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ABSTRACT
The increasing interest in the development of multicaloric materials for solid-state 
cooling applications is giving rise to the investigation of elastocaloric performance 
of ferromagnetic Shape Memory Alloys (FeSMA). Moreover, some sintering pro-
cesses have been proposed to overcome the well-known brittleness of these alloys. 
In this context, a novel application of the open die pressing (ODP) method for the 
preparation of NiMnGa polycrystalline samples sets the chance to have interest-
ing mechanical properties, until now never reported in literature. In this work, a 
tunable optimization of microstructure is presented and the elastocaloric proper-
ties are investigated by different mechanical approaches and direct measurement 
of adiabatic ΔT values. It is observed, for the first time, a polycrystalline NiMnGa 
alloy that exhibits an extremely stable mechanical and thermal response upon 200 
adiabatic compression cycles. The best performance consisted in a ΔS peak of 35 J/
(kg °C) and an adiabatic ΔT value of ± 4 °C in the first 10 cycles and + 3,75 / − 4 °C 
in stabilized conditions over 200 cycles.

Introduction

The exploration of novel sustainable and efficient 
refrigeration and heat pumping technologies to replace 
the traditional methods based on vapour compression, 
is becoming a key issue in recent years. Solid-state 
caloric refrigeration, including elastocaloric cooling, 
has proven to be a valuable and significant alternative 

to the traditional technologies [1, 2]. Moreover, the 
research has been successfully devoted to the study 
and the characterization of the caloric materials [3] 
and to the development of efficient and eco-friendly 
cooling system prototypes at the small and large scale 
[4–6]. Currently, only few elastocaloric demonstra-
tors and prototypes have been developed, but this 

Received: 30 June 2023 
Accepted: 20 September 2023 

© The Author(s), 2023

Handling Editor: Megumi Kawasaki.

Address correspondence to E-mail: francesca.villa@icmate.cnr.it

E-mail Addresses: m.tamandi@campus.unimib.it; francesca.passaretti@cnr.it; enrico.bassani@cnr.it; elena.villa@cnr.it

http://orcid.org/0000-0002-6684-9635
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-023-08977-4&domain=pdf


	 J Mater Sci

elastocaloric performance with respect to the cast alloy 
reported in literature. Indeed, the main innovative 
outcome of this research are the promising elastoca-
loric properties in terms of ΔTad and ΔSiso of sintered 
NiMnGa samples under several elastocaloric cycles in 
view of multicaloric applications. 

Materials and methods

The sintering process of this work starts from pow-
ders prepared by a planetary ball milling equipment. 
For this milling process, some ingots of Ni50Mn30Ga20 
(at%) were prepared by arc melting using pure ele-
ments of minimum 99,97% in purity. The alloy was 
prepared after 5 cycles of re-melting to ensure a good 
homogeneity of the material. The size of the pow-
ders obtained was selected by sieves and regulated in 
dimension lower than 50 μm.

For this activity, we refer to open die pressing pro-
cess described in our previous work [22]. We use the 
same runs to prepare dense samples, by closing the 
powders in iron sheath and by pressing in two steps 
at 700 °C under 40 tons for 30″ and at 500 °C under 10 
tons for 10′. The preparation ends with cooling down 
the sample by slow cooling or water quench. During 
this process, the powder’s rearrangement, densifica-
tion, sintering and finally consolidation of the grain 
structure with high density quite near to cast material 
takes place.

Smaller different kind of specimens have been cut 
from ODP samples for the various experimental tests. 
The as-processed samples were labeled as “ODP_AP”. 
The ODP samples that were subjected to thermal 
treatments at 925 °C for 6 and 24 h followed by WQ 
water quench or SC slow cooling were labeled respec-
tively as ODP1_6h, ODP1_24h (WQ) and ODP2_6h, 
ODP2_24h (SC).

The control of the density of the ODP samples was 
performed by Archimedes method on 10 consecutive 
measures.

Instron E3000 Dynamic Mechanical test machine 
with thermal chamber temperature control equip-
ment, with liquid nitrogen cooling system, was used 
for mechanical investigation in compression configu-
ration. Two series of tests have been carried out: (1) 
SR strain recovery test under fixed stress vs temper-
ature and (2) SS stress strain measure at isothermal 
condition.

technology is designated to become one of the most 
promising alternative cooling methods.

When an external field is adiabatically applied to 
caloric materials, they exhibit a change in temperature 
which is reversible upon the field release [7]. Among 
caloric materials, the shape memory alloys (SMAs) 
are one of the most promising candidates since the 
applied external field (magnetic, mechanical or elec-
tric) induces a significant entropy change and a related 
reversible thermal reaction [8, 9]. These caloric effects 
can be described by two parameters, i.e., the total 
change of temperature in adiabatic conditions (ΔTad) 
and the total change of entropy in isothermal condi-
tions (ΔSiso). In addition, a coefficient of performance 
(COP) can be evaluated [7, 10].

Superelastic SMAs are the most promising candi-
dates for the elastocaloric cooling since the applied 
mechanical stress induces a reversible solid-state tran-
sition, i.e., the stress-induced martensitic transforma-
tion. Particularly, among the SMAs, the most efficient 
caloric materials are NiTi [11, 12] and NiMnTi alloys 
[13, 14]. Their caloric performances in terms of ΔTad, 
ΔSiso and COP are well-established, with values of 
ΔTad up to 25 and 30 °C, respectively.

On the other hand, the ferromagnetic SMAs (FeS-
MAs) are mainly studied for their magnetic proper-
ties [15, 16] and magnetocaloric effect [17, 18]. A lower 
number of studies are devoted to the investigation of 
the elastocaloric properties of the FeSMAs due, princi-
pally, to the intrinsic brittleness typical of these alloys. 
Among the FeSMAs, NiMnGa- and NiMnGa-based 
systems are the most studied ones for their magneto-
caloric properties. However, some elastocaloric inves-
tigations could be found in literature in view of the 
magneto-elastic coupling for multicaloric applications 
[19, 20]. In these studies, only few elastocaloric cycles 
in compressive configuration were possible on cast 
NiMnGa samples.

In order to decrease the brittleness of NiMnGa, 
starting from previous experience with powders 
processing [21], an alternative production method, 
namely, the open die pressing (ODP), was developed 
[22] and dense samples with a highly elastic response 
were produced. So far, a complete characterization of 
the thermo-mechanical properties of these sintered 
samples was provided. In the present study, the elas-
tocaloric properties of sintered NiMnGa were evalu-
ated in terms of ΔTad and ΔSiso for the first time. The 
increased elastic response of the samples produced 
by means of ODP process allowed a more stable 
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The tests (1) were performed with a change tem-
perature rate of 5 °C/min and in the [25 °C; 300 °C] 
temperature range. For these tests, an accurate con-
trol of the base line and the real thermal deviation 
from rate imposed and the deformation due to ther-
mal dilatation of the system was applied. From these 
data, by elaboration through Maxwell equation [23], 
we obtained the ΔS change value in cooling and heat-
ing step.

The test (2) were registered at constant tempera-
ture and with compression stress-rate of 5 MPa/min 
until 400  MPa. The elastocaloric characterization 
was indeed performed in strain control up to strains 
between 2,5 and 3,5% at rates between 300 and 400%/
min to approach the adiabatic conditions. The hold-
ing period of 70 s between the loading and unloading 
phase is considered to avoid heat retain in the sample. 
An ad hoc experimental set up developed in our labo-
ratory allowed the direct measurement of the ΔT data, 
by means of T-type thermocouples. The thermocou-
ples were connected to an acquisition system (NI 9212 
thermocouple input module for National Instruments 
CompactDAQ) which allowed the high-frequency 
acquisition of the thermal signal ΔT elaborated by 
LabVIEW program.

Result

The ODP method allowed to obtain samples with a 
density of 7.7 g/cm3 and this value corresponds to 
a relative density of 96.5% with respect to the value 
measured for the cast alloy, i.e. 8 g/cm3. A level of 
porosity corresponding to 3.5% is good for sintered 
samples and makes them comparable to the cast ones.

The results of the calorimetric analysis are reported 
in previous work [22] and the principal information 
about the TMT (Thermoelastic Martensitic Transfor-
mation) are resumed in Table 1. The principal aspects 
observed from the thermal analysis are the high ther-
mal cycling stability and the shift to higher tempera-
tures, the narrowing and the increase in the enthalpies 
of the peaks related to the TMT and reverse transfor-
mation for the thermally treated samples with respect 
to the as-processed ones.

The strain recovery tests showed the deforma-
tion behavior of the ODP samples upon temperature 
change under constant compressive loads. It is pos-
sible to observe that in correspondence of the TMT, 
both upon cooling and heating, there is a deflection of 

the curves. During cooling the absolute strain value 
increases, while upon heating the absolute strain 
decreases. The strain recovery curves under fixed 
stresses versus temperature are reported in Fig. 1, and 
in addition, both the maximum recovered strain and 
the residual strain for all the samples are reported in 
the graphs in Fig. 2.

These series of curves are important to describe the 
mechanical behavior of the material related to phase 
transformation. The measurements were performed 
under different stress values and, for sake of simplic-
ity, only the most significant curves are reported in 
Fig. 1. The samples of the series 1 are able to withstand 
a wider range of applied stresses, while some samples 
of series 2 displayed under high loads the formation of 
cracks and ruptures that hindered a significant signal 
of strain. Generally, the samples thermal treated for 6h 
exhibits the best performances, and in particular, the 
ODP1_6h sample presents the best behavior in terms 
of recovered strain and the lowest residual strain.

The elaboration of the strain recovery curves by 
means of Maxwell Equation [23] led to the evaluation 
of the entropy variation in correspondence of the TMT 
upon cooling and heating and the results are reported 
in Fig. 3. The highest values of ΔS are reached by the 
sample of series 1 which developed more defined 
strain recovery curves with sharper slope changes in 
correspondence of the TMT. ΔS maximum values of 24 
and 35 J/(kg °C) were obtained upon heating for sam-
ples ODP1_6h and ODP1_24h respectively in corre-
spondence of applied loads of 260 MPa. Despite higher 
entropy change values, the sample ODP1_24 h shows 
less coherent and regular curves as is already visible 
from the curves of Fig. 1.

A series of linear loading–unloading measure-
ments in compression configuration were carried out 
at different temperatures, to investigate the mechani-
cal behavior of the ODP samples both in austenitic 

Table 1   Differential scanning calorimetry (DSC) related data for 
as-processed and thermally treated ODP samples

Sample Af (°C) ΔH (J/g)

ODP1_AP 111,8 3,4
ODP1_6h 130,4 7,0
ODP1_24h 136,3 8,7
ODP2_AP 110,0 2,4
ODP2_6h 129,9 6,8
ODP2_24h 125,0 8,4
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and martensitic state and the possibility to obtain 
phase diagrams from stress–strain curves. Figure 4 
shows the most representative curves for the mar-
tensitic and austenitic behavior (registered at Mf—
20 °C and Af + 10 °C, respectively) under increasing 
stress for all the samples and in the inset the elastic 
modulus (E) trend is reported for Martensite and 
Austenite phases. Elastic moduli were determined 
by the slope of the tangent line in correspondence 
of the initial elastic part of the loading curves. The 
martensite curves show the usual detwinning phe-
nomenon but it is noticeable that this process does 
not occur at almost constant stress and that there 
is an important elastic recovery with small residual 
strain, particularly for samples of series 2. In a simi-
lar way, also in austenitic phase the stress induction 
of martensite is not correspondent to a flat plateau. 
The shape of the curves is influenced by the strongly 
elastic and quite linear behavior of these sintered 

samples, with very small hysteresis loop in austen-
ite. Moreover, for all the samples except ODP2_24h 
in parent austenitic phase, there is an anomalous 
recovery of strain until negative values. In addition, 
the inflection points during the loading stage reveal 
the critical stresses for the induction of martensite 
in the austenitic samples, but, due to the particular 
slope of these curves, it is not possible to individuate 
them with sufficient precision in all curves. There-
fore, a critical stress vs temperature phase diagram 
is not obtained from stress–strain analysis. Never-
theless, it is possible to have this indication again 
from the strain recovery curves. It was possible to 
determine the average temperature of martensitic 
transition, defined as (Ms + Mf)/2, by the identifica-
tion of the inflection points of each strain recovery 
curve corresponding to different applied stresses. 
Figure 5 shows the evaluation of the average transi-
tion temperatures in relation to the applied stresses 

Figure 1   Strain recovery curves under fixed stress vs T, for all the investigated samples.
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and the Clausius–Clapeyron coefficients (Kcc) that 
were determined as the slope of the trend lines are 
reported.

Finally, from these series of curves it interesting to 
note that sample ODP1_6h exhibits the highest values 
of Elastic modulus, the highest difference in modu-
lus values for Austenite and Martensite phases and 
the highest value for Clausius–Clapeyron coefficient. 
Generally, it is not wrong to consider that the Kcc for 
all the samples obtained by ODP process is higher of 
the usual data reported in literature for the NiMnGa 
system (about 5 MPa/°C) [24] and this confirms the 
stronger mechanical properties highlighted in all the 
experimental characterization.

The elastocaloric study of the ODP sintered sam-
ples was completed with direct adiabatic ΔT meas-
urements. The thermocouples setup developed for the 
direct ΔT measurements allowed the simultaneous 
recording of the mechanical and thermal signal dur-
ing adiabatic loading and unloading cycles. Figure 6 
resumes the best results obtained from ΔT measure-
ments performed at different rates of deformation 
and up to different strains. As reported in the figure, 
the most suitable experimental conditions were cor-
respondent to compression strain of 2.5% and rate of 

deformation of 300%/min. The maximum ΔT meas-
ured for 10 adiabatic cycles performed with these con-
ditions is about 4 °C upon loading and − 4.5 °C upon 
unloading for sample ODP1_6h.

For the most promising sample, i.e. ODP1_6h, a 
higher number of cyclic tests was performed, in order 
to have a first indication of the fatigue performance 
of the sintered alloy. It is possible to observe in Fig. 7 
that at after 200 cycles the ΔT stabilizes to values 
ranging from 3,75 and 4 °C upon loading and heating 
without failure of the sample or a drop of the mate-
rial response. This is a new and interesting result for 
NiMnGa alloy, since it is not possible to find in lit-
erature examples of polycrystalline and non-textured 
samples that can withstand such number of compres-
sive adiabatic cycles and that has a significantly stable 
response after several cycles. In this case, the elasto-
caloric performance in terms of ΔT settles to a value 
similar to previous ones presented in literature, but it 
is obtained in promising fatigue conditions.

Finally, it is possible to evaluate the elastocaloric 
properties of these materials in an indirect way, from a 
theoretical thermodynamic point of view, as reported 
in [25–27]. For sake of simplicity, this theoretical evalu-
ation was considered only for the most interesting and 

Figure 2    Recovered strain 
and residual strain data vs 
applied stress for all the 
investigated samples.
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performing sample, i.e. ODP1_6h. Table 2 summarizes 
the values of ΔT and ΔS for sample ODP1_6h com-
puted starting from the calorimetric data and the Clau-
sius–Clapeyron relation obtained from strain recovery 
curves. In both cases, the theoretical ΔT and ΔS values 
obtained are higher than the experimental ones.

Discussion

The use of ODP process to obtain polycrystalline sam-
ples of NiMnGa revealed, in our previous work, [22] 
particular and interesting mechanical performance, 
in specimens tested in flexural conditions. In this 
work, the compression configuration was adopted to 

carry out a complete elastocaloric characterization of 
NiMnGa sintered alloy. Also in this case is evident that 
the mechanical performance of these samples is sig-
nificantly improved with respect to the cast alloy and 
it allows an efficient elastocaloric effect for a FeSMA. 
Considering this, it is important to say that the opti-
mization of the elastocaloric response of these alloys 
is the first step toward the development of multica-
loric materials that combine the magnetic and elastic 
response.

As reported in [22], the ODP process seems to 
introduce in the material pinned residual strain that 
is related to stored mechanical energy. This effect is 
partially re-organized in thermally treated samples, 
but it is never completely removed. Starting from the 

Figure 3   ΔS curves in heating elaborated from strain recovery curves of Fig. 1.
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strain recovery measurements, this particular micro-
structural condition leads to an inverse behavior in 
flexural condition, similar to that observed for melt 
spun ribbons [28, 29]. In the compression tests car-
ried out in the current work and reported in Fig. 1, 
the elastic response of the material caused by the 
dispersion of stored mechanical energy reduces the 
total strain recovered, increases the stress to observe 
induction of martensite and reduces the residual 
strain (as highlighted in Fig. 2). The residual strain 
of NiMnGa ODP samples reaches values lower than 
0.2%, particularly for sample ODP1_6h. Moreover, 
for this sample the strain recovery curve at the low-
est stress (50 MPa) shows, in the recovery ramp upon 
heating, a beginning of inverse behavior indicated 
by the crossing with the cooling curve. This trend 
could be ascribed to a release of mechanical energy 
that gives a recovery which is higher than the strain 
induced. In the stress–strain measurements reported 

Figure 4   stress–strain curves registered at Mf−20 °C (grey curves) and Af + 10 °C (black curves). The inset shows the values of Elastic 
Modulus in Austenite and Martensite for all the samples.

Figure  5   Applied stress vs average martensitic transition tem-
perature evaluated from strain recovery curves and Clausius–Cla-
peyron (Kcc) coefficient obtained as the slope of the linear fit of 
the σ vs T points.
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in Fig. 4 this particular microstructural condition 
influences the detwinning of martensite, which 
shows an extremely elastic behavior. Moreover, 
also the austenite phase is affected by this condition, 
since the induction of martensite does not occur at 
quite constant stress values, and the typical flat flag-
shape of SMA alloys is not observed. Indeed, the 
stress induction of martensite is dispersed among a 
wide range of stresses due to the presence of diffused 
energy barriers in the sintered alloy. Hence, the aus-
tenitic curve does not exhibit a flat plateau but has 
an almost linear behavior with a very thin hysteresis 
loop. It is not wrong to highlight that, similarly to 
strain recovery curves, at low values of strain and 
stress the recovery goes to negative values of resid-
ual strain, as if stored mechanical energy is released 
by the deformation process, to induce in the sample 
a recovery which is higher than the induced defor-
mation. The ODP process influences the microstruc-
ture improving the mechanical properties and this 
is noticeable also in the elastic modulus values and 
in the increment of Clausius–Clapeyron coefficient 
with respect to the typical one of cast samples. The 
stored mechanical energy rises the overall mechani-
cal energy levels, particularly concerning the phase 
transformation.

Considering the elastocaloric performance of the 
sintered NiMnGa alloy, the samples of series ODP1 
give the best results in terms of entropy changes 

Figure 6   Summary of the cyclic adiabatic ΔT measurements for all the samples at 2.5% of strain and strain rate of 300%/min (a) and 
detail of the temperature profile versus time for ODP1_6h sample (b).

Figure  7   Temperature evolution on ODP1_6h NiMnGa poly-
crystalline sample during 200 compressive adiabatic cycles.

Table 2   Summary of ΔS and ΔT indirectly evaluated from DSC 
data and Clausius–Clapeyron relation for sample ODP1_6h and 
comparison with the experimentally measured ΔT

sample ΔS–DSC 
(J Kg−1 
°C−1)

ΔS–CC 
(J Kg−1 
°C−1)

ΔT–DSC 
(°C)

ΔT–CC 
(°C)

ΔT–exp 
(°C)

ODP1_6h 55,0 31,3 15,4 8,7 4
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values, particularly in the heating stage of analy-
sis. In particular, the data for the sample ODP1_6h 
are better reproducible and more coherent to the 
increase in the loads applied.

But it is in the elastocaloric investigation in terms 
of the ΔT generated during adiabatic compression 
tests, that the promising mechanical properties 
shown by ODP1_6h give the most interesting results 
with ΔT values of about 4 °C. In fact, upon 10 cycles 
of adiabatic deformation it is observed that this sam-
ple exhibits the best compromise between mechani-
cal resistance and beneficial grain structure and 
size to have an ordered martensite induction with 
a significant thermal effect. Finally, the mechanical 
response and the related ΔT measured appears to be 
stable and reliable upon 200 cycles, as has never been 
found for NiMnGa alloys that usually withstand few 
cycles.

Finally, considering the comparison between the 
theoretical and the experimental ΔT, it is important 
to highlight that the overestimation of the value com-
puted from calorimetric data can be attributed to the 
assumption that the thermoelastic phenomena occur 
in adiabatic conditions. On the other hand, in the 
experimental tests for the direct evaluation of ΔT it is 
just possible to approach the adiabatic condition by 
loading the sample extremely rapidly. Indeed, it is 
possible that partial heat transfer to the environment 
occurs and the sample is not heated to its full capabil-
ity. Moreover, the total heat transfer associated with 
the stress‐induced martensitic transformation dur-
ing experimental mechanical measurements could 
be affected by the presence of structural defects and 
energy dispersion. Hence, the microstructural fea-
tures of the samples could play an important role in 
the efficiency and homogeneity of the stress-induced 
TMT with respect to the simply thermally-induced 
TMT, and, consequently, the registered ΔT could be 
lowered. Also in the case of the computation from 
the Clausius–Clapeyron relation derived from the 
strain recovery curves, the obtained ΔT and ΔS val-
ues are higher than the experimental one. In fact, the 
ΔS is related not only to the thermally induced TMT 
but also to the contributions of the different degrees 
of order between twinned and detwinned martensite 
and elastic deformation. It is probable that the pres-
ence of defects, pores and stored energy at the micro-
structural level affects more significantly the forma-
tion of detwinned martensite. Finally, also the actual 

thermal conductivity of the samples influences the 
experimentally measured ΔT giving discrepancies 
with respect to the theoretical point of view.

Conclusions

NiMnGa polycrystalline samples were prepared by 
open die pressing sintering process, starting from 
ball milled powders. Different kind of microstructure 
were developed by four thermomechanical process-
ing routes. After a complete mechanical characteri-
zation in compression configuration, all the samples 
exhibited improved and stronger mechanical per-
formances with respect to cast samples, with higher 
stresses reached, good strain recovery and significant 
cycling stability.

For elastocaloric purposes, the best results are 
reported for sample ODP1 obtained after water 
quench and thermally treated for 6 h at 925 °C. A 
stable value of ΔT of about ± 4 °C was measured for 
the first time for a NiMnGa sample for 200 adiabatic 
compression cycles, without detection of any degra-
dation or failure.
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