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Among NiMnGa-based quaternary systems, NiMnGaCu exhibits an interesting giant mag-
netocaloric effect thanks to the temperature overlapping of magnetic transition and
thermoelastic martensitic transformation (TMT), in particular for compositions with ~6 at%
Cu content. In the present work polycrystalline alloy samples with NisogMnigsCuesGags
chemical composition were prepared. We present an extensive calorimetric and structural
characterization to explore the correlation between microstructural properties and magne-
tocaloric response induced by means of selected thermal treatments, likely driven by the
contribution of TMT to the magnetocaloric effect. Our results give important hints on how
the efficiency of the martensitic transition and its modulation in temperature has a final
effect on the total AS change.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

During the last decades the research on magnetocaloric mate-
rials has attracted worldwide increasing attention thanks to
their potential application in ecofriendly room-temperature
refrigeration devices by replacing conventional gas compres-
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sion/expansion technology [1]. Consequently, a large number
of studies on magnetic materials showing large Magneto
Caloric Effect (MCE) near room temperature have been pub-
lished [2].

The magnetocaloric effect is usually expressed in terms of
adiabatic temperature change (ATy) and isothermal entropy
change (ASum) to quantify the caloric effect. The so called Giant
Magnetocaloric Effect (GMCE), i.e., the high latent heat out-
put of magnetic field driven phase transformation was first
observed in Gds(Sii-xGex)s [3] and then in La(FexSii-x)13 [4],
MnFeP;.xAsx [5], MnAsq.4Sby [6] alloys.
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Among the classes of materials showing MCE, ferromag-
netic shape memory alloys (FSMAs) are of great interest. In
particular, NiMn-based metamagnetic shape memory alloys
are known as an important class of magnetostructural multi-
ferroics that exhibit large caloric effects. By heating (cooling),
these alloys experience a structural transformation from (to)
low temperature in low simmetry martensite phase (as tetrag-
onal for example for NiMnGaCu) to (from) high temperature
cubic austenite phase accompanied by a MCE and other func-
tional properties such as shape memory effect. A large and
sharp change in magnetization can be associated to the struc-
tural transformation and, thanks to possible coupling effects,
giant effects can be attained.

When a third element is added to the metamagnetic NiMn-
based alloys different magnetic behaviour can be obtained. In
case of NiMnX (X=In, Sn, Sb), the Heusler structured austen-
ite phase is ferromagnetic whereas the tetragonal martensite
is paramagnetic or antiferromagnetic. Since the vibrational
entropy in the austenite phase is higher than that in the
martensite phase, the two entropic contribution, i.e. magnetic
and vibrational, play a conflictual role during the phase trans-
formation, leading in some case to lower total AS [7] ranging
also to so-called Inverse MagnetoCaloric Effect (IMCE). How-
ever for NiMnX (X =In, Sn, Sb) also in condition for developing
Inverse MagnetoCaloric effect we can obtain important value
for AS [7].

Conversely, in some other NiMn-based alloys, e.g. the full
Heusler NipMnGa alloy, the austenite phase is low-magnetic
while the martensite is high-magnetic. In such a case both
ferroelastic and ferromagnetic effects give a positive coupling
leading to a higher total AS [8] and to MCE. In this alloy
the martensitic transformation takes place at Ty =188K and
the Curie temperature, T¢, falls at 364K. Some recent stud-
ies focused on the partial replacement of Mn by means of
non-magnetic Cu with the purpose of tuning the transition
temperatures and possibly overlapping Ty and Tc.

For instance, Mahmud Khan et al. [9] reported that the
ferromagnetic ordering temperature rapidly decreases and
the martensitic transition temperature rises by increasing
Cu content. A systematic study on the composition depen-
dence of the martensitic transformation and the magnetic
transition temperatures of the martensite and the austenite
phases in the system NigsMnys,xGags.xCus alloys was carried
out by Jiang et al. [10]. Further, the martensitic transition and
its correlations with both microstructure and composition in
NisgMnys,xCuxGag (x=0, 1, 2, 4, 8) high temperature FSMA
(Ferromagnetic Shape Memory Alloys) was investigated by Ma
et al. [11]. These authors found that the peak temperature
of the martensitic transformation increases monotonically
with x. Besides, for x<2 a single tetragonal martensitic
phase is observed whereas for x>2 dual phase (marten-
site + fcc y phase) compositions were found. Wang et al. [12]
addressed their study on the martensitic transformation and
mechanical properties of the single phase wide-hysteresis
NisoMnysCuq;Gag shape memory alloy. Similarly, Li et al. [13]
focused their attention on the single phase wide-hysteresis
NisoMnysCuss. xGay (x=3-10) FSMA where a survey on the
martensitic transformation, the mechanical properties, the
shape memory behaviour as well as a microstructure study
was presented. Investigations about magnetocaloric aspects

on NiMnCuGa alloys were considered by various research
groups [14,15]. Stadler et al. [14] reported the magnetocaloric
properties of Ni;Mn.xCuxGa substituted Heusler alloy on the
basis of magnetization measurements. A maximum entropy
change, ASy, of —64]/kg K was found at T=308K for a field
change, poAH, of 5T. It was also demonstrated that ASy
changes pretty linearly with AH and that subtle variations
of composition reflect onto the temperature at which ASy
occurs. Later, Sarkaretal. [15] obtained a ASy, of —81.8]J/kgK at
T=303K for a poAH of 9T on the NispMnig 5Cug 5Gazs FSMA by
finely tuning the austenite transformation temperature to the
ferromagnetic Curie temperature, T¢, during reverse marten-
sitic transformation (heating cycle). Such a fine tuning was
achieved by varying the amount of Cu since rising copper
content resulted in an increase of the martensitic transfor-
mation temperature and a decrease of T¢. Zhan et al. [16]
carried out a study on Nigg 4Mnye 1 Gago gCus 7 microwires pro-
duced by melt-extraction for magnetocaloric applications. An
excellent MCE was achieved by chemical ordering anneal-
ing that allowed to reach the magnetostructural coupling. In
such a way, both internal stress and defects density due to
the preparation process, which in turn lowered the saturation
magnetization, were reduced. Recently, Zhao et al. [17] pre-
sented an investigation on NispMnjs_xCuxGags (x=5.5, 6, 6.5)
where experimental results were analysed in the framework
of the Landau model. They found that both magnetocaloric
entropy change (ASy) and elastocaloric temperature change
(AT) increase with the Cu content, and maximum values of
ASy=1.01J/mol K and AT=8.1K are attained with x=6.5 at
T~305K for a poAH=5.0T. The authors stated that the phys-
ical origin behind the large MCE stems in the magnetoelastic
coupling, i.e. the total caloric response in the NiMnGaCu SMAs
depends on the strength of magnetoelastic coupling between
lattice and magnetic freedoms.

The aim of the present work is to investigate how the
TMT contribution affects the total MCE, and therefore how
the magnitude of this effect is related to the modulation of
the microstructure [16].

2. Experimental

Starting from pure (>99%) metallic elements, small ingot
buttons of NisgMnigsCugsGags (in at. %) were prepared in
a non-consumable electrode vacuum arc furnace (Leybold
LK6/45). The ingots were melted into a water-cooled copper
crucible, under protective atmosphere (pure 99,999 Ar). The
melting procedure was repeated six times to improve chem-
ical homogeneity. In the first thermal treatment (TT) the as
grown samples were annealed at 1123K for 6h under vac-
uum conditions, followed by slow cooling (~1K/min) to room
temperature. In order to modulate the microstructure, fur-
ther different TT at 1123K were applied to distinct aliquots:
i) 6 and 18h in inert atmosphere followed by water quench-
ing (WQ samples), ii) 6 and 18 h under vacuum followed by
slow quenching (SC samples). Therefore, each sample under
investigation has been named with a string that joints the
time duration of the second TT (6h, 12h, 24h) and how the
temperature was reduced (SC or WQ). A brief description of
the sample investigated in the present work with the corre-
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Table 1 - Summary of the second thermal treatment (TT)
on the investigated samples.

Sample Thermal treatment

6hSC Homogenization for 6h in vacuum followed by
slow cooling

12hwQ Homogenization + TT for 6 h in Ar followed by
water quench

24hwQ Homogenization + TT for 18 h in Ar followed by
water quench

12hsc Homogenization + TT for 6 h in vacuum followed
by slow cooling

24hsC Homogenization + TT for 18 h in vacuum

followed by slow cooling

sponding second thermal treatment at 1123K is summarized
in Table 1.

The calorimetric analysis was performed by a differen-
tial scanning calorimeter (DSC) Q100 TA Instruments, fitted
with a liquid nitrogen cooling system from [223K; 370K]
temperature range at a rate of 10K/min. The characteristic
temperatures measurements for martensitic and reverse tran-
sitions were obtained using the tangent method intersection
between the tangent of the base line and the tangent at the
peak inflection point. The enthalpies values were obtained
by integration of the complete peak transition. Specific heat
capacity (Cp) measurements were collected by means of
Modulated DSC (MDSC) using the same equipment under
quasi-isothermal conditions. Microscopic analysis (OM) on
polished samples was obtained using a Leitz-ARISTOMET light
microscope. The compositional analysis of each sample was
assessed by Energy Dispersive X-ray Spectrometer (EDS, INCA
ENERGY 200 Oxford Instr) connected to a Scanning Elec-
tron Microscope (SEM LEO 1430). Besides, optical microscopy
(OM) images of mechanically polished samples were obtained
using a Leitz-ARISTOMET light. Before OM observations, sam-
ples were chemically etched with Marble’s reagent for 30s.
X-ray diffraction (XRD) patterns were recorded on bulky poly-
crystalline samples at different temperature in the [273K;
373K] temperature range, by the X-ray diffractometer Pana-
lytical XPert PRO with theta-2theta alignment. Magnetization
measurements were performed by a commercial DC-SQUID
magnetometer MPMS2 by Quantum Design in the tempera-
ture range 300K <T<360K and applied magnetic fields up to
55T

3. Results

The sample stoichiometry formula was successfully deter-
mined by EDS to be Nisp3Mnig2CugsGarsg at%, and in good
agreement with the nominal composition considering the
accuracy of the EDS technique. Fig. 1 shows the images
recorded by optical microscopy on all investigated samples.
Unfortunately, the intrinsic high brittleness of the material
does not allow to completely remove sample scratches and,
hence, to obtain better quality pictures. In any case, the images
reported in Fig. 1 can give a first clue about the grain structure.
For the “slow cooling” samples at room temperature, the pres-
ence of large and anisotropic grains with visible martensitic
lamellae structure can be easily observed. Such an anisotropic

grain growth could be likely ascribed to a preferential grow-
ing along the cooling direction during the sample preparation.
Conversely, the grain structure obtained in “water quenched”
samples looks more isotropic although inter-granular separa-
tions and cracking effects are more evident.

The DSC analysis was performed in three consecutive ther-
mal cycles to have a first control of thermal stability TMT. The
modulation of the microstructure plays two main effects on
TMT: i) it modifies the TMT and Tc transition temperatures
and ii) it changes the shape and area of transformation peaks
which, in turn, are directly related to the enthalpies involved in
the process. The enthalpic effects involved in the martensitic
transformation contribute to the total entropy change which
is the main parameter indicating the caloric performance. It
is not wrong to observe that the evaluation of the correlated
enthalpies is not adequate to exhaustively describe the effect
of the contribution of TMT to a total change in entropy. Hence,
anew parameter strictly related to the calorimetric efficiency (CE¢
()/K) in the following) of the TMT should be considered. It can
be expressed as the ratio between the enthalpy change, AH,
and the half width at the full maximum (HWFM) of the transi-
tion peak AT: CEf = AH/AT. Further, the entropy change during
TMT, ASTmrT, is calculated as the AH to Ty ratio, where Af is the
Austenite phase finish temperature and Ms is the Martensitic
phase start temperature [18]:

_Af +Ms

T
0 2

In the following Figures, the average values for transfor-
mation temperatures, the enthalpy AH, and entropy change,
AStmT, are shown. In the inset of Fig. 3 the elaborated effi-
ciency coefficients CE¢ are also reported.

All the examined samples exhibit good thermal stability
and both transition temperatures and registered peaks are sta-
ble for three consecutive cycles, with discrepancies less than
1K. In Fig. 2 the first cycle DSC traces of the investigated sam-
ples along with the average transformation temperatures for
three consecutive thermal cycles are shown.

The examined samples generally exhibit transition tem-
peratures a little higher than those published by Sarkar et al.
[15], although the chemical composition checked by EDS is
fairly close to what reported by these authors. Moreover,
samples having the same chemical composition but differ-
ent thermal treatment show a noticeable shift in transition
temperatures. For instance, the sample 24h WQ exhibits the
lowest transformation temperatures and a highly structured
peak shape appearance, a general feature of samples obtained
by slow cooling and/or with thermal treatment time of 24 h.
This broad transition smeared over a wide temperature range
is probably due to the presence of distinct regions inside the
material requiring different thermal energy extents to trans-
form. Such an aspect is quite usual in Fe SMA’s, named Jerkey
structure of DSC [19] but in the present case the “distribution
of the transition” is very emphasized and spreads over a large
temperature interval (higher than 30K). It can be observed
by optical or SEM microscopy that both slow cooling and
prolonged thermal treatments induce a separation into mul-
tiple martensitic domains inside the material, in some cases
related also to intergranular unsticking by cracks or separa-
tions.
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Fig. 1 - Optical microscopy images registered for all the samples: (a) 6 hSG; (b) 12hWQ, (c) 24hWQ; (d) 12h SC; (e) 24hSC.
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Fig. 2 - a) DSC analysis for the first cycle of all the studied samples and b) average registered transition temperatures:
Ms = Martensite start temperature, Mf = Martensite finish temperature, As = Austenite start temperature, Af= Austenite finish

temperature.

Among the investigated samples, the specimen 12h
WQ exhibits the narrowest transition and the sharpest
calorimetric peak although the corresponding enthalpy of
transformation is not the highest. In fact, in this sample
the transition looks more homogeneous and takes place in
a shorter temperature range as confirmed by the elaborated
efficiency coefficient depicted in Fig. 3, where sample 12h WQ
presents the highest value.

On the basis of calorimetric analysis, the sample 12h WQ
has been considered for a deeper calorimetric characteriza-
tion. Fig. 4 depicts the behavior of the Specific Heat Capacity
obtained by MDSC. The dots (on cooling) and the squares (on
heating) represent the average values between two measure-
ments recorded by applying temperature sinusoidal waves
with two different periods (100s and 120s) and an amplitude
of £0.5K.

The results obtained by quasi-isothermal Cp measure-
ments are in good agreement with the DSC analysis of Fig. 3.
By considering a reasonable experimental error of +£5%, taking
into account both the sample shape and the different paths
in experimental heat transmission, a good correspondence
between the values obtained in heating and cooling part of
the measurements is found over Af temperature. Conversely,
in the martensitic phase the effect of the thermal cycling gives
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Fig. 3 - Enthalpies and entropies changes during TMT
registered by DSC. In the inset the CE; parameter for the
samples investigated is shown.

rise to a remarkable difference in the Cp measured values,
maybe due to dislocation defects introduced by the thermal
treatment during the nucleation and growth of martensitic
twins domains.
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In order to check the crystalline phases in the sample
12h WQ as well as the phase ratio at different tempera-
tures, isothermal XRD scans on austenite and martensite at
temperature steps of 5K (on cooling) were performed. The
samples investigated were in the bulk form to avoid changes in
their original grain structure. Therefore, the recorded patterns
exhibit different intensity ratios among their peaks according
to different texture and preferential grain orientation. From a
first glance, in Fig. 5 one can easily observe the presence of L24
structure peaks ascribed to austenite and modulated peaks
of martensite. For the sake of clarity, we consider only the
diffraction patterns recorded on 6hSC, 24hwQ and 12hwQ.
In all the registered patterns the co-existence of two crystallo-

graphic phases is found. Besides, in samples obtained by slow
cooling, there is no evidence of the y phase [20,21], in partic-
ular for sample 12hWQ the XRD pattern evolution confirms
a rapid structural change with the complete disappearance
of the L24 (004) austenitic peak within the chosen minimum
T-step width.

We used magnetization measurement at different temper-
ature and magnetic fields to obtain an evaluation of change
in Entropy AS vs Temperature [22]. In the following Fig. 6 we
report the results, the measurements have been carried out
in heating therefore the change in entropy measured is neg-
ative. The magnetization curves have been registered with a
temperature step of 2K in the transformation range and the
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values of AS have been obtained by integration of these curves
at fixed temperature. The evolution of AS is reported for the
samples 6 hSC, 24hwQ and 12hWQ in Fig. 6.

4, Discussion

The high brittleness of FSMA encumbers the manufacturing
of different microstructured materials by mean of canonical
hot and cold deformation processes. Therefore, in the present
work, the microstructure modulation in the NiMnGaCu alloy
was accomplished by applying suitable thermal treatments at
1173K for different amounts of time and well defined cool-
ing procedures. When the microstructure is described and
investigated, it is important to stress that attention is mainly
focused on grain structure, grain boundaries as well as on the
presence and distribution of defects. All the above mentioned
features are modulated by thermal treatment and strongly
affect the TMT. The effect of these treatments on the sam-
ple microstructure were observed by optical microscopy (OM).
In Fig. 1 we show that the main effect of slow cooling is the
creation of an anisotropic grain structure with long grains
where the martensitic twins form in large domain and are well
visible. In the water-quenched samples the grain structure
looks more isotropic with smaller grains where the marten-
sitic phase appears as thin martensitic lamellae.

For all the examined samples, in particular for the water-
quenched ones, the effect of the above mentioned brittleness
displays in form of grains separation and presence of frequent
cracks. The direct outcome of these different grain structures
can be estimated by calorimetric analysis. In fact, the ther-
moelastic martensitic transformation directly is influenced by
the presence of energy barriers, by the structural homogene-
ity of the alloys during the formation and shrinking of the
martensitic domains vs temperature. This aspect is directly
reflected in the DSC thermograms, in the shape and width of
the peak transition, in their temperature position and in the
measured enthalpies [19,23,24].

As reported in Figs. 2 and 3, the TMT measured by DSC can
be considered from different points of view. The TMT position,
the overlapping with Tc and the transformation efficiency
influenced the related entropy contribution to a total entropy
change during the magnetocaloric effect. In other words, the
modulation of microstructure improves the capability of the
material to give a quick energy contribution in the entropy
change to obtain a final improved change AT in the magne-
tocaloric application devices. According to Figs. 2 and 3, the
samples 24h WQ, 12h SC, and 24 h SC exhibit the highest val-

ues both in AS and AH of transition but the transformation
efficiency, calculated on the basis of the individuated param-
eters, is the lowest. The previous calorimetric investigation of
the thermal properties on the more promising sample 12 hWQ
indicates a behavior of Cp value with very narrow hysteresis
and this set of values is reported in Fig. 4.

The XRD analysis is in good agreement with the results
reported in literature, although in the present work the
diffraction patterns show a noticeable existence of residual
martensite in parent phase. This suggest that it is possible to
tailor specific thermal treatment to avoid this blocked marten-
sitic zone in austenite and it possible to further improve
this work of optimization of microstructure, increasing in
this way the material involved in the transformations and
therefore the contribution of TMT in the total change in
ASTOT-

In Fig. 6 the results of magnetic entropy change vs temper-
ature obtained by magnetization measurements at different
applied magnetic fields are reported.

The selected samples are the most significant ones to
make an interesting comparison on the basis of considera-
tions about the efficiency of the martensitic transition: the
sample 24 hWQ has the highest AStur but the lowest CE¢, con-
trarily the samples 12hWQ has the highest CEf and lowest
AStmt. The sample 6hSC has the lowest AS in TMT and an
intermediate value in CE. Therefore, the CE; coefficient gives
a better description of how the contribution of the entropy
change due to TMT (AStumrt) affects the total AS involved in
the magnetocaloric effect. In fact, AStur itself is not a suitable
parameter to express the efficiency of the TMT contribution,
in particular when a transition is not sharp but smeared over a
wide range of temperature. The quick contribution in a small
range in temperature seems to have better effect, therefore the
CE¢ coefficient can be useful to foresee the best performance
in magnetocaloric response. As can be seen, the AS obtained
by the magnetization curves vs T at different Magnetic Fields
denotes that the CE is the main parameter affecting the total
entropy change. In fact, the sample 6 hSC and chiefly the sam-
ple 12hWQ exhibit the highest magnetic AS values, around
—30J/KgK at a magnetic field of 5T. It is worth noting that for
the sample 6 hSC there is also a shift of the AS peak to higher
temperatures which may be associated to a better overlap-
ping between Tc and the transition temperature TMT. For the
sample 24 hSC the magnetic AS value reduces considerably to
about —15]/KgK at a magnetic field of 5 T. Hence, albeit this lat-
ter sample has the highest AS value in TMT, the total entropy
change does not result the highest. Conversely, the CE¢ plays
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a more important role and the efficiency of the TMT has a
big influence on the total entropy change. A more efficient
TMT is related to an improvement of microstructure which
might give a better magnetoelastic coupling between lattice
and magnetic freedoms. Therefore, a deeper investigation on
the microstructure and the exploration of possible thermo-
mechanical processes to improve the homogeneity and the
quality of martensitic transition is an interesting way to be
considered to improve the final magnetocaloric performance
in FSMA.

A future completion of this first indication, with measure-
ments of heat capacity under magnetic field and finally of
Maximum Refrigerant capacity (RCP) will give an exhaustive
demonstration of this first step.

5. Conclusions

In this work the modulation of microstructure of the
NisoMn1g5sCue 5Gags alloy was investigated before and after
different TT. The effect of TMT on the total entropy change,
which is the base of the magnetocaloric effect, was studied
and correlated to the CEf parameter, which represents the
efficiency of TMT. The indirect evaluation of magnetocaloric
properties by magnetization measurements vs. temperature
and magnetic field gives a clear indication that the modula-
tion of microstructure can affect the magnetocaloric response
by leading to possible overlapping of Tc and transition temper-
atures. In particular, the modulation of the structure acts on
the efficiency of TMT which corresponds to a quick and effec-
tive contribution to the total AS and therefore to the overall
caloric performance.
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