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This study explores the reversibility of the martensitic transformation (MT) and magnetocaloric (MC) response of
the Ga-doped NisoMngsIn;s magnetic shape memory alloys (MSMAs) with a Heusler structure. The direct and
reverse MT occurs between temperatures Ty ~ 257 K and T ~ 266 K, respectively. The large MC effects resulting
from the magnetic-field-induced first-order MT render these materials promising for room-temperature magnetic
refrigeration. On account of both a low thermal hysteresis of MT (AThys: = 4 K) at a magnetic field of 2 T and a
highly reproducible peak value of the adiabatic temperature change at MT (|AT,q4| ~ 1.3 K for yoH = 1.9 T),
NisoMng4In;sGa; MSMA emerges as a benchmark material for studying a cyclic stability of MC effects. During the
first magnetic switching cycle, a reduction of AT,q at MT by approximately 1.3 is observed, significantly lower
than the reported one for other MC materials undergoing similar first-order phase transitions. Subsequent cycles
revealed a consistent stability of the magnetic-field-induced AT,q even after more than 200 magnetic field
switching cycles. These findings suggest a notable degree of reversibility of the MT in the studied MSMA, which
was also confirmed in the present work by a Temperature-First Order Reverse Curve distribution analysis.

1. Introduction

Heusler-type Ni-Mn-X (X = Ga, In, Sb) magnetic shape memory al-
loys (MSMAs) have garnered global attention over the last three decades
due to their multifunctionality, originated from a strong interplay be-
tween elastic and magnetic degrees of freedom associated with the
martensitic transformation (MT) [1,2]. Extensive research has been
conducted on significant applied subjects, such as superelasticity [3,4]
or magnetoresistance [5,6], as well as on the development of novel types
of actuators and sensors capitalizing on their exceptional recoverable
strains and rapid magneto-mechanical response to external stimuli [7,
8]. Particularly, Ni-Mn-X MSMAs, where X = In, Sn, or Sb, have also
attracted considerable interest due to their outstanding inverse mag-
netocaloric (MC) response. MC material exhibits temperature changes

owing to its magnetizing/demagnetizing under the applied/removal of a
magnetic field. The primary application of this phenomenon lies in
magnetic refrigeration, a more efficient and environmentally friendly
cooling technology compared to conventional gas-based systems [9].
Incidentally, numerous other potential applications have been proposed
over the past decade in the areas of energy conversion and medical
technologies [10].

The significant difference in magnetization between the martensitic
and austenitic phases across the field-induced MT results in some of the
highest ever achieved values of the magnetic-field-induced magnetic
entropy change (|ASy|™) [11-13], positioning MSMAs among the
most promising MC materials [9,14].

Despite these advantages, the development of MC materials for
energy-related applications, such as magnetic refrigeration, heat
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pumping, energy harvesting, etc. [15], needs careful consideration. This
encompasses not only a substantial MC response in terms of |ASy|™*
and/or adiabatic temperature changes (AT.q), but also considers other
factors, such as the operating temperature range and the cyclic repeat-
ability of AT,q. The applicability of MSMAs at room temperature is
encouraged by the ease of adjusting MT through appropriate selection of
their chemical compositions [16-19] and/or thermal treatments [20,
21]. Whereas reporting AT,q data has become a standard practice,
exploring MSMAs behavior under cyclical magnetic fields is often
overlooked [22]. However, when researchers explore this area, they
commonly observe a significant decrease in AT,q at MT, approximately
2.5 times lower, after the initial magnetic cycle. [23-26]; furthermore,
there have been limited studies of the conditions required to achieve
repeatable AT,q over hundreds of thermodynamic cycles. The latter is
crucial for assessing the functional stability of MC materials, particularly
those undergoing first-order phase transitions (FOPT), as their perfor-
mance can degrade due to fatigue, mainly triggered by the trans-
formation volume changes during magnetic cycles. In this context,
Gamzatov et al. demonstrated a progressive reduction of ATyq to zero in
the Ni47MnyoSn; 2 5Cug 5 Heusler alloy after 7 cycles of the magnetic field
changes poAH [24]. Our study aims to provide valuable insights into
monitoring the long-term cycling of AT,q in Heuser-type MSMAs.

As already mentioned before, the research on the ternary Mn-
enriched Ni-Mn-X (X = In, Sn, or Sb) MSMAs with a significant MC ef-
fect is highly active driven by their notable MT-related |ASy|™ and |A
Tag|™ values [27]. On the other hand, the exploration of MC properties
in quaternary Ni-Mn-In-Ga alloys has been limited, despite their high
potential to fine-tune the MC response by leveraging an additional de-
gree of freedom and enhancing mechanical and magnetic properties. It is
well known that doping MSMAs results in materials with properties that
deviate significantly from the parent material. In this context, Aksoy
et al. [28,29] adjusted MT around room temperature by partially
substituting In for Ga in NisoMns4Inj4Gas. Remarkably, this alloy
maintained a similar value of |ASy|™®* compared to the parent alloy
NisoMng4lnie, which was approximately 8 Jkg’lK’1 for npAH = 5T.
Subsequently, a large |ASy|™> of 35 Jkg 'K ! at poAH = 5 T was re-
ported for NispMns4slniosGas [30]. However, to the best of our
knowledge, neither measurements of AT,q nor reports on its cyclic sta-
bility have been provided for Ni-Mn-In-Ga MSMAs.

In the present work, we have explored the reproducibility of AT,q in
the NisoMns4In;5Ga; alloy under the influence of hundreds of switching
magnetic field cycles, a factor closely linked to the reversibility of MT.
To assess the degree of reversibility of MT, Temperature-First Order
Reverse Curve (T-FORC) distributions have been utilized, an innovative
technique designed for investigating phase transitions in materials
featuring FOPT [31]. T-FORC analysis stems from an analogy with the
well-established FORC method, used to study magnetization hysteresis
through isothermal recoil M-H measurements within the irreversible
area of the hysteresis loops. T-FORC analysis involves subjecting the
material to a controlled thermal cycling process while applying a
varying magnetic field. The combination of thermal and magnetic
stimuli enables mapping the intricate details of temperature-driven
FOPT in magnetic materials [31,32]. The current work pioneers the
combination of T-FORC and AT,q techniques to unveil the high revers-
ibility nature of MT, demonstrating sustainable cycles for the inverse MC
effect across hundreds of magnetic field switching cycles.

2. Experimental

Polycrystalline alloy with a nominal composition of NisoM-
n34In;sGa; (hereafter denoted as NiMnInGa) was prepared by arc-
melting high-purity elements (> 99.9%). The resulting ingot was
sealed in a quartz ampoule filled with ultra-high purity argon, annealed
at 1173 K for 24 hours, and quenched into iced water. This annealing
treatment is a standard procedure to promote a high-ordered L2; crystal
structure [12].
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The elemental chemical composition confirmed through Energy
Dispersive Spectroscopy analysis conducted on a Hitachi TM3000 SEM,
was found to be Nisy gMnss siny45Ga o (£0.5 at%). Differential Scan-
ning Calorimetry (DSC) curves were recorded with a cooling and heating
sweep rate of 10 Kmin~! using a TA-Q200 DSC instrument. The X-ray
powder diffraction (XRD) pattern was collected at room temperature
with a Bruker D8 Advance diffractometer operating at 30 kV and 20 mA,
with a Cu radiation source (Acy = 1.5418/0\). The XRD data obtained
were examined through Le-Bail analysis performed using the FullProf
suite [33].

Magnetization measurements were carried out using vibrating sam-
ple magnetometry in a Dynacool® Quantum Design PPMS®. The ther-
momagnetic M(T) curves were acquired under constant magnetic fields
of 10 mT and 2 T with a sweeping temperature rate of 1.0 K/min.

The magnetic field-induced adiabatic temperature change, AT,q, was
recorded using the measuring setup described elsewhere [34]. The
AT.q(T) measurement protocol for the heating ramp included the
following steps: (i) cooling the sample below the martensite finish
temperature, Ty, under zero magnetic field to ensure its reproducibility
and to overcome any potential discrepancies in the AT,4q determination
due to the thermal history (a detailed discussion on the effect of thermal
protocol on the MC effect is provided in ref. [35]); (ii) heating the
sample to the measuring temperature (Tpeasure); (iii) stabilizing the
temperature and subsequently placing the sample in the magnetic field.
The measurement protocol for the cooling ramp included the following
steps: (i) heating the sample above the austenite finishing temperature,
Tag; (ii) applying the magnetic field by introducing the sample between
the polar pieces of the electromagnet and, afterward, cooling it to
Tmeasure; and (iii) once the temperature stabilized, removing the sample
from the magnetic field. Cyclic variations in the sample temperature
were achieved by (i) heating/cooling the sample to the initial temper-
ature from a state of pure martensite/austenite and (ii) alternately
introducing/removing the sample into/from the magnetic field of the
electromagnet.

The experimental procedure for generating the T-FORC diagrams
involved measuring magnetization (M) with respect to the temperature
(T) starting from selected return temperatures (Tg) within the MT tem-
perature range. The values of Tg were chosen from the opposite branch
of the M(T) hysteretic curve for recoil measurements. A reference tem-
perature (Ts), corresponding to a pure phase significantly distant from
the phase transformation and in the opposite direction of the recoil
curve, was also selected. Then, with a static magnetic field applied, the
magnetization recoil curve was measured by starting at Ts and gradually
reaching the value of Tg. This process was iterated for each Tg.

The T-FORC distribution function (p) is defined as the second mixed
derivative:

O*M(T,Tx)

p(T,Tx) = * oToTy

(€8]

where to keep a correct distribution, negative or positive signs are used
when Ty is located on the cooling or heating branch of the thermal
hysteresis loop, respectively [36]. The resulting T-FORC distribution is
typically represented using a coordinate system rotated with respect to
the measuring and Ty temperatures. This system introduces new axes, T,
and Ty, which are related to the center and absolute width of the dis-
tribution, respectively [32]:
(T + 1)

I, = f = Teenter (2)

TR - T
Th:‘Rz ' ®)

Teenter is defined as half the sum of the temperatures at which the
maximum of the first derivatives of the magnetization appears in each
direction. This study determined the T-FORC distribution corresponding
to the phase transformation during cooling for a fixed magnetic field of
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2 T. The curves M(T) were measured with experimental points recorded
at intervals of 1 K and a sweeping rate of 1 K/min.

3. Results and discussion
3.1. Transformation behavior

DSC curves in Fig. 1(a) show exothermic and endothermic peaks
corresponding to the direct and reverse MT occurring at temperatures
Tm ~ 257 K and Ta ~ 266 K, respectively. The starting (S) and finishing
(F) temperatures of the martensitic and austenitic transformations (Tys,
Tmr, Tas, and Tap) were determined using the standard two-tangent
method [37], resulting in values of 263, 250, 260, and 272 K, respec-
tively. It is worth noting that the MT for parental NisoMns4In,¢ alloy
occurs at lower temperatures (Ty =~ 230 K and T ~ 240 K [38]), so the
increase of MT temperatures in the studied alloy can be attributed to the
Ga-doping (see also Refs. [28,29]). The alloy exhibits a low AThyscof 9 K,
consistent with values reported for parental and similar alloys [30,38].
The transformation enthalpy (AH) and entropy change (AS) equals 5.3
Jg~! and 20.2 Jkg 'K}, respectively, in agreement with the reported
data for the alloys of similar composition [39]. The inflection point
observed on DSC curve [40] reveals the value of Curie temperature of
austenite, Té, equal to 301 K. This value is similar to that of the parental
NisoMns4ln;e alloy [38], suggesting that the used Ga-doping has a
minimal effect on the ferro-to-paramagnetic transition.

Fig. 1(b) illustrates the room temperature XRD pattern with Bragg
peaks corresponding to the cubic austenite. Notably, in NiMn-based
Heusler alloys, the austenite phase can exhibit either a highly ordered
L2; or a less ordered B2 crystal structure, depending on thermal treat-
ment [41] and/or synthesis conditions [42]. The appearance of the
(111) reflection in the pattern is a standard criterion for distinguishing
between both structures. The (111) reflection confirms that the alloy
exhibits the L2 structure with a lattice parameter of 5.994(1) A. Similar
results have been found for the NiggMns4In;e.xGay and NisgMnsslng7.y.
Gay alloys [19,43], as well as for the austenite phase in the undoped
NisoMl’lgsIl’lls alloy.

The thermomagnetic M(T) curve under a field of 10 mT is depicted in
Fig. 1(c). During the cooling process, after the expected raising of the
magnetization due to the paramagnetic-to-ferromagnetic transition, the
magnetization begins to decline at Tllv?smT ~ 261 K, a temperature close to
the Tys value obtained from the DSC data. This indicates the onset of the
direct MT from the ferromagnetic austenite to the antiferromagnetic-like
martensitic phase, as commonly occurs in ternary Ni-Mn-In alloys [1,
44]. As the temperature further decreases, magnetization sharply drops
to nearly zero at Typ. Below 240K, a transition occurs from the
antiferromagnetic-like to ferrimagnetic states, and the transition tem-
perature (tentatively referred to as the Curie temperature of the
martensitic phase, T) is determined to be T ~ 235 K. This behavior is
in line with earlier reports for NisoM3ssln; s alloy [44,45]. Upon heating,
the reverse MT takes place between Tas and Tap.

Fig. 1(c) also depicts two successively recorded M(T) curves under a
magnetic field of 2 T. The curves are well matched, indicating the good
repeatability of the magnetostructural phase transformation driven by
temperature. MT shifts to lower temperatures under the influence of the
magnetic field as a consequence of the metamagnetic character of the
alloy [46]. Also, a prominent finding is a substantial reduction in AThys,
from 7 Kat 10 mT to 4 K at 2 T, measured between the middle points of
the MT loops. The magnetic field-induced reduction of ATy can also be
found in the Ni-Mn-Sn alloy [46], while the Ni-Mn-In alloy exhibits the
opposite behavior [47]. The origin of the magnetic field-driven reduc-
tion of hysteresis in the studied NiMnInGa and cited Ni-Mn-Sn meta-
magnetic alloys needs separate purposeful study. However, in the
present investigation, as a preliminary assumption, we suggest that this
effect is related to a partial transformation owing to a well-known effect
of the magnetic field-induced thermal arrest of a certain volume fraction
of austenitic phase in MSMAs (see [48] and references therein). The
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Fig. 1. (a) DSC heating and cooling runs. The characteristic temperatures of
MT, Ty and T, as well as T4, are indicated by the vertical dashed lines. (b)
Room-temperature powder XRD pattern showing an L2;-ordered cubic struc-
ture. (c) Thermomagnetization curves measured under a static magnetic field
uoH = 10 mT (black circles) and recorded twice under a static magnetic field
poH = 2 T (red and blue).

aforementioned small and reproducible value of ATyys at 2T is an
important discovery that allows to consider the studied metamagnetic
NiMnInGa alloy as a suitable model for investigating the variation of
AT,q under periodic magnetic field switching.
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3.2. Field-induced adiabatic temperature change

Fig. 2 depicts the dependencies of AT,4(T) for magnetic field changes
of 0.0-1.5 T and 0.0-1.9 T, following the cooling and heating protocols
described in the experimental section. The graphs reveal a narrow peak
followed by a broad one associated with MT and the second-order
magnetic phase transition (SOMPT), respectively. As expected, the
peaks at the MT temperatures on the cooling and heating branches
exhibit a AThys of around 5 K. In contrast, those related to SOMPT do
not show hysteresis (as portrayed in the M(T)?>T curves in Fig. 1(c)).
Fig. 2 demonstrates that the change in poH from 1.5 T to 1.9 T impacts
the AT,4(T) peak positions, causing a slight reduction in the MT hys-
teresis. Moreover, as anticipated, the increase in the magnetic field
change leads to an enlargement of the maximum adiabatic temperature
change values: AT:¢ T(253 K) = 1.1 K and ATL¢ T(254 K) = 1.3 K when
measured during cooling, and AT;&S T259K) = -09K and
AT T(258 K) = —1.1 K during the heating. These values are larger and
occur at higher temperatures compared to those of the parental
NisoMngsgln;e alloy [49]. This is consistent with the observed shift to
higher temperatures of the MT with the addition of Ga. Table 1 compiles
our results and the values of |AT,q|™™ and |ATaq/poAH| reported in the
literature for similar Mn-enriched Heusler MSMAs. The |AT.4/poAH)|
value for NispMns4In;sGa; surpasses the average in this category of
compounds. Although the values of AT,q are moderate compared to
those of some other NiMn-based Heusler alloys, our material exhibits a
sustainable AT,q value (see cycling results in Section 3.3), which is
relevant for developing heat exchanger prototypes.

Furthermore, Fig. 2 shows that regardless of the thermal protocol,
the sign of the AT,q peaks associated with the field-induced MT and
SOMPT are opposite when pigH changes from 0 T to 1.9 T or vice versa.
To provide better visualization of the impact of the ppAH change di-
rection on the sample temperature variation, Fig. 3 offers typical time-
dependent temperature profiles near T2. The specimen is initially sta-
bilized at zero magnetic field in the first testing cycle (indicated by the
red oscillations in Fig. 3). Upon placement in a uniform magnetic field
region of the electromagnet, the sample’s temperature reaches its
maximum (as demonstrated by the first peak in the red oscillations).
Upon removal of the specimen from the electromagnet gap, its tem-
perature decreases sharply (as observed, for instance, from the tem-
perature reduction following the first maximum in the red oscillations in
Fig. 3). Conversely, when the specimen is initially placed in a magnetic

Y
~—0T>19T |
0.8F —=0T>15T -
g ~ ]
% 00f =3
|_ - iy
5 [fﬁ
-0.8r —19T>0T
-=15T>07T |
15 T —
250 300 350

Temperature (K)

Fig. 2. AT.4(T) curves measured under magnetic field changes of 1.5 T and
19T across the first-order magnetostructural and second-order magnetic
transitions. Different heating/cooling protocols for the magnetic field changes
have been used (see text for details).
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Table 1
Maximum values of |AT,q| and |AT,q/poAH| observed near MT obtained in the
present work and reported for other bulk NiMn-based Heusler-type MSMAs.

Alloy WAH A AT/ |A [AToa/  Ref.

(T Tad HoAH| Taa HoAH|

A ®/T) M ®/T)
[€29] [€29]

Nigs2Mnge 7In;3Cos;  0-2 6.2 3.1 - - [56]
NisoMnsz4In; 4Ga, 0-1.9 1.1 0.6 - - This

1.9-0 - - 1.3 0.7 work
NisoMnsIny Al 0-1.8 1.8 1.0 ; ; [57]
NisoMnslng 4Ge; 0-1.8 15 08 ; ; [57]
NisoMns4 gIng4.5B 0-1.8 1.5 0.8 - - [58]
Niso.oMnss.3In14.7 0-5 2 0.4 - - [591]

5-0 - - 1.1 0.2
NisoMnaslngs 020 70 04 ] ; [60]

0-1.8 1.8 1.0 - - [57]
Nigo.gMnsIngs. 0-2 5.2 26 ; ; [56]
Niso.4Mngs glnis g 0-2 3.6 1.8 - - [56]
NigoMns4lnie 0-1.3 06 05 - - [49]
NiszMn40Sn;2,5Cug s 0-1.8 0.6 0.3 [24]
NisoMneSn;3C0; 0-1.93 08 0.4 0.3 0.2 [51]
NisoMngsSn; s 0-8 3.9 0.5 - - [61]
Nig.6Mnsz4.9Sni6.5 0-5 2.6 0.5 - - [59]

5-0 - - 0.5 0.1
Niss 3Mnjg 3Gass 4 0-1.93 1.0 0.5 1.5 0.8 [52]
NigsMn3gSby,Cos 0-20 10.2 0.5 11.3 0.6 [53]

307

305

Total entropy

Temperature
303 19T p

Temperature (K)

301

1
0 100

Time (s)

Fig. 3. Sample temperature near T¢ as a function of time upon the cyclical
variation of the magnetic field. Red oscillations: the temperature was stabilized
without a magnetic field; blue oscillations: the temperature was stabilized
under applied magnetic field uoH = 1.9 T. Inset: schematic representation of the
temperature dependence of the total entropy, S, under two different magnetic
fields poH; > poHo.

field and then rapidly removed from it, the specimen cools down (see,
for instance, the first cycle of the blue section of the oscillations in
Fig. 3).

Fig. 3 reveals that cycling the magnetic field leads to a drift in the
initially stabilized temperature (302 K) until the fifth cycle, as observed
in the red and blue oscillations. However, the drift diminishes with
further cycling, and the average sample temperature becomes stable.
This behavior aligns with the reported one in Ref. [50]. The observed
drift is due to the limitations of the measuring setup. The inset of Fig. 3,
in which the MC behavior near T2 is schematically illustrated using the
total entropy, St, versus T diagram, portrays the following process: after
temperature stabilization at the point (1), a reduction of the magnetic
field from poH; to poHp (corresponding to the oscillating blue curve)
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entails a decrease in the specimen temperature. After that, as the mag-
netic field remains constant for 4 seconds, a heat exchange with the
environment raises the temperature [schematized in the process (2)—(3)
in the inset of Fig. 3]. Furthermore, an increase in the magnetic field
yields the temperature change observed in the process (3)—(4). Then,
while the magnetic field is held constant [represented as the path (4)—
(5)]1, the heat exchange between the sample and the environment re-
duces the temperature. It is worth noting that, although we have
assumed the same temperature variation in processes (2)—(3) and (4)—
(5) in the S7-T diagram, there is a net temperature increment along the
cycle, i.e., when the specimen is extracted again from the magnetic field
[path (5)—(6)] the temperature change differs from that one corre-
sponding to the process (1)—(2). Reversing the cycle from (6) to (1)
reduces the net temperature, which is consistent with the behavior of the
oscillating red curve shown in Fig. 3.

It is evident from Fig. 2 that the maximum values of AT,4(T) on the
cooling and heating curves exhibit mirror-like positions with each other
at SOMPT, supporting the nonhysteretic nature of the magnetic phase
transition. In contrast, the AT,q(T) peaks associated with the direct and
reverse MT occur at different temperatures due to the MT hysteresis and
its sensitivity to the magnetic field. However, the values of |AT,q|™™,
about 1.3 K at a magnetic field change of 1.9 T, exhibit a high degree of
proximity, differing only by 10%, for the direct MT during the cooling
run and for the reverse MT during the heating process. This finding
differs from the behavior observed in other NiMn-based MSMA (see, for
instance, Refs. [51-53]), where this difference is considerably bigger
and highly influenced by the width of the temperature hysteresis and the
magnetic field dependence of the MT temperatures [54]. A good
matching of the values underscores a significant reversibility of MT in
the studied NisoMng4InisGa; alloy. This reversibility may be attributed
to the reduced thermal hysteresis of MT, which is further almost halved
under a magnetic field of about 2 T, as disclosed in this work.

3.3. Cyclic stability of adiabatic temperature change in the vicinity of MT

Building on the previous section’s findings, we analyze the MC ma-
terial’s performance in magnetic-field cycling (0.0 T<1.9 T) experi-
ments at various reference temperatures. In the cycling measurements of
AT,q within the SOMPT region (not shown), there is a continuous
variation in the maximum/minimum values for the first 5-10 cycles
before reaching stabilization. Additionally, a gradual thermal fluctua-
tion (approximately 0.5 K) occurs over an extended period, likely
stemming from environmental temperature fluctuations, as previously
addressed.

Fig. 4 illustrates the switching magnetic field-induced temperature
changes of the sample measured in the MT regions as a function of time.
Before initiating the measurements related to the reverse MT, the
specimen was cooled below Tyr and then heated to 256.5 K, a temper-
ature proximate to the |AT,q| peak during the reverse MT. The exem-
plified results of these measurements are depicted by the blue
oscillations in Fig. 3. When engaging the forward MT, the sample was
initially heated above T, then cooled under a magnetic field of 1.9 T to
254 K, close to the |AT,q4| peak at the direct MT in Fig. 2. Subsequently,
the sample was subjected to cycling, as shown by the selected red os-
cillations. In the initial condition, the first application or removal of the
magnetic field yields AT,q values with opposite signs. This behavior
reflects an inverse MC effect at MT, in contrast to the conventional MC
effect observed during SOMPT (Fig. 3).

Note that the amplitude of AT,q corresponding to the first magnetic
cycle, as indicated by dashed lines in Fig. 4, consistently surpasses that
one observed in the following cycles. This fact suggests that not all the
material transforms back into its initial phase state before the first cycle.
In contrast to the usual 2.5 times reduction observed in other NiMn-
based Heusler alloys [24-26], our alloy showcases a reduction of
about 1.3 times, unveiling unique and promising characteristics. In this
sense, the subsequent multitude oscillations reveal a reproducible cyclic
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Fig. 4. Time dependences of the cyclical magnetic field induced adiabatic
temperature change across the reverse MT after the specimen was cooled to T <
Twvr under zero magnetic field and then heated to a test temperature (blue os-
cillations); and across the forward MT after the specimen was heated to T > Tar
and then cooled under a magnetic field of 1.9 T to a test temperature (red
oscillations).

behavior, with amplitude stabilization occurring after some time,
regardless of the thermal protocol used. Note that the extensive use of
magnetic field switching cycles in this study (more than 200 cycles)
exceeds by almost an order of magnitude those reported in the literature
for other NiMn-based MSMAs, typically limited to a few tens of cycles.
Long-term cycling is crucial to ensuring samples’ mechanical stability
(and, consequently, magnetic stability) in functional applications. The
results show that the Ga-doped Ni50Mn35In15 system is promising for
implementation in refrigerant prototypes, facilitating an analysis of the
long-term MC performance of MSMAs.

Additionally, it is noteworthy that the cycling process increases the
average sample temperature, typically by 0.5 K. The prominent finding
from the observed behavior in Fig. 4 for both measurement protocols is
the affirmation of the reversible character of the magnetic field-induced
MT. Once a steady state of periodic |AT,q| is achieved, the MC response
becomes nearly identical for the direct and reverse MT. This is because,
in both cases, a similar volume fraction of the sample participates in the
repeated reversible transformation between the austenitic and
martensitic phases. Such a behavior differs from the results on Ni-Mn-
Sn-Co MSMA, where a continuous reduction of |AT,q| was observed
due to a gradual decrease of the volume fraction of the martensitic phase
involved in the cycling across MT [24].

3.4. T-FORC analysis of MT

Fig. 5(a) shows the major hysteresis loop of MT and the minor
reverse curves for a magnetic field of 2 T. Fig. 5(b) illustrates the T-
FORC distribution of this phase transformation as generated from the
partial derivatives of the reverse curves (see Eq. (1)) without using any
smoothing methods. As a result, certain sections of the diagram exhibit
experimental noise, but the dominant regions are clearly defined. The
most significant positive values of the distribution are linked to the
temperatures near the maximum change rate of the M(T) curve. The
distribution features the following four regions: (1) an approximately
circular area encompassing the maximum distribution values, occurring
for Tr between 255 and 259 K, i.e., within the mixed phase region,
which has been associated with a symmetrical martensitic trans-
formation [36]. (2) An elongation to the right of the zone (1) in a 45°
direction, associated with higher Tr values (> 259 K), reflecting the
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Fig. 5. (a) Major thermal hysteresis loops of MT and T-FORC recoil curves in the cooling protocol for a static magnetic field of 2 T. (b) T-FORC distribution of the

martensitic transformation at 2 T.

challenges faced by the remaining martensitic phase transforming into
the austenite phase [55]. (3) Negative values in the distribution can be
interpreted as a non-uniformity in the transformed austenite phase
during heating due to the influence of Té‘, as described in [55]. (4) A
small tail opposite to the area (2). In this area, Tg curves commence with
remnants of the austenite phase. The slight shift in the distribution
center towards negative T, values likely represents the principal changes
between the reverse curves’ endpoints when the martensite becomes the
predominant phase.

4. Summary

We have investigated the reversibility of the martensitic trans-
formation (MT) in the low-hysteresis polycrystalline NisopMnsz4In;sGa;
magnetic shape memory alloy. This alloy exhibits a L2;-ordered cubic
austenitic structure at room temperature and undergoes a magneto-
structural MT with martensitic and austenitic temperatures of Ty ~
257 K and T = 266 K, respectively. Application of a magnetic field
induces a shift of the MT to lower temperatures and a significant
reduction in the thermal hysteresis, down to about 4 K under a magnetic
field of 2 T.

The temperature dependence of the magnetic field-induced adiabatic
temperature change AT,q reveals two distinct peaks corresponding to
the MT temperature (Ty;, Ta) and the curie temperature of the austenite
T. Under an applied magnetic field of 1.9 T, the magnitudes of |AT,q]|
were approximately 0.7 K at T2 and 1.3 K near (Ty;, Ta) for both heating
and cooling protocols.

The reduced hysteresis width and the similarity in |AT,q4| amplitudes
near both Ty and T, underscore the high degree of reversibility of the
thermally and magnetically induced martensitic transformation. This
encouraged a first-ever investigation into the long-term cycling behavior
of |AT,4| with a varying magnetic field in MSMAs. The results reveal a
stabilization trend of the volume fraction of reversibly transformed
material with a large number of cycles, opening the door for the utili-
zation of the Ni-Mn-In-Ga quaternary alloys for heat exchanger pro-
totypes suitable for studying their long-term thermal and magnetic
stabilities.

The application of the T-FORC distribution technique was found to
be successful in obtaining unique insights into MT behavior, revealing
four distinct regions and shedding light on the transformation charac-
teristics of this alloy, particularly within the mixed-phase region asso-
ciated with the inverse magnetocaloric response.

In summary, high reversibility of the metamagnetic-type MT in
NisgMnsyslnisGa;, coupled with the essential value of sustainable

adiabatic temperature change under easily accessible values of the
magnetic field, positions it favorably for future proof-of-concept MC
applications.
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