in the stress-
induced adiabatic transformation and the work input (W), assuming
total work recovery upon unloading. This relationship can be expressed
as follows:

o

AT

COPpye = Fode

(€3]

X =

In Eq. 4, the work input is assumed to be the hysteresis loop area of
the complete stress-strain curve.

One of the emerging shape memory alloys being explored for elas-
tocaloric applications is the Heusler alloy NiMnTi, which consists solely
of elements from the 3d transition metal group [22,23]. Typically,
Heusler alloys are characterized by strong covalent bonding between the
constitutive elements due to the p-d orbital hybridization, leading to
intrinsic brittleness of these intermetallics. In contrast, NiMnTi is char-
acterized by d-d orbital hybridization, resulting in a uniform distribution
of valence electrons [24-28]. This positively affects the mechanical
properties of NiMnTi, which exhibits higher ductility compared to more
common NiMn-based alloys, such as NiMnGa and NiMnGa-based qua-
ternary alloys [29-31]. Moreover, the significant unit cell volume
change involved in the martensitic transformation is among the material
properties that can affect in a positive way the elastocaloric behavior
[32].

When it comes to arc-melted NiMnTi alloys, there is a limited
number of studies that focus on their physical and elastocaloric prop-
erties. In the study reported in [33], it was found that cast NisopMn32Ti;g
samples annealed at 900 °C for 144 hours exhibit an irreversible adia-
batic temperature change of 10.7 °C with 3.9 % deformation. In another
study [34], NiMnTi samples containing 18 at% Ti and annealed at 950°C
for 48 hours exhibited an adiabatic AT equal to 17 °C at an applied strain
of 7% and a AS equal to 52.9 Jkg~! °C™L. It was demonstrated that
boron acts as an effective grain refiner and has a positive effect on the
elastocaloric properties of both NiMnln-based alloys [35,36], and
NiMnTi ones [37-39] leading to experimentally-measured AT values up
to 31.5 °C [32]. A few studies [24,34,40,41] investigate the NiMnTi
produced by directional solidification methods and correlates micro-
structural texture with enhanced superelastic properties and elasto-
caloric effect. Indeed, directionally solidified samples exhibit superior
transformation strains up to 4 % and superelastic behavior up to de-
formations equal to 10 % without residual strains [24]. Moreover,
adiabatic AT up to 37.3 °C and AS up to 50 J kg~! °C™! are reported
[34].

In this work, the behavior of two polycrystalline NiMnTi alloys
produced by arc melting is described through the evaluation of their
elastocaloric parameters, namely AT, AS, and COPpg. The study in-
vestigates how heat treatments affect the elastocaloric characteristics of
these alloys, aiming to deepen insights into cast NiMnTi polycrystalline
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materials. This research builds on our previous work [42] to further
explore the physical and functional properties, ultimately looking to
advance NiMnTi alloys for use in solid-state cooling and heat pumping
technologies.

2. Materials and methods

NisoMnssTi;5 and NisgMn3,Ti; g alloys were produced by arc melting
from high purity metallic elements (electrolytic Ni with purity level of
99.97 % and electrolytic Mn with purity level of 99.5 % by Merck, grade
1 Ti wire (ASTM B348) by Titalia) and the ingots were subjected to six
remelting steps under Ar atmosphere [42]. The measured chemical
composition of the ingots is reported in reference [42].

The as-cast samples were sealed into quartz vials under argon, heat
treated at 900 °C and 1000 °C for 48 and 24 hours, respectively, and
water quenched. The obtained samples were labeled as follows:
“NMT15_TT900”, “NMT15_TT1000”, “NMT18_TT900”, and
“NMT18_TT1000”. In a previous work [42] it was found that these heat
treatments promoted alloy homogenization, resulting in the dissolution
of solidification structures and a narrowing of the TMT temperatures
measured by calorimetry. In the case of the heat treatment at 900 °C,
Ni-Ti based micrometric precipitates, in particular NisTi, formed at
grain boundaries and within the grains. Conversely, after heat treatment
at 1000 °C, no precipitates were observed. Density measurements were
carried out by Archimede’s method with an analytical balance Ghi-
bertini E50S/2. Calorimetric analysis was performed with a differential
scanning calorimeter (DSC25 by TA instruments) at a heating and
cooling rate of 10°C/min. The transformation temperatures were
determined at the intersection between the tangent lines at the inflection
points of the peaks and the baseline. The samples for the compression
tests were cut from the arc melted ingots by means of an abrasive blade
and then refined using grinding paper to obtain parallel faces. The final
samples had square sections measuring between 2x2mm? and
2.5x2.5 mm? with heights ranging from 4 mm to 5 mm. The compres-
sive mechanical measurements were performed by means of an Instron
E3000 all-electric dynamic mechanical test instrument equipped with a
3 kN load cell, a magnetic actuator and an optical drive calibrated for
the actual working conditions to measure the actuator displacement.
Each sample was trained before mechanical tests through consecutive
compressive loading-unloading cycles at a strain rate of 1 %/min and
with a target strain of 4 % during loading and a target stress of 3 MPa
during unloading, at the first test temperature. The number of training
cycles was equal to the number of cycles required to achieve complete
recovery upon unloading without residual strains. The isothermal
measurements were carried out at a strain rate of 1 %/min and with a
target strain equal to 4 % upon loading and a target stress equal to
3 MPa upon unloading. The adiabatic measurements were performed at
Af +15 °C with strain rates of 150, 400, and 800 %/min. The target
loading strains were set to 3 and 4 %, while the target unloading stress
was maintained at 3 MPa. After rapid loading and unloading phases, the
reached strain was held constant for 40 seconds to promote heat release
towards the environment. Five loading-unloading cycles were per-
formed for each combination of applied strain and strain rate. The
critical stress for the induction of martensite (o,,) is evaluated by the
intersection of the tangent line to the initial elastic part of the isothermal
stress-strain curves and the tangent line to the plateau of martensite
formation. Three thin T-type thermocouples (bare wire with diameter of
0.127 mm) were fixed with silver paste directly in the middle of three
lateral surfaces of the samples and connected to a high-frequency
acquisition system (NI 9212) for the evaluation of the adiabatic AT as
described in references [43,44].

3. Results

The thermal properties of the two NiMnTi alloys were assessed in a
previous work [42] and the enthalpies of the austenite-to-martensite
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transformation (AHy4¢.y) and the temperature Ty derived from the DSC
analysis are reported in Table 1. From these data, it was possible to
determine, according to Eq. 1, the theoretical adiabatic temperature
change (ATfl’g) associated to the thermally induced transformation be-
tween austenite and martensite for each sample. This value corresponds
to the maximum achievable temperature change assuming perfect
adiabatic conditions and absence of energy losses. The specific heat
considered for this calculation is the reference value for the
NisoMnsaTiig alloy with directionally solidified microstructure [24]
corresponding to 0.45 J g1 °C™1. Table 1 shows the computed AT™ and
it is possible to notice that the alloy with 15 at% of Ti exhibited the
highest theoretical temperature changes. Moreover, for both NiMnTi;5
and NiMnTi, g alloys, the highest ATfﬁi were given by the samples treated
at 900 °C.

In addition to the purely thermal approach, the mechanical behavior
of the NiMnTi alloys was investigated through compressive isothermal
stress-strain tests at different temperatures. Fig. 1 shows the stress-strain
curves of the four samples at temperatures ranging between Ay + 5 °C
and Ay + 35 °C. The curves obtained for sample NMT18_TT900 do not
completely reach the target strain, but martensite induction plateaus are
still clearly visible. It is noticeable that, as expected for austenitic SMAs
[12], the critical stress for inducing martensite (o) increased with
temperature, whereas the hysteresis between loading and unloading
plateaus decreased. Furthermore, higher o, were achieved by NiMnTi; 5
alloy with respect to NiMnTi; g, for the same strain at temperatures close
to Ay. Finally, considering the effect of the heat treatment, in the samples
treated at 900 °C (Figs. 1(a) and 1(c)) martensite started forming at
higher stresses and strains in both the alloys with respect to the samples
treated at 1000°C, as can be also noticed from Fig. 2. For all the samples
it is noticeable a certain residual strain, which is particularly significant
in the curve of NMT15_TT1000.

The trend of the critical stresses with increasing test temperature is
represented by the Clausius-Clapeyron coefficient (kcc), which corre-
sponds to the slope of the linear fit of the o, versus temperature data.
Fig. 2 shows the o, vs. temperature behavior for all the NiMnTi samples
and k¢ values up to 8.3 and 6.3 MPa °C~! were computed for NiMnTi;5
and NiMnTi; g alloys, respectively.

According to Eq. 2, the Clausius-Clapeyron dependence can be used
for a preliminary estimation of the entropy change ASgg involved in the
isothermal stress-induced martensitic transformation. The ASSS of the
four samples are listed in Table 2 together with the measured densities
(p), the transformation strain, the computed k¢c coefficients, and the
A adc calculated according to Eq. 1 replacing ASa -y with Asgg’ . The
transformation strain was evaluated by the tangent method considering
the slope of the plateau and the elastic regions of the curves.

From the energy standpoint, the best performance is attributed to the
NMT15_TT900 sample, which exhibited an ASSS of 20.2 J kg™! °C™1.
Similarly, a slightly higher entropy change was obtained by the NiMn-
Til18_TT900. Finally, the AT computed starting from these data reflected
the trend of the ASSC resulting in values that are lower than the AT®,
achieved following an entirely thermal approach.

Further investigation of the entropy changes involved in the stress-

Table 1

Summary of the measured enthalpy changes AHa.o.m Af, To, T and entropy
changes AS,, and of the calculated ATZ}], according to Eq. 1. The data indicated
with an asterisk (*) were evaluated in a previous study [42].

Sample AHp o.M Af To AS, (J T AT;’;
Ugh* cO* O* kg 0 o

cc—l)
NMT15_TT900 34.7 121.5 114.5 87.0 140 82.1
NMT15_TT1000  31.6 152.7 143.7 74.1 170 74.6
NMT18_TT900 21.4 8.1 0.3 78.2 25 51.8
NMT18_TT1000 18.4 29.9 17.9 63.2 45 44.6
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induced martensitic transformation (ASﬁf)) was possible through the
discrete integration of the mechanical curves at fixed temperatures,
according to Eq. 3 (Fig. 3). For most of the temperatures, the highest
AS$S was achieved at the maximum strain, i.e. 4% and 3.5 % for
NiMnTi;s and NiMnTi;g alloys, respectively, and the maximum peak
value of the ASSS, i.e. 51Jkg ! °C™!, was achieved by sample
NMT18_TT900 at 32.5 °C. As for the entropy results, the samples that
underwent heat treatment at 900 °C exhibited slightly higher peak
values. Moreover, it can be noticed that the entropy change vs. tem-
perature curves do not exhibit extremely pronounced peaks, especially
for the NMT15 alloy. For instance, in the NMT15_TT1000 sample (Fig. 3
(b)), the Asfi decreased by only 10 % between 162.5°C and 172.5°C. In
contrast, the NMT18 alloy exhibited a more variable trend, with sharper
ASSS peaks.

The adiabatic AT during compressive adiabatic tests (AT on four
samples at different strain rates (150, 400 and 800 %/min) and strains of
3 % and 4 % (Fig. 4) was measured. Fig. 4(c) shows an example of the
mechanical curves and the adiabatic temperature change values for
NMT18_TT900. As expected, the AT.{ grew with the strain rate and
strain [24]. This is due to the increased formation of martensite and the
improved achievement of adiabatic conditions. The curves in Figs. 4(a)
and 4(b) do not show the expected plateaus because of the high strain
rates [14]. The stresses were higher than those of the isothermal tests for
the same strains and increased with the strain rate. This also made
hysteresis and residual strains larger. All the other samples showed a
similar behavior. Fig. 5 compares the different NiMnTi samples at 4 %
strain and 800 %/min strain rate, which were the best conditions to
maximize the ATSy. As observed from the representative temperature
profiles, slightly higher temperature changes were achieved upon
unloading, particularly for NiMnTi;s samples. This phenomenon could
be ascribed to several factors, including the different effects of micro-
structural features such as grain boundaries, as well as the influence of
defects or impurities on direct and indirect martensitic transformation, i.
e. on martensite nucleation and shrinking, respectively. Additionally,
the apparatus used for the tests is more precise in the control of the
unloading phase and therefore it is possible that more accurate adiabatic
conditions are achieved upon unloading. The highest positive and
negative ATo values, i.e. 10.2 °C and —12.6 °C, were achieved by the
NMT15_TT900 sample (Fig. 5(a)). For the NiMnTi alloy with 18 % of Ti,
the best sample was the one heat treated at 900 °C. Note that the tem-
perature on NMT18_TT900 sample surface fluctuated about + 1 °C
around the target temperature, i.e. 25 °C, due to the instability of the
thermal chamber, which used nitrogen gas to cool down.

The efficiency of the material under adiabatic cycling is represented
by a COPpyq that can be calculated from the measured ATS, reported in
Table 3 for loading, using Eq. 4. The reported AT, values are the
mean values of the temperature changes obtained upon the five loading
cycles performed at 800 % min~! and 4 % of applied strain. Table 3 also
shows the work input (W), which is the hysteresis loop area of the
complete stress-strain curves, during adiabatic cyclic tests for the four
samples. It is known that the value of specific heat varies during the
transformation [45]. However, for sake of simplicity, the constant cp
value reported in literature [24] was used for the COP,; calculation.
The elastocaloric performance of the alloys followed the same trend,
with the highest COPp,, for the samples treated at 900 °C.

4. Discussion

From the thermal standpoint, the two studied alloys show promising
elastocaloric performance, as reported in Table 1, and, in particular, the
AT values obtained for NiMnTi;s alloy are significantly higher with
respect to those typical of shape memory alloys [9]. In fact, a maximum
AT = 35 °C is obtained for NiMnTi alloys with directionally-solidified
microstructure from theoretical evaluations [24]. The theoretical



F. Villa et al

600

500

400

300

Stress (MPa)

100

600

500 |

400

300

Stress (MPa)

100

200

200

Strain (%)

(€)

L ——A+10°C NMT18_TT900 -
—A+15°C 4
| ——A +20°C ]
L ——A +25°C 1
L ——A +30°C

Strain (%)

Stress (MPa)

Stress (MPa)

600

500

400

300

200

100

600

500
400]
300 |
200!

100

Journal of Alloys and Compounds 1010 (2025) 177570

(b)

| —A+5C NMT15_TT1000 |
| ——A +10°C 7
| ——A +15°C 1
| A +20°C 1
L —— A +25°C

—A+5C NMT18_TT1000 |
—A,+10°C i
——A, +15°C
—A+20°C i
——A +25°C /ﬂf%
L R L ——— |
1 | 1 1
0 1 2 3 4

Strain (%)

Fig. 1. Compressive isothermal stress-strain curves for samples NMT15_TT900 (a), NMT15_TT1000 (b), NMT18_TT900 (c) and NMT18_TT1000 (d).
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Table 2
Summary of the measured densities p, transformation strains ¢, and k¢c co-

efficients, and of the calculated ASSC and ATSS.

sample p(g kcc (MPa € ASE T kg™t ATSS
m™  Cch ¢ o
NMT15_TT900 7.1 8.3 0.0173  20.2 18.6
NMT15_TT1000 7.1 7.8 0.017 18.7 18.3
NMT18_TT900 7.2 6.3 0.018 15.7 10.4
NMT18_TT1000 7.2 5.5 0.0195 14.9 10.5

values obtained in the current work (up to 82.1 and 58.1 °C for NiMnTi;5
and NiMnTiyg respectively), especially for the alloy with 15 % of Ti,
clearly overestimate AT, being much higher than those directly
measured on the samples, which correspond to 10.2 and 9.8 °C for
NiMnTi;5 and NiMnTi;g respectively. The origin of these discrepancy
lies on the evaluation of the enthalpies obtained from the calorimetric
data, that result in extremely high enthalpy change values especially for
NiMnTi;5 alloy. However, the AT#, values provide a first indication of
the superior heating and cooling capacity of the alloy with 15 % of Ti.
Moreover, research has indicated that relying solely on the thermal
method leads to an overestimation of the elastocaloric potential in al-
loys, whereas parameters obtained from mechanical test analysis are
more reliable [11,30]. Indeed, for the elastocaloric applications, it is
essential to take into account the interplay between the thermal prop-
erties of the alloy and the mechanism of the martensitic transformation
induced by mechanical stress. Therefore, the AT values were further
estimated from the mechanical data and then experimentally measured
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on the samples in adiabatic loading conditions. An overall comparison of
the AT obtained by these direct and indirect approaches is presented in
Fig. 6.

The ATSS were lower than AT®, values, due to the fact that in one
case the martensitic transformation is stress induced, in the other case it
is thermally induced. Indeed, it is possible that during the formation of
the single variant stress induced martensite with the application of a
stress field, additional dissipative effects could arise [11] and this can
result in a lower evaluation of the caloric effect. Moreover, the relatively
limited transformation strains observed in the samples compared to
those with the same composition but more favorable microstructures,
such as directionally solidified alloys with preferential grain orientation,
could hinder the full expression of the elastocaloric capability of the
material under investigation in this study. This limitation may
contribute to the discrepancy between the elastocaloric performance
evaluated through calorimetry and mechanical tests. In the NiMnTi;g
alloy, the AT values better approach the experimental ones compared
to the NiMnTi;5 alloy. The experimental measurements of ATZZP evi-
denced the effect of the combination of the actual thermal properties (e.
g. specific heat and thermal conductivity) and mechanical properties of
the samples together with the experimental conditions such as applied
strain rates and sample geometry. In fact, the measured ATG; (Fig. 5)
are lower than the theoretical AT because of several factors. One reason
is that the loading conditions are not completely adiabatic, because the
high deformation rate only approximates the adiabatic condition, so
some heat transfer to the environment might occur [14]. Moreover, the
experimental setup is composed of metallic fixtures that further promote

(b)

Strain
—0—0.25%
—e—0.50 %
——0.75%
——1.00 %
—<—1.25%
—<—1.50 %
—0—1.75%
——2.00%

2.25%

2.50 %
—4—275%
—4—3.00 %
. —0—3.25%
—e—3.50 %

NMT15_TT1000 |

——3.75%

165 170 4.00%

Temperature (°C)

(d)

Strain
—0—0.25%
—e—0.50 %
—>—0.75%
——1.00 %
——125%
= —4—1.50 %
—0—1.75%
——2.00%

2.25%

2.50 %
b ——275%
—4—3.00 %
—0—3.25%
——3.50 %

NMT18_TT1000

60

Temperature (°C)

computed from the integration of compressive loading curves, according to Eq. 3, samples NMT15_TT900 (a), NMT15_TT1000 (b),



F. Villa et al.
(@)
500 ¥ T L T T T
— 150 %/min
400 —— 400 %/min 4
= —— 800 %/min
QO 300} .
=3
S 200t -
o
D 100t -
0 1 1 N 1 N 1 N 1
0 1 2 3 4

Journal of Alloys and Compounds 1010 (2025) 177570

(b)

500 - ; - T .
—— 150 %/min
400 ——400 %/min 4
= —— 800 %/min
QO 300} .
=3
B 200t -
&
D 100t -
0 " 1 N 1 . 1
0 1 2 3 4

Strain (%)

unlolading

200

Strain Rate (%/min)

Fig. 4. Compressive adiabatic mechanical measurements at 3 % (a) and 4 % (b) of strain and summary of the mean measured adiabatic temperature changes ATZZ" in

different loading conditions (c) for sample NMT18_TT900.

heat loss. In addition, the overestimation of the AT® obtained from
calorimetry data is due to the fact that in this case the actual thermal
conductivity and specific heat of the alloy are neglected and homoge-
nous microstructural conditions are assumed [9]. In fact, the studied
polycrystalline cast material is characterized by microstructural features
such as grain boundaries, defects, and impurities that could affect the
heat transfer properties of the alloy resulting in higher levels of dissi-
pation [9] and in a reduction of the generated AT registered on the
sample surface.

Fig. 7 shows that the different AS values have the same trend as the
comparison between calorimetric and mechanical methods for AT
calculation. The AS; from the thermal data is the highest possible en-
tropy change in the thermally-induced martensitic transformation, since
the whole material transforms completely by temperature change [11].
The entropy changes in isothermal conditions from mechanical

stress-strain measurements (ASSC and ASY®) are lower, probably
because the stress-induced martensitic transformation is not complete

and homogeneous across the entire sample [9]. In addition, also in this
case, the relatively limited applied strains could lead to a lower esti-
mation of the entropy change parameter.

Considering the mechanical properties, the k¢c of the two alloys
(Fig. 2) are higher than the typical values achieved with the NiMn-based
Heusler alloys that usually range between 3 and 6 MPa °c~! [30,46].
Moreover, the o, trend exhibited by NiMnTi is more similar to that of
NiTi, which can reach values up to 9 MPa °Cc~1 [9,47]. Like in NiTi, the
martensitic transformation in NiMnTi alloy is sensitive to temperature
and stress changes, and in the case of both NiMnTi alloys, the
stress-temperature dependence is higher for the aged alloy.

Considering the effect of the two heat treatments on the mechanical
and elastocaloric properties of the NiMnTi studied alloys, it was
observed that the best performances were exhibited by the samples heat
treated at 900 °C. In both NiMnTi;5 and NiMnTi; g samples, martensite is
induced at higher stresses (Fig. 1), and k¢ values are higher. This could
be ascribed to the presence of NiTi-based precipitates in these samples
[42,48] that could act as barriers to dislocation slip during the transition
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mechanical measurements performed with 800 %/min strain rate up to 4 % of strain.

Table 3

Summary of the experimentally measured AT.{ upon loading, W, and COPpq.
sample ATLY (loading) w COP,q; (loading)
NMT15_TT900 10.2°C 4.7 MPa 6.8
NMT15_TT1000 7.4°C 3.8 MPa 6.4
NMT18_TT900 9.8°C 5.4 MPa 5.9
NMT18_TT1000 9.1°C 5.3 MPa 5.6

from austenite to martensite [12,49]. Therefore, for these samples,
higher mechanical work is necessary to induce the martensitic trans-
formation. From all the discussed direct and indirect approaches for the
determination of AT and AS, it is evidenced that the presence of pre-
cipitates in NiMnTi alloys acting as energetic barriers during the
martensitic transformation is beneficial to the elastocaloric properties.
This trend is confirmed by the COPy,q; values reported in Table 3 because
the best ratio between the thermal and mechanical energy for elasto-
caloric measurements is given by the heat treated NiMnTi;s and
NiMnTi; g alloy with COP,q values of 6.8 and 5.9, respectively. In fact,
the combination between the experimental AT and the corresponding
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Fig. 6. Comparison of computed and experimental AT values.
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work input is optimized in samples heat treated at 900 °C.

In summary, each sample underwent approximately 40 deformation
cycles to enable the full range of characterizations presented. Pre-
liminary assessments of the material indicate excellent mechanical sta-
bility, with no evidence of crack formation or significant plastic
deformation. These findings suggest that non-textured, arc-melted
NiMnTi alloy holds promising potential for elastocaloric applications.
Moreover, it is possible to produce materials in relatively large bulk
forms, which can then be further processed into a variety of shapes and
sizes to meet specific application needs.

5. Conclusions

In this study, we investigated the mechanical and elastocaloric
properties of two NiMnTi alloys with different Ti contents, fabricated by
arc melting and subsequent heat treatments. We used direct and indirect
methods to evaluate the adiabatic temperature change, the entropy
change, and the coefficient of performance of the alloys under
compressive loading. We found that the theoretical values of these pa-
rameters, derived from the calorimetric data, were significantly higher
than the experimental values, due to the influence of the microstructure,
the thermal properties, and the experimental conditions on the stress-
induced martensitic transformation. We also found that the heat treat-
ment at 900 °C enhanced the elastocaloric performance of both alloys.
Our work provides a comprehensive analysis of the physical and func-
tional properties of polycrystalline NiMnTi alloys produced by a melting
process, considering their potential use in solid-state cooling and heat
pumping technologies.
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