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Abstract: The investigation of caloric effects linked to first-order structural transitions in Heusler-
type alloys has become a subject of considerable current interest due to their potential utilization
as refrigerants in solid-state cooling devices. This study is mainly motivated by the possibility of
developing refrigeration devices of improved energy efficiency with a reduced environmental impact.
We produced partially textured and isotropic bulk samples of the Heusler-type magnetic shape
memory alloy NissFe;1Mn;Gayy by arc melting and spark plasma sintering (SPS), respectively. Their
structural, microstructural, and phase transition characteristics and magnetocaloric and elastocaloric
effects, associated with first-order martensitic transformation (MT), were studied. The elemental
chemical compositions of both samples were close to nominal, and a martensitic-like structural
transformation appeared around room temperature with similar starting and finishing structural
transition temperatures. At room temperature, austenite exhibited a highly ordered L2;-type crystal
structure. The partial grain orientation and isotropic nature of the arc-melted and SPS samples,
respectively, were revealed by X-ray diffraction and SEM observations of the microstructure. For the
arc-melted sample, austenite grains preferentially grew in the (100) direction parallel to the thermal
gradient during solidification. The favorable effect of the texture on the elastocaloric response was
demonstrated. Finally, due to its partial grain orientation, the arc-melted bulk sample showed
superior values of maximum magnetic entropy change (1 ASy; 1™ = 18.6 Jkg~!K~! at 5 T) and
elastocaloric adiabatic temperature change (| AT,4™¢ |™® = 2.4 K at 120 MPa) to those measured for
the SPS sample (| ASy; | ™ = 8.5Tkg 'K~ and (1 ATq™¢ ™3 = 0.8 K).

Keywords: Ni-Fe-Ga magnetic shape memory alloys; elastocaloric and magnetocaloric effects;
martensitic transformation; spark plasma sintering

1. Introduction

The recent interest in the development of solid-state refrigeration devices as a more
efficient alternative to conventional gas compression refrigeration has encouraged the
investigation of the caloric effects linked to first-order phase transitions in different families
of solids [1]. Among them, (Ni,Mn)-based Heusler-type alloys undergoing a diffusion-less
martensitic transformation (MT) have been the subject of considerable interest due to
their multifunctional nature [1]. Elastocaloric (eC) and magnetocaloric (MC) effects are
thermal responses to external stimuli, mechanical or magnetic, respectively, characterized
by the adiabatic temperature change AT,4 or the isothermal entropy change AS due to
the application of a change in the stress Ao or the magnetic field pyAH [2]. Martensitic
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transformation (MT) in shape memory alloys (SMAs) may show a high sensitivity to
the application of external uniaxial stress, which, in some cases, gives rise to a large eC
effect, making them promising materials for the development of solid-state refrigeration
devices [3-5]. However, depending on the alloy, a large load may be needed to induce the
structural transformation compromising the potential applicability [6]. In magnetic shape
memory alloys (MSMA), the structural change is accompanied by a change in the magnetic
state of the martensite and austenite phases with the consequent magnetization change
AM, which in turn may lead to a large MC effect [7]. Thus, the material is considered
multicaloric if different caloric effects linked to the transition can be driven simultaneously,
or sequentially, by the application of more than one external field or stimulus. Currently,
there is a rising interest in the investigation of multicaloric materials [8].

(Ni, Mn)-based Heusler-type magnetic shape memory alloys have received particular
attention due to their multicaloric capability [9]. The present work focuses on an MSMA
derived from a NissFej9Gaye alloy in which the Fe was partially substituted by Mn. For
properly chosen compositions, MT in Ni-Fe-Ga alloys appears around room temperature
(RT) [1,10]. The structural transition on cooling is from a cubic ferromagnetic austenite with
a B2-type or the L2;-type crystal structure, depending on the thermal treatment received
above 973 K [11], to 10M or 14M modulated ferromagnetic martensite [10-13]. The two
factors that motivated the present investigation were the good mechanical properties of this
alloy system in comparison to other (Ni,Mn)-based alloys (which are further improved with
the precipitation of the so-called y phase [14]) and the evidence that the partial replacement
of Fe by Mn increases the entropy of the MT without significantly modifying the MT
temperatures or the y low concentration present in the NissFej9Gays composition [15].
Moreover, Ni-Fe-Ga alloys can be easily obtained by a conventional melting technique, such
as arc melting, followed by the thermal treatment required in order to produce the desired
austenitic structure [16]. Another aspect addressed in this work was the consolidation of
these alloys by spark plasma sintering (SPS). This pressure-assisted processing technique
allows the fabrication of highly dense shaped pieces of a large variety of metallic and
ceramic materials in a very short thermal processing time and at relatively low temperatures
in comparison to those reported when conventional sintering is used [17,18]. The ability of
the SPS technique to produce highly dense (Ni,Mn)-based alloys with improved mechanical
resistance has been highlighted by several authors [18-21] example, in [22], this processing
route was used to fabricate Ni-Co-Mn-Sn alloys with similar MT temperatures and magnetic
properties to those obtained for the bulk alloy produced by induction melting [22]. To the
best of our knowledge, (Ni-Fe-Ga)-based alloys have not yet been produced by SPS.

Although there have been several studies about the magnetic characterization of Ni-
Fe-Ga alloys [23-27], the MC effect has rarely been reported, mainly because the maximum
magnetic entropy change | ASy; | ™ displayed by these alloys does not exceed ~5 Jkg ~1K~!
at upAH =5 T [15,28], with a single report of ~12 ]kg_lK_1 [14]. However, eC effect reports
on single crystals or textured alloys have recently been presented with large mechanically
induced entropy change or adiabatic temperature change [3,14,29]. Therefore, in this
investigation, we synthetized polycrystalline samples of the quaternary NissFe;1 Mn;Gayy
alloy by arc melting and spark plasma sintering (SPS), and studied their microstructural,
structural, magnetocaloric, and elastocaloric properties.

2. Materials and Methods

Arc-melted ingots of nominal composition NissFe;;Mn;Gayy were synthetized from
pure elements (>99.9%); a copper crucible with a flat base was used to promote vertical
grain growth along the thermal gradient. Next, the samples were enclosed in quartz
capsules in a UHP argon atmosphere to receive two subsequent thermal treatments: ho-
mogenization at 1273 K for 24 h and a chemical ordering treatment at 773 K for 1 h (both
ending by quenching in iced water). From one of the arc melted samples, which will be
referred to hereafter as “bulk”, different specimens were cut with a low-speed diamond
saw for the different studies performed. The other was manually pulverized with an agate
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mortar to be processed by SPS (i.e., SPS sample). The SPS process was carried out in a
Labox-210 SPS system (from Sinter Land Inc., Niigata, Japan), using a 15 mm diameter
graphite die, under vacuum at constant pressure of 30 MPa. The time evolution of the verti-
cal displacement and temperature through the SPS process is shown in Figure 1. Notably,
the vertical displacement continuously rises to 693 K (420 °C), due to the thermal expansion
of the sample, whereas from this temperature and up to 1182 K (909 °C), a continuous
shrinkage takes place for 9 min, denoting the occurrence of sintering. The obtained sintered
disc showed a density p of 8.4 x 103 kg-m~3; this was ~99% of the maximum expected
value [30].
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Figure 1. Vertical displacement and temperature versus time along the SPS process.

Differential scanning calorimetry (DSC) curves were measured on a TA-DSC Q200
ata T sweep rate of 10 Kmin~! to determine the enthalpy AHst, entropy ASg and charac-
teristic starting and finishing temperatures of the structural transformation. Martensitic
and reverse martensitic starting and finishing temperatures are referred to as Mg and Mg,
and Ag and Ay, respectively; the method for their determination is given below. The X-ray
diffraction (XRD) analyses were performed in a Rigaku Smartlab high-resolution powder
diffractometer (Cu-K radiation). The microstructural characterization was performed
using a QUANTA FEG 250 scanning electron microscope (SEM) from FEI; the system was
equipped with an EDS system from EDAX. Magnetization as a function of temperature M(T)
curves was measured at a temperature sweep rate of 1.0 Kmin~! on parallelepiped-shaped
specimens; for the arc-melted and SPS samples, the major axis of the parallelepipeds was
parallel to the thermal gradient and pressing directions, respectively. The magnetic field
was applied along the greatest length of the samples to minimize the internal demagnetiz-
ing field. The measurements were performed using the vibrating sample magnetometer
option of a Quantum Design PPMS® Dynacool® system. Finally, in [2], the purpose-built
equipment used for the direct measurement of the eC adiabatic temperature change AT,4™¢
is described. This measurement was performed on parallelepiped-shaped specimens cut
from the bulk and SPS samples; their physical dimensions were 4.3 x 2.2 x 2.1 mm? and
2.2 x 2.3 x 2.1 mm? (i.e., height, width, and length), respectively. As temperature probe,
the system used a tiny K-type thermocouple (0.13 mm in diameter). Compressing uniaxial
load change of 120 MPa was applied parallel to the thermal gradient during solidification
and pressing direction for bulk and SPS samples, respectively.

3. Results and Discussion

Figure 2a shows the heating and cooling DSC curves for both samples. The exothermic
and endothermic peaks reveal, respectively, the martensitic and austenitic transitions of
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both alloys. By determining the transformed fraction as a function of the temperature of one
phase to the other for the structural transition in both directions (i.e., heating and cooling),
the start and finish temperatures of the structural transformation were determined at 5%
and 95% of the transformation percentage, respectively. Their values, together with the
thermal hysteresis of the transformation ATy (determined as AThys; = Af — Ms), are listed
in Table 1. Notably, the structural transition in both samples appears around RT and their
starting and finishing structural transition temperatures are similar. Table 1 also shows
that, within the error of the determination, the averaged elemental chemical composition
determined by EDS is similar in both samples and close to nominal. This result is relevant,
since the transition temperatures in these (Ni-Fe-Ga)-based alloys are highly sensitive to
composition alterations [31]. Consequently, both results highlight the effectiveness of the
SPS technique at consolidating (Ni-Fe-Ga)-based alloys.
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Figure 2. (a) DSC curves for bulk and SPS samples. Vertical dotted lines were drawn to indicate the
Curie temperature of austenite for both samples (Tc2-bulk and TA-SPS, respectively). (b,c) Indexed
XRD patterns for bulk and SPS samples, respectively.

Table 1. Characteristic starting and finishing temperatures, thermal hysteresis, structural enthalpy
and entropy of the structural transformation, Curie temperature of austenite (determined from
the minimum of the dM/dT(T) curve measured at 5 mT), and experimental elemental chemical
composition determined by EDS (at. %) for bulk arc-melted and SPS samples.

AThyee AHy, ASq TA . N .
Sample Method Ms (K) M (K) As (K) Af (K) ) Jg ) (kg K1) K) Experimental Composition (at. %)
D! 271 2 277 2 A 21. .
Bulk M(TS)5CmT 272 2?2 280 222 2 59 B 3 301 Niss7+02Fe11.9+02Mn72+01Gazs 2404
DSC 278 262 279 290 11 5.5 19.1 .
SPS M(T)PT 276 279 280 286 10 i 295 Niss 8£0.1Fe12.0+01Mng9+0.1Gazs 3+0.1

The XRD patterns shown in Figure 2b,c were obtained with an X-ray beam impinging
on a plane perpendicular to the thermal gradient during the solidification for the bulk
arc-melted sample and on the surface of the sintered disc for the SPS sample, respectively.
The present phases in the samples were initially identified based on the ICDD PDF cards
04-014-5690 and 01-077-7907 as a cubic austenite with an L2 crystal structure and lattice
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parameter a = 5.774(7) A (in good agreement with the cooling DSC curves), and a cubic
gamma phase with a = 3.614(7) A) [11], respectively. Vertical dashed lines were drawn
in Figure 2b,c across both XRD graphs to underline that for both samples, the respective
Bragg reflections of austenite appear in the same 26 position, whereas the additional weak
reflections observed in the patterns correspond to the v phase. To roughly estimate the
amount of gamma phase, a piece of the bulk arc-melted sample was finely pulverized to
collect its diffraction pattern. In Figure S1 in the Supplementary Material, the Rietveld
refinement of this pattern considering the coexistence of these two phases is shown; the
refinement was performed using the Powder Cell program, version 2.4. The amount of y
phase was quantified as ~6% vol. Finally, it must be noted that the peak intensities in the
XRD pattern for the SPS sample correspond to an isotropic polycrystal, whereas for the bulk
arc-melted sample, austenite grains preferentially grow in the (100) direction oriented along
the thermal gradient during solidification. In order to obtain further information about
the partial preferential and non-preferential grain orientation in the studied samples, the
samples were prepared for SEM observations as follows. The bulk and SPS samples were cut
parallel to the thermal gradient during solidification and to the pressing direction during the
SPS process, respectively, and carefully polished. Their typical microstructures are shown
in Figures 3a and 3b, respectively. The former shows coarse column-shaped grains (note the
2 mm magnification scale) whose major growth direction is parallel to the thermal gradient
during solidification (schematically represented in the drawing inserted into Figure 3a).
By contrast, the microstructure of the SPS sample is formed by smaller polyhedral grains
(<50 um) not showing a preferential orientation relative to the pressing direction (i.e., the
shape of the manually crushed powder particles is replicated in the sintered sample). Hence,
the respective XRD patterns confirm the preferential grain orientation of the arc-melted
sample as well as the isotropic nature of the SPS sample, while the microstructural analysis
verifies the characteristic grain morphology of each synthesis method.

pressing
direction

Figure 3. SEM micrographs of the typical microstructure observed for the bulk arc-melted alloy in
the plane parallel to thermal gradient (a) and for the SPS sample in the plane parallel to pressing
direction during the SPS process (b). The white solid semi-circle and the vertical dashed arrow in (a)
schematically represent the cross-sectional view of the arc-melted ingot with its nearly flat bottom
surface and the direction of thermal gradient during solidification, respectively. The white vertical
dashed line and elliptical area in (b) represent the pressing direction during SPS process and the
analyzed plane, correspondingly.
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M(T) curves under 5 mT and 5 T following zero-field-cooling (ZFC) and field-cooling
(FC) regimens in the structural phase transition region are depicted in Figure 4a,b. From
the curves measured at 5 mT, the characteristic structural transition temperatures were
also determined by simple extrapolation, whereas the temperature of austenite Tc* was
obtained from the minimum of the dM/dT(T) curves; the results are listed in Table 1.
Notably, there is good agreement between the values determined for the structural transi-
tion temperatures from the M(T)>™T curves and the DSC scans; the observable slight 6 K
difference in Tc” was attributed to the different last thermal treatment that they received.
Furthermore, a positive shift in the transformation temperatures (dTy;/dpH) of 0.4 KT~1
was estimated in both the bulk and SPS samples.

Temperature (K)

Figure 4. ZFC and FC M(T) curves under 5 mT and 5 T in the temperature range where the structural
phase transition occurs for bulk (a) and SPS (b) samples. The horizontal arrows indicate the scale that
correspond to the M(T) values measured at 5 mT (left) and 5 T (right), respectively.

The magnetic entropy change as a function of the temperature ASy;(T) curves through
direct and inverse MT were estimated from the numerical integration of the Maxwell

relation (i.e.,, ASy(T, poAH) = po [y "™ [%Y%H/)} H/dH’). The sets of isofield M(T) curves

measured for this purpose are depicted in Figure 5a,b,c,d,e; they were measured by always
crossing the corresponding phase transition in the same direction (up to a maximum
applied magnetic field pyHmax of 5 T). The positive shift in the transition underlines the
occurrence of a conventional magnetocaloric effect. It must be noted that the magnetization
change across the magnetostructural transition is similar in both samples (~6.5 Am?kg 1),
but the transition is sharp in the arc-melted sample, suggesting a higher | ASy; 1™ (due
to its direct proportionality to |dM/dT|). This also explains the different full width at
half-maximum temperature interval $Trwrv of the respective ASy(T) curves (as shown
in Figure 5¢,f. Bulk sample exhibits a | ASy | ™2 of 18.6 and 14.7 Jkg 'K ™! for direct and
inverse MT, respectively, under poAHmax =5 T (8Trwrm = 2.0 and 2.2 K). The difference
observed in | ASy; | ™® between the cooling and heating paths is attributed to the fact that:
(i) the formation of austenite and martesite follow different mechanisms and (ii) during
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cooling, the thermal range in which the phase induction takes place is smaller. By contrast,
the SPS sample displays | ASy ™ values of 8.5 in both directions (§Trwrm = 4.0 and
4.4 K). In this case, the similar | ASy; | ™® value obtained for heating and cooling transitions
could be related to the smaller average grain size of the sample, which limits the effect of
the phase induction mechanisms. However, what seems to be more decisive for this sample
is that the thermal range of the transition for both cooling and heating processes is similar.
Despite the | ASy | ™#* difference, the relative cooling power, RCP, which measures the
amount of energy that it is possible to exchange per cooling cycle under ideal conditions,
results in 28 Jkg~! at 5 T for both samples. The RCP was obtained by calculating the area
below the | AS\(T) | curves in the temperature interval 6 Trwpm. It is worth highlighting
that despite the moderate values of | ASy; | ™# displayed, they exceed the largest values
previously reported for the studied alloy system (1 ASy; 1™ = 7.5-12.0 Jkg~'K~1) [15].

The magnetocaloric parameters for both the direct and reverse MT for both samples are
summarized in Table 2.

—
heating

T
cooling
-—

e
[$))

AS,, (kg 'K)

bulk |

: ) SPS |
270 578 280 285 290 295 270 275 280 285 290 295

-15F

Temperature (K) Temperature (K)

Figure 5. Left and right columns present results for bulk and SPS samples, respectively. The sections
(a,b) and (d,e) show the isofield M(T) curves under fields from 1 to 5 T measured across the reverse

and direct MT, respectively. The sections (c,f) show the ASy;(T) curves through the magnetostructural
transition in both directions.

Table 2. Magnetocaloric properties for a magnetic field change poAHmax =5 T for bulk arc-melted
and SPS samples through direct and reverse martensitic transformation.

Structural | ASyy | Max STrwHM RCP
Sample Transition (kg K1) (K) (Jkg—1h
Direct MT 18.6 2.0
Bulk Inverse MT 14.7 22 28
Direct MT 8.5 4.0
SPS Inverse MT 85 44 2

To characterize the eC effect, direct measurements of AT,4™¢ were performed through
successive loading and unloading cycles of uniaxial compressive stress o. Figure 6a shows
the time dependence of AT,4™¢ at 297 K with a loading and unloading stress of 120 MPa.
Figure 6b displays the adiabatic temperature change dependence on temperature, i.e., the
AT,4™¢(T) curves determined for both samples loading/unloading an uniaxial strain of
120 MPa. The bulk sample exhibits a | AT,4™¢ | ™® of 2.4 K after stress removal, whereas
this magnitude significantly decreases to 0.8 K in the SPS sample. This result agrees with
the near-to-one-third reduction of the eC effect reported between the directions (100) and
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(110) for two MSMAs, such as a single crystal of NispFej9Gay;Coys [32] and a partially
textured polycrystalline arc-melted NisoMnsyIn;sCrp alloy [33]. A remarkable texture-
induced enhancement of the elastocaloric effect was also recently reported for the Mn-rich
polycrystalline NigaMnyeSnjg alloy obtained by directional solidification [34]. Hence, for
the magnetocaloric effect, the above-mentioned partial crystallographic texture explains
the superior eC effect that the bulk arc-melted sample shows. The observed result also
agrees with the fact that in these alloys, the Schmid factor to produce shear is larger in the
(100) direction than in the (110) direction. Since the martensite phase is easier to induce
in the (100) direction, the AT,4™¢(T) curves for the bulk arc-melted sample are broader
than those of the SPS sample (35 K versus 5 K). The relationship between the | AT 4™ | ™%
and the magnitude of the applied stress Ac, i.e., | AT,4™° ™ /Ao ratio obtained for the
bulk and SPS samples are 21 kGPa~! and 7 kGPa !, respectively. For the bulk sample, it is
comparable with the value reported in other polycrystalline alloys [14]. The AT ,q™¢/Ac
ratio in the SPS sample is also compatible with that measured in a Ni-Fe-Ga-Co (011)-
oriented single crystal [35].

302
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Figure 6. AT,q™¢ as a function of time at 297 K for the bulk sample (a) and AT,4™¢(T) for both
samples under loaded and unload applied stress of 120 MPa (b).

4. Conclusions

In summary, from the study carried out on the structural, microstructural, and phase
transition characteristics, as well as the magnetocaloric and elastocaloric effects linked to
the martensitic-like transformation in bulk samples of the magnetic-shaped memory alloy
NissFe11Mn;Gayy produced by arc melting and spark plasma sintering, the following was
demonstrated: (a) the effectiveness of the spark plasma sintering technique at consolidating
highly dense polycrystalline samples of (Ni-Fe-Ga)-based alloys without showing signifi-
cant changes in phase transformation temperature or in crystal structure and displaying
similar MC properties compared with those obtained from the bulk sample. As far as
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we know, this is the first report about the consolidation of these alloys by means of this
processing technique; (b) the significant role of crystallographic texture in the enhancement
of elastocaloric responses linked to the first-order structural transformation in Mn-doped
(Ni-Fe-Ga)-based alloys.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /met12020273/s1, Figure S1: Rietveld refinement of the X-ray
powder diffraction pattern of a finely pulverized sample piece taken from the bulk arc melted sample.
The black open circles and red solid line represent the experimental points and Rietveld refined data,
respectively, whereas the difference between experimental and simulated patterns is given by the
blue line depicted at the bottom of the figure. The R-factor values obtained for the refinement were:
Rp =11.25%, Rwp = 28.12% and Rexp = 2.38%.
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