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ARTICLE INFO ABSTRACT

Keywords: NiMnGa Heusler alloy plays a key role as reference system for ferromagnetic shape memory alloys (FeSMAs) and

F‘?rromagnetic shape memory alloys their peculiar functional properties including large magnetic-field-induced strain, magnetocaloric and elasto-

1;1Mn§a caloric effects. Moreover, the microstructure of polycrystalline NiMnGa alloys has been investigated and opti-
intering

mized to improve the mechanical properties and to reduce their typical brittleness. For this reason, increasing
interest has been devoted to different kinds of fabrication routes for this alloy, such as powder metallurgy
processes. In the present study, a polycrystalline NisopMngoGago (atomic %) alloy is produced by means of an
unconventional sintering method that involves the canning of powders and the subsequent processing by hot
rolling. This process was implemented according to the results obtained by means of the open die pressing (ODP)
sintering of NiMnGa which was investigated in a previous work. The present study is aimed at developing an
alternative and cost-effective sintering method for the consolidation of fully-dense NiMnGa samples. The process
allowed reducing the intrinsic brittleness of the alloy. A heat treatment at 925 °C for 6 h was applied and allowed
achieving a maximum adiabatic AT of +6.3 °C and - 4.5 °C with a strain of 4 % and a strain rate of 400 %,/min in
compression. The novel method led to very promising elastocaloric properties, making NiMnGa a suitable
candidate for solid-state cooling and heating applications.

Elastocaloric effect
Microstructure
Thermoelastic martensitic transformation

1. Introduction

Among the ferromagnetic shape memory alloys (FeSMA), NiMnGa is
the system which has been mostly investigated in the last 25 years. It is
noticeable to consider this Heusler alloy as the main reference system for
all the FeSMA and MetaSMA, (NiMnGa-, NiFeGa- or NiMnSn-based).
Comprehensive studies on functional properties of NiMnGa alloy have
been performed [1-4]. First, the magnetic-field-induced strain (MFIS)
effects that occur thanks to the high mobility of the martensite twins that
rearrange when the material is exposed to a magnetic field were studied
[1,5,6] and MFIS up to 12 % were achieved in single crystals. In addi-
tion, the magnetic induction of the thermoelastic martensitic transition
(TMT) to exploit the shape memory effect induced by the magnetic field
was investigated. Finally, the multi-caloric properties related to the
combination of the magnetocaloric and elastocaloric effect have been
optimized. The caloric performances of the materials, in terms of adia-
batic AT, have been enhanced by the application of a magnetic field and
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the mechanical stress required to induce the phase transformation has
been decreased [7,8]. One of the critical issues that occurred throughout
these investigations, preventing the practical applications, is the sig-
nificant brittleness of the material [9,10]. In literature, a first attempt of
hot rolling of cast NiMnGa alloy to improve ductility showed promising
results [9]. Moreover, only single crystals [11-13] and melt spun rib-
bons [14] led to satisfactory performances in terms of caloric, magnetic,
and mechanical effects, but such fabrication processes can hardly be
adapted for the large-scale production. Therefore, over the years,
different types of powder metallurgy and additive manufacturing pro-
cesses have been developed to overcome these issues [15-24]. However,
these processes still require further optimization, since the achieved
densities of the NiMnGa products were lower than those of cast alloys
and, in some cases, the issues related to the intrinsic brittleness were not
completely solved [25]. In a previous study of some of the authors of this
work, a detailed investigation about the physical properties of sintered
NiMnGa alloy starting from non-spherical powders is presented [16].
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Fig. 1. Schematic of the powder consolidation procedure.

Moreover, the development of an unconventional sintering processes, i.
e. the open die pressing (ODP), was carried out [26]. The ODP allowed
the production of dense NiMnGa samples with enhanced mechanical
properties with respect to the cast alloy and promising elastocaloric and
cycling performance [27]. The NiMnGa sintered through the ODP
method represents the starting point for the development of multicaloric
materials, where the efficient coupling of magnetocaloric and elasto-
caloric effect can be exploited.

In the current work, for the first time, a powder-in-tube approach was
followed to sinter NiMnGa powders by hot rolling. Non-spherical pow-
ders were canned and hot rolled to promote powder consolidation. The
calorimetric, microstructural, and functional properties of the as-
sintered and heat-treated alloy were investigated. Moreover, an evalu-
ation of the elastocaloric performance in terms of theoretical and
experimental adiabatic AT was carried out. Indeed, when a caloric
material is subjected to an extremely rapid (adiabatic) loading, it un-
dergoes a reversible solid-state transformation that is characterized by a
latent heat which is not exchanged with the environment, leading to a
material temperature increase. Upon adiabatic unloading, the material
cools down due to the occurrence of the inverse transformation [28-32].
This phenomenon can be exploited for the development of solid-state
cooling or heat pumping systems as sustainable alternative to the
traditional vapour-based cooling systems. The elastocaloric systems are
mainly applied as coolers or heat pumps at room temperature. However,
it is possible to use also caloric materials that exhibit the solid-state
transformation at higher or lower temperatures in order to employ
them as safety or control systems that can be activated when the tem-
perature of the environment overcomes a threshold. For NiMnGa alloy,
the best elastocaloric performance in terms of adiabatic AT are exhibited
by single crystals [33] and directionally-solidified alloys [34,35] with
temperature spans up to 11.3 °C and 10.7 °C respectively. Considering
NiMnGa-based alloys, e.g. NiMnGaTi [36] and NiMnGaCu [37] qua-
ternary alloys, adiabatic AT up to 20 °C are achieved. The aim of this
work consists in the development of new guidelines for the production of
hot-rolled sintered NiMnGa FeSMA for the advancement of multicaloric
materials for solid state refrigeration and heat pumping applications.

2. Materials and methods
2.1. Material processing

Cast NiMnGa ingots with nominal composition NisopMngzoGagg (in at.
%) were produced by arc melting of pure elements (electrolytic Ni 99.97
%, electrolytic Mn 99.5 % and Ga 99.99 %) in a non-consumable elec-
trode furnace (Leybold LK6/45). The ingots were re-melted five times.
As-cast ingots were pulverized in a planetary ball mill (Fritsch Pulveri-
sette 4) and the powders with dimensions between 50 and 100 pm were
collected through calibrated sieves.

The NiMnGa powders were processed through hot rolling. The pro-
cess schematic is outlined in Fig. 1. 60 g of powders were inserted into
steel can with an inner diameter of 22 mm and a wall thickness of 2 mm.
The can was internally coated with a thin Nb sheet that prevented the Fe
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diffusion from the sheath to the NiMnGa during the process. A steel plug
was machined to seal the can and to leave some small channels to allow
air degassing during the deformation process. The canned powder was
pre-heated in a furnace at 840 °C for 15 min. Then, it was subjected to 16
steps of hot rolling that involved 1 mm of thickness reduction each.
Every two steps, the can was heated up to 840 °C in the furnace for 5
min. Finally, the rolled can was cooled down by water quench and then
the iron shell and niobium sheet were machined away. Bulk samples
with dimensions of 40 x 30 x 6 mm® approximately were achieved and
smaller samples with different geometries required for the various
experimental tests were cut out from them by abrasive cutter. The as-
produced sample was encapsulated in a quartz vial filled with Ar at-
mosphere and heat treated in a furnace at 925 °C for 6 h and slowly
cooled down inside the furnace off.

2.2. Density, microstructural and thermo-mechanical characterization

After steel can removal, density measurements on the as-rolled
sample were performed by means of the Archimedes method using a
balance specifically equipped for mass measurements in air and in
water. The microstructural observation was carried out on polished and
chemically etched (Marble solution) samples by means of a Leitz-
ARISTOMET optical microscope and the calorimetric analysis was per-
formed through a differential scanning calorimeter DSC Q200 TA In-
struments. The modulated calorimetric analysis for the measurement of
the specific heat was performed by means of a temperature modulation
with a period of 100 s and an amplitude of 0.5 °C over a mean value of
170 °C. The bending tests, including the dynamic thermo-mechanical
analysis (DMTA) at 1 Hz frequency and low applied strain (0.02 %)
and strain recovery tests at fixed applied stresses (between 0.5 and 30
MPa), were carried out with a dynamic mechanical analyzer DMA Q800
TA Instruments upon heating and cooling between 0 °C and 250 °C. The
samples were cut along the rolling direction with dimensions 24 x 3.5 x
0.7 mm® and the instrument was equipped with a single cantilever
fixture. The heating and cooling rate was set at 2 and 5 °C/min for the
DMTA and strain recovery tests, respectively. By the DMTA analysis, the
dissipative response of the material to the sinusoidal applied strain at
fixed amplitude and frequency was investigated. This is possible through
the measurement of the internal friction or tan(§) damping parameter
which is the ratio between the loss modulus (E") of the out-of-phase
response and the storage modulus (E) of the in-phase response of the
sample. During the dynamic test, the shift of the material response is
quantified by the phase angle, i.e. 5. Moreover, in the complex formu-
lation of the modulus, the ratio between the imaginary and real part of §
is given by the tan(é). The registered internal friction profile is the sum
of different contributions. The first is the intrinsic contribution due to
the material crystal structure and, in the case of the SMAs, the austenitic
and martensitic phases provide different values of internal friction. A
second contribution is associated with the phase transformation and is
responsible for the internal friction peak in correspondence of the TMT
temperatures. Finally, there is a transitory term that is typical of the
measurements involving temperature spans, which depends on the
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Fig. 2. Optical micrographs of NiMnGa as-processed (a and c) and heat treated (b and d) samples on etched transversal cross sections.

heating and cooling rate and on the loading frequency [38,39]. The
compression tests were performed on samples with dimensions 2 x 2x5
mm® by means of an Instron E3000 mechanical test instrument equipped
with a 3 kN load cell and a thermal chamber. In particular, the
isothermal measurements were carried out at fixed temperatures (Ay, Ar
+ 15 °C and Ay + 35 °C) and low strain rate, i.e. 1 %/min, while the
adiabatic measurements were performed at As + 15 °C and high strain
rates (from 200 to 400 %/min). The critical stresses to induce martensite
were approximatively evaluated by means of the tangent method for the
determination of the slope variation of the isothermal stress-strain
curves. Moreover, the temperature change of the material during the
elastocaloric cycles was registered through a specific setup developed in
previous studies [27,40] for the high frequency acquisition of the tem-
perature signal through thin T-type thermocouples.

3. Results and discussion
3.1. Density, microstructural and calorimetric analysis

The compaction process allowed the production of bulk NiMnGa
samples with a relative density of 97.1 % with respect to the density of
the cast ingot (7.94 g/cms). Fig. 2(a) and (b) show low-magnification
micrographs of the polished and etched transversal cross sections of
the as-produced and heat treated samples. Some pores are visible in all
the micrographs and their morphology reveals that in some regions
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Fig. 3. Differential scanning calorimetry for the as-produced and heat treated
NiMnGa samples. Exothermal direction: up.

partial sintering occurred, meaning that process parameters can be
further optimized to achieve full density. From the observation of a se-
ries of cross sections of the as-produced sample (not reported in this
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Fig. 4. Tan(8) (black curve) and storage modulus (blue curve) obtained from
the DMTA analysis on NiMnGa as-produced (a) and heat treated (b) samples.

manuscript), it was possible to observe that porosity is preferentially
distributed in the outer shell of the sample. Therefore, the specimens for
the thermal and mechanical characterizations were cut from the core of
the as-produced sample where almost full density was achieved. The
microstructure of the as-produced and heat treated NiMnGa at higher
magnification is reported in Fig. 2(c) and (d). Inside the compacted
powders it is possible to identify different martensitic domains which
are characterized by the typical twin structure. Moreover, the crystal
domains and twins have not homogeneous sizes, particularly in the as-
processed sample, and the boundaries between different crystal do-
mains are clearly visible. Finally, some pores and oxides, which were
identified as Mn-based ones by means of EDX analysis, are visible in the
high magnification micrographs.

The calorimetric analysis was performed on the as-processed and
heat-treated samples and the results are reported in Fig. 3. The heat
treatment induces a shift of the martensitic transformation towards
higher temperatures, with the increase of the Ay temperature from
134 °C to 154 °C. Moreover, the peaks related to the transformation are
narrower for the heat-treated sample and this could be due to the ho-
mogenization of the microstructure. More specifically, the thermally-
induced martensitic transformation is sharper in the case of the heat
treated sample because the thermal energy required to induce the
transformation of the whole material corresponds to a narrower range of
temperatures. On the other hand, the as-produced material transforms
over a wider range of temperatures because the transformation is hin-
dered by a larger amount of energy barriers provided by the thermo-
mechanical processing. The heat treatment allows the microstructural
homogenization and therefore the partial release of these energy bar-
riers stored at microstructural level that are generated by the interaction
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Fig. 5. Strain recovery curves upon fixed applied stresses on as-produced (a)
and heat treated (b) NiMnGa alloy.

between defects, e.g. pores, oxides and dislocations, and grain structure.
The same effect has been reported in Ref. [26]. In addition, with the heat
treatment, the transformation enthalpy upon cooling increases from 6.0
J/g to 7.2 J/g meaning that the possible caloric effect of the alloy is
enhanced. Indeed, according to the calorimetric-based approach for the
evaluation of the caloric performance of shape memory alloys, the
maximum achievable AT can be assessed through the ratio between the
enthalpy related to the forward TMT and the specific heat of the alloy
[40]. The specific heat was measured through modulated calorimetric
measurements at 170 °C and the values were 0.39 and 0.26 J/(g°C) for
the as-rolled and the heat-treated alloy, respectively. Therefore, the
highest cooling and heating potential is expected for the heat treated
NiMnGa sample and the maximum theoretical AT, i.e. ATpgc, corre-
sponds to 28 °C.

3.2. DMTA and strain recovery measurements

The results of the bending DMTA on the as-produced and heat
treated NiMnGa samples are shown in Fig. 4. The tan(6) trends (black
curves) show the typical peak due to the sum of TMT and the transitory
contributions [38,39]. The curve of the heat treated alloy presents a
sharper trend in correspondence of the TMT, confirming the results of
the calorimetric analysis. The peak value is 0.016 for the as-processed
sample (Fig. 4(a)) and 0.019 for the heat treated one (Fig. 4(b)). The



F. Villa et al

As-processed
(a)
800 .
& 600 1
=
w
[}
D 400 -
&
2004 B
T=A
0 T T T T
0 1 2 3 4
(c)
800+ -
& 600 ]
3
w
w
9 400 .
&
2004 s
T=A+15°C
0 T T T T
0 1 2 3 4
(e)
800+ -
& 800 _
=
w
w
O 400 R
%
2004 B
T=A +35°C
0 T T T T
0 1 2 3 4

Strain (%)

Journal of Materials Research and Technology 30 (2024) 5582-5589

Heat treated

© [

800+

600

400+

Stress (MPa)

200

800

600 -

400+

Stress (MPa)

200+

T=A+15°C
g : ' 3 H

—
—h
S—
)
-
3

720
800 -

@
3

Kec= 3 MPal°C
L=
150

g

critical stress (MPa

600 4

@
8

170 190
Temperature (°C)
400

Stress (MPa)

200 -

T =A;+35°C
. ' 3 3 H

Strain (%)

Fig. 6. Isothermal stress-strain curves for the as-processed and heat treated NiMnGa samples in austenite at different temperatures. The inset in (f) shows the critical
stresses versus temperature derived from the austenitic curves of the heat-treated sample and the slope of their linear interpolation is indicated as kcc.

intrinsic tan(§) of the austenitic phase is 0.001 for both samples. The tan
(6) value for martensitic phase of the as-produced sample is between
0.007 and 0.008, while for the heat treated sample it reaches 0.009. As
expected, the damping capacity of the martensite is higher than that of
the austenite, since the low energy twin boundaries are highly mobile
and efficient in dissipate vibrations [39,41]. However, the tan(5) of the
NiMnGa produced by rolling and heat treated in this work are one order
of magnitude lower than the values typically registered for the cast alloy
[16]. Indeed, the intergranular cracks observed in the cast NiMnGa alloy
are responsible for further energy dissipation. Therefore, the lower
number of microstructural defects in the material sintered by rolling is
likely to have a positive effect on the structural integrity and ductility of
the material.

The blue curves in Fig. 4 show are related to the storage modulus that
ranges between 37.5 and 45.3 GPa and between 31 and 37.3 GPa in the
investigated temperature range for the as-rolled and heat treated alloys
respectively.

Another evidence of the increased elasticity of the sintered alloy was
obtained from the strain recovery measurements reported in Fig. 5. The
strain recovery tests investigated the evolution of the TMT with different
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applied stresses registering the recovered strain as a function of the
temperature. It is possible to observe that by applying up to 30 MPa, the
deformation is completely recovered both by the as-produced and heat-
treated sample. Moreover, this measurement points out that the TMT of
the heat treated alloy occurs in a sharper way and in a narrower tem-
perature range with respect to the as-produced material. This is in good
agreement with the results achieved by Ref. [26]. Finally, it is possible to
observe that at low applied stresses, the alloy presents an inverse strain
behavior which is visible up to 5 MPa and 3 MPa of applied stress for the
as-produced and heat-treated sample, respectively. Indeed, the strain
decreases during cooling, whereas it increases during heating. The same
effect was observed in the NiMn-based melt spun ribbons. The authors
attributed the inverse strain recovery to the effect of fast cooling induced
by melt spinning which caused the formation of residual stresses [42].
Similarly, in NiMnGa alloy produced by powder metallurgy route (e.g.
by ODP method [26] or sintering by hot-rolling as in this work), residual
stresses might arise and be responsible of this effect. In this case, the
processing is different because it consists in a mechanically- and
thermally-aided powder compaction and residual stresses can be
generated. Therefore, it is possible to assume that residual stresses with
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Fig. 7. Summary of the ATy, obtained in different loading conditions for as-rolled (a) and heat treated (b) NiMnGa. The adiabatic stress-strain curves (c) and (d) and
the related temperature profiles (e) and (f) for the best loading conditions of as-processed and heat treated samples.

different origins induce the same inverse strain recovery effect in rib-
bons and sintered NiMnGa samples. Moreover, this material feature is in
accordance with the thermally-induced martensitic transformation
analysis that evidenced a lower amount of energy barriers in the heat
treated sample. The lower extent of inverse behavior exhibited by the
heat treated alloy can be ascribed to the partial release of these residual
stresses thanks to the thermal treatment itself, as similarly occurred in
NiMnGa produced by ODP and heat treated [26]. Therefore, it is
necessary a lower applied load to reach and overcome the internal stress
and obtain a direct strain behavior.

3.3. Elastocaloric characterization

The assessment of the elastocaloric performance was carried out on
the as-rolled and heat-treated samples. First of all, the isothermal
characterization of the mechanical behavior of the samples in austenitic
state was performed and the results are reported in Fig. 6.

It is possible to notice that the martensitic transformation is not
sharply induced at a precise stress level and, therefore, a flat plateau is
not visible. The same behavior was exhibited by the ODP sintered
samples [27] and it can be ascribed to the highly elastic response dis-
cussed in section 3.2. For both samples, by increasing the temperature
from Af to Af + 35 °C the hysteresis between loading and unloading
phases is reduced. Moreover, the residual strains decrease from 1% at Af
temperature to zero. In addition, the critical stresses for the martensite
induction, identified in correspondence of the changes of slope of the
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loading curves estimated by the intersection of the tangent to the initial
elastic and final part of the curve, increase. The estimation of the critical
stresses of the as-processed sample at Af + 35 °C by the tangent method
was not possible. However, the approximation of the critical stresses for
the formation of martensite in the heat treated alloy are reported in the
inset of Fig. 6(f) and the slope of the linear interpolation of the data is 3
MPa/°C. This latter parameter, called k¢c, is the Clausius-Clapeyron
coefficient and represents the relation between the stress necessary to
induce the martensitic transformation and the operating temperature, i.
e. do/dT [43]. The obtained value is in accordance with a result ach-
ieved in a previous study [44]. The k¢ allows the estimation of the
entropy change related to the stress-induced martensitic transformation
according to the equation [45]:

1
|AS| == ke Ae
p

where Ae is the recovered strain and p is the density of the alloy. For the
heat treated NiMnGa, AS is equal to 15.6 J/(kg°C). In turn, the theo-
retical AT generated by the stress induced martensite is calculated ac-
cording to the following equation [46]:

T
|ATec| == |AS
cp

where T is the operating temperature and c;, is the specific heat. The
AT¢c computed for the heat treated NiMnGa sample is 10.6 °C.
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Table 1
Summary of the theoretical and experimental AT values for NiMnTi heat treated
alloy.

|ATpsc] [ATccl [ AT exp]

NiMnGa heat treated 28.0°C 10.6 °C 6.3°C

Table 2

Summary of the adiabatic DT obtained for NiMnGa alloys in recent works.
Alloy composition (in atomic %) and microstructure Adiabatic Reference

AT

NisoMngoGayg single crystal 12.3°C [33]
NissMn;gGayy directionally solidified 10.7 °C [34]
Niso.4Mnyy 3Gags 3 directionally solidified 6.5°C [35]
NisoMngoGayg polycrystalline 3.5°C [47]
NisoMngoGagg polycrystalline sintered (ODP) 4.0 °C [271
NisoMn3oGagg polycrystalline sintered (hot rolling of 6.3°C This work

canned powders)

Finally, direct measurements of the AT generated during adiabatic
loading and unloading cycles at Af + 15 °C were performed to assess the
elastocaloric performance of the investigated material. In this way, the
caloric performance of the produced alloy was determined experimen-
tally. For each combination of applied strains and strain rates, five
adiabatic cycles were carried out and the measured temperature spans
(ATeyp) are summarized in Fig. 7(a) and (b). As expected, by increasing
the applied strain, the achieved ATey, is increased due to a higher
fraction of transformed material. Moreover, the adiabatic condition is
more closely approximated by increasing the strain rate since the heat
transfer towards the environment is increasingly prevented. The best
performance is given by the heat-treated NiMnGa upon an applied strain
of 4 % and a strain rate of 400 %/min (Fig. 7(d)). These loading con-
ditions lead to a ATexp, of +6.3 °C during loading and - 4.5 °C during
unloading (Fig. 7(f)).

Table 1 presents a comparison between the different approaches
used for the evaluation of the adiabatic AT in the heat-treated alloy. The
theoretical value of AT evaluated from the calorimetric data (ATpgc) is
higher than the AT¢c because it is related to the total heat transfer
associated with the thermally induced martensitic transformation, while
the ATcc is due to the stress-induced transformation. Indeed, the
microstructural features of the alloy, i.e. grain boundaries, defects, or
impurities, that are extensively present in these samples, can enhance
the amount of energy required to induce the detwinned martensite by
stress and decrease the estimated AT [40]. The maximum AT deter-
mined experimentally upon rapid loading and unloading cycles is 6.3 °C,
being lower than the theoretical ones because the adiabatic conditions
are not perfect and partial heat transfer to the environment occurs [27].

The elastocaloric performance of the sintered and heat-treated alloy,
in terms of adiabatic AT, is significant for a polycrystalline NiMnGa.
Moreover, the AT values achieved are slightly higher than those ob-
tained in the same conditions for the same alloy produced by ODP [27].

Table 2 presents a comparison between various recently-developed
NiMnGa alloys and the one studied in this work. In the current work,
a cost-effective production route allowed to obtain NiMnGa samples
which exhibited lower adiabatic AT than directionally solidified alloys
or single crystals. However, these methods are costly and difficult to
scale up to larger production scale for possible applications. At the same
time, other polycrystalline NiMnGa exhibited lower AT. Therefore, the
performance of the polycrystalline sintered NiMnGa in the current work
is enhanced and promising for possible practical scopes.

4. Conclusions

The newly developed rolling-sintering process allowed the produc-
tion of quasi fully dense NisopMnsoGago (at. %) samples. The
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thermoelastic martensitic transformation temperatures of the as-
produced alloy can be shifted and optimized by the application of a
thermal treatment at 925 °C for 6 h that also allowed the enhancement
of the transformation enthalpy, thus the cooling and heating potential of
the alloy. The DMTA analysis and strain recovery measurements evi-
denced the prevalence of the elastic component of the material response
when solicited by dynamic strains and the consequent brittleness
reduction. Moreover, the inverse behavior exhibited by the strain re-
covery upon low loads was probably caused by the presence of residual
stresses stored inside the produced samples. These internal stresses
could be caused by the severe thermo-mechanical processing and they
were partially released by the heat treatment. The characterization was
completed through compressive mechanical tests that were carried out
to assess the elastocaloric performance of the alloy in terms of adiabatic
AT. Six combinations of applied strains and strain rates were adopted for
the direct measurement of the AT during adiabatic loading and
unloading cycles. The maximum achieved AT is 6.3 °C with an applied
strain of 4 % and a strain rate of 400 %,/min and this is a promising result
for the assessment of the “rolling-sintering” as a suitable process for the
NiMnGa production for elastocaloric applications.
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