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Correlation between crystallographic and microstructural featuresand low
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Abstract. In this work, crystallographic, microstructural amégnetocaloric investigations were
performed on textured BMnss 2914 75 Melt-spun ribbons with low thermal (6 K) and maiige
field induced hysteresis (-0.73 J'kgt 2 T) and moderate maximum magnetic entropy géan
ASY™ (11 J-kg-K™' at 5T ) at room temperature (302 K). The austeititehe ribbons
crystallizes into a L2 structure, whereas martensite has a monoclinionimeensurate 6M
modulated structure as determined with the supeesfigeory. By means of electron backscatter
diffraction technique, the morphological and crileraphic features of microstructure were
systematically characterized. Ribbons possesseanfiicrostructure with an average grain size
(initial austenite phase) of around fth, whereas the 6M martensite has a self-accomnubdate
microstructure with 4 kinds of twin-related marté@svariants. During inverse martensitic
transformation, the austenite prefers to nucleatieagrain boundaries of initial austenite. By
means of cofactor conditions and crystallographiergation analyses, the good geometrical
compatibility between austenite and martensite e@dirmed. Based on the crystal structure
and microstructure information obtained, the reasfathe low thermal hysteresis was discussed.
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1. INTRODUCTION

In the last decade, Heusler-type Ni—-Mn—X basedyallX = In, Sn and Sb) have been
extensively studied owing to their giant and tuedbist-order magnetocaloric effect (MCE) near
room temperature. The latter makes them promisiadenals for their utilization as active
magnetic regenerators in solid-state magneticgefation devices [1-14]. The giant MCE of
these materials originates when the first-order masgstructural transition occurs from a weak-
magnetic martensite to a ferromagnetic austenBe2f]]. Unfortunately, both thermal hysteresis
AThyst and magnetic field-induced hysteresis intrinsicasociated with the magneto-structural
transition are the two relevant phenomena thatdrgitheir potential use, since these hystereses
would reduce the refrigeration capacity and furtresult in the degradation of the properties
after several cycles [16, 23, 24]. Therefore, thdarstanding of physical mechanisms to reduce
the hysteresis loss across magneto-structural iti@nsare crucial for the designing and
fabrication of low-hysteresis Ni-Mn—X based all®s key points towards their utilization in
practical refrigeration devices.

In the framework of thermodynamics, tBébbsfree energies of the parent and the product
phases are equal at the thermodynamic equilibritate.sThus, the driving force of magneto-
structural transition vanishes. Thermalmagnetic hysteresis may occur since the transfasmat
driving force should be large enough to overconee ghase transformation energy barriers or
resistances [24-27]. Thus, in theory, two routesulvde effective to decrease the hysteresis
losses associated to the magneto-structural tirams@®ne is reducing the resistance of magneto-
structural transition. In such a sense, the deereaithe geometrical incompatibility between the
parent and the product phases has been the masisstd case [6, 23, 28]. In fact, following
this approach several low thermal hysteresis Hetygbe bulk alloys, such as MiMnzsdnisg
(8 K) [6], NisiMns3 4ni56 (4 K) [29], and NisCosMn4oSno (6 K) [30] have been reported. The
other is to promote the progress of magneto-stratturansition by tuning the
phase/microstructure constituent [31-33]. Very ntlge T. Gottschallet. al [34, 35] found that a
minor loop at the middle temperature region of timagneto-structural transition could
significantly reduce the hysteresis loss, sincs mot necessary to nucleate new phase during
structural transition and then the required eneasgyeduced. Besides, introducing appropriate
crystal defects, such as grain boundaries, as atimtesites could be also an alternative method

to promote the structural transition.



The melt-spinning technique, characterized by amawlpid cooling and solidification
process, has been developed to be an effectiveothdthr the preparation of single-phase
Heusler-type Ni-Mn-X alloy ribbons with crystall@ghic preferred orientation (texture) [36-
39]. In this work, textured NiMnss 29n14.75 ribbons with a low thermal and magnetic hysteresis
loss accompanying with magneto-structural transitiwere fabricated by melt-spinning
technique and no special effort, such as heatntesatt was made to develop its microstructure or
atomic order degree. The crystal structure, thephapgical and crystallographic features of
microstructure and magnetic properties of thesborils were examined by means of X-ray
diffraction (XRD), electron backscattering difframt (EBSD) and magnetization measurements.
The origin of the low thermal hysteresis observeddiscussed in terms of the geometrical
compatibility between austenite and martensite, tred morphological and crystallographic
microstructural features. This study could shedesdight on the performance optimization to

decrease the hysteresis loss associated withrgtefder magneto-structural transformation.

2.EXPERIMENTAL DETAILS

A bulk master alloy with nominal composition stNnss29ni1475 was prepared by arc-
melting pure Ni (99.97 wt.%), Mn (99.95 wt.%) and(P9.995 wt.%) elements. Due to the high
vapor pressure of Mn, 1% extra Mn was added to emsgte the weight loss. The sample was
then thermally annealed at 1173 K for 24 h to enhahe composition homogeneity and the
degree of atomic order. The melt-spun ribbons \iaeicated by using a single copper roller at
a wheel rotating speed of 15 m/s to obtain a gdwpe and strong crystallographic preferred
orientation [40, 41]. The actual composition ofadims was determined to be;piMn3s An1s oby
energy dispersive spectroscopy (EDS), which islamw the nominal one.

The crystal structure of ribbons was examined byamseof X-ray diffraction withCu-Ka
radiation §=1.5418A) using a Rigaku Smartlab X-ray diffractdaemeequipped with a graphite
monochromator at room temperature. The microstrattnvestigations were performed in a
field emission gun scanning electron microscopeMSHeol JSM 6500 F) with both back-
scattered electron (BSE) and electron backscaiffeaction (EBSD) detectors. To avoid stress-
induced effects on martensitic transformation, nechanical surface ground or polishing of
ribbons was carried out. Instead, the ribbon sedacere directly electrolytically polished at 263

K with a 20 % nitric acid solution in methanol un@devoltage of 8 V. The texture of austenite



and martensite of ribbons was investigated usifygaku Smartlab X-ray diffractometer and
Mtex software package [42]. Magnetization measurémevere carried out in a Quantum
Design physical property measuring system (PPMSE/Brcool-I equipped with the vibrating
sample magnetometer module. The magnetic fieldapatied along the ribbon length direction
(rolling direction) on a parallelepiped-shaped skmfof physical dimensions: 2@m in
thickness, 0.5 mm in width and 3 mm in length, tom the central region of a ribbon), to
minimize the effect of the internal demagnetiziredc
3.RESULTSAND DISCUSSION

Figs. 1(a) and (b) show the temperature dependehamagnetization (M-T curve) of
NisoMnss 29Nn1475 Melt-spun ribbons under static magnetic fields5aiT, and 1 T and 5 T,
respectively. The curves were recorded at a teriyeraweep rate of 1.0 KnitnFrom the low-
field M-T curve (5 mT), the first-order magneto-structunansition from a ferromagnetic
austenite to a weak-magnetic martensite is obseavednd room temperature. The splitting
between ZFC and FC (FH) curves below the Curie &atpres of martensitdfid'= 132 K)
indicates the coexistence of the ferromagneticamderromagnetic couplings in the martensite
state [43, 44]. As shown in Fig. 1(b), as the agplnagnetic field increases from 1 Tto 5 T, the
temperatures of the magneto-structural transitexrehse. The temperatures of forward)(and
inverse Ta) magneto-structural transition and the Curie termpes of austenitd¢“'= 132 K)
and martensiteT¢” = 307 K) under different magnetic fields, estindafeom the d/dT vs. T
curve, are summarized in Table 1. The magnetid filelpendence dfy andAThys (estimated as
ATnys = Ta — Tw) is given in Fig. 1(c). A linear relationship beten theTy and the applied
magnetic field is observed with a slope of —2 K#liggesting that a magnetic-field-induced
inverse martensite transformation could happen winenexternal magnetic field is applied
under certain temperature. Note that the magnetictatal transition of the studied melt-spun
ribbons exhibits a thermal hysteresis as low as @Hich is very small compared with the one
typically found in conventional NiMnin-based allgoysuch as Nb4Mnssdnisz (10 K) [37],
Niss 5C0s sMnN36 dN1z.4 (15 K) [45], MsoNigolnye (38 K) [46] and NisCosMnze dnis2 (30 K) [47]
alloy. As the applied magnetic field increases t© and 5 T, AThys increases to 8 K and 10 K,
respectively. The similar magnetic field dependeméeAT,s has also been observed in
Nigs Mnse dNizsCos 2 [48] and NiCo;Mnosings [49] alloys.
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(FH) protocols. W/dT vs. T plot underuoH = 5 mT is inserted in (a). The temperatures ef th

forward martensitic transformation and the thernmgisteresis of the magneto-structural

transition (\Tnys) as a function of the applied magnetic field igegi in (C).Tsem in (a) is the

temperature at which SEM/EBSD measurements wefferpggd to indicate the sample history

of heat treatment.



Table 1 Temperatures of the forwarm,] and the inverseTf) martensitic transformation and
thermal hysteresis of magneto-structural transiffof,s) under the magnetic fields of 5 mT, 1 T
and 5 T, and Curie temperatures of austeriitg)(and martensiteTe") for NisoMnas.29n14.75

melt-spun ribbons.

WHM T Ta(K) AT (K) TH (K T (K)

0.005 298 304 6 307 132
1 296 304 8 - -
5 288 298 10 B -

Fig. 2(a) shows isothermal magnetization curvessoea up to a maximum magnetic field
of 5 T with a temperature step of 1 K across thegma#o-structural transition. A thermal
protocol with a thermal cycling at zero magnetildifrom 400 K to 200 K to the measuring
temperatureleas Was performed prior to recording each isothermabmetization curve. As
shown in Fig. 2(a), the ribbons exhibit a typicatgamagnetic behavior below 290 K revealed by
the nearly linear field dependence of magnetizatidbove 290 K, a magnetic-field-induced
metamagnetic transition is observed. The S-shapel tof the Arrott plots, shown at the inset of
Fig. 2(a), confirm the first-order nature of thetamagnetic transition [50]. Above 307 K, the
magnetization of the ribbons decrease with theeese of temperature owing to the second-
order Curie transition of austenite. Fig. 2(b) thgs the temperature dependence of magnetic
entropy change\Sy estimated from the isothermal magnetization cunrgisg theMaxwell
relation [16, 51]. As shown in Fig. 2(b), the sntodirst-order magneto-structural transition
leads to a moderate positive magnetic entropy ahareak ofASy™ = 11 J-kg- K™ just at
room temperature (302 K) under a magnetic fielchgeguAH of 5 T. TheAS,"® in the studied
ribbons is comparable to the melt-spun ribbons d§sK8n.sGey (4.5 J-kg-K™* at 5T) [52],
NisoMnogGays (=11.4 J-kg-K™* at 5T) [40] and LaReCopsSii» (13.5 J-kg-K™ at 5T) [53]
alloys. Above 307 K, the ribbons exhibit a broadatese magnetic entropy change curve, owing
to the second-order ferromagnetic transition ofenite [51, 54].

Fig. 2(c) presents the field-up and field-down lestnal magnetization curves across the
magnetostructural transition with a maximum fielid23. Notice that the magneto-structural

transition has a quite small magnetic hysteresss [@s the small areas enclosed between the



field-up and field-down magnetization curves dehoite temperature dependence of magnetic
hysteresis losses under the magnetic field of 8 $hown in Fig. 2(d). A negligible magnetic
hysteresis loss with a maximum of —0.73 J:-kapross the magneto-structural transition is
obtained, which is much smaller than that generaliiyerved in Heusler-type refrigerants, such
as NigMn1gCu;Gaps (19.0 J-kif at 2 T) [55] and NisCosMnss dnas 2 (-96.5 J-kg at 2 T) [47].
The total and effective refrigerant capacities urtte magnetic field of 2 T are 11.40 J'kand
10.80 J-kg, respectively.
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Fig. 2 Set of isothermal magnetization curves up  (a), Arrott plots NI? vs. uoH/M) (inset),
temperature dependence of magnetic entropy cha®e through the inverse martensitic
transformation (b), field-up and field-down isotimal magnetization curves up to 2 T (c), and

magnetic hysteresis loss as a function of tempegdtl) for N5oMnss 29Nn14.7s melt-spun ribbons.

Fig. 3 shows the room temperature X-ray diffractipaitern of the studied melt-spun

ribbons. In agreement with the low-field(T) curve, a mixture of both austenite and martensite



phases coexists in the ribbons at room temperdtareaustenite, the presence of the superlattice
reflections (111, (113, and (331y, indicated in green in Fig. 3, shows that it hasibic L2
(Fm3m) rather than a B(Pm3an) crystal structure [56, 57]. The lattice paraméteatetermined to

be 6.0010(8) A. In case of the martensite, thegures of the so-called “satellite reflections”
(indicated in blue in Fig. 3) denotes that it has@dulated crystal structure. By means of Le Bail
full profile fitting approach [58hnd the (3+1)-dimensional superspace theory [58]faund that
the martensite has an incommensurate monoclinicnéddlulated structure with superspace
group of 12/m(a0y)00 [56], and lattice parameters = 4.3757(4) A b = 5.6462(1)A, ¢ =
4.3227(2)A andp = 92.506(4)° The refined structural modulation wave vectoryespnting the
periodicity of structural modulation [59], was = 0.3506(4)c*. The difference between the
measured and simulated patterns is mainly attribtdethe crystal defects and residual stresses
in melt-spun ribbons. A similar 6M modulated sturet (sometimes also labelled as 3M), has

recently been reported in d4Mnaslni4 [56] and NggMnzsings [60] alloys.
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Fig. 3 Experimental (red points) and simulated ¢klBnes) room temperature X-ray diffraction
patterns of NjoMnss 29n14.75 melt-spun ribbons. A” and “M” indicate the austenite and the
martensite reflections, respectively. Superlattefections of austenite and satellite reflections
of martensite (generated by the periodic modulatibatomic positions) are indicated in green
and blue, respectively. Miller indices of the matadl martensite are labelled in the frame of the

(3+1)-dimensional space. Inset: zoom into tBkafgle interval 40.5 26< 45.0.



Fig. 4 shows a typical SEM image of the cross-eactf NisgMnss29ni4.75 melt-spun
ribbons. It is seen that the thickness of ribbansriound 45 ~ 5im. Ribbons are mainly
composed of columnar grains with their long axisdiag to align perpendicular to ribbon
surface. Small equiaxed grains are formed in saroalized regions of ribbon surface on the
wheel side. The similar microstructures have alsenbreported in melt-spun ribbons of other
Ni-Mn-based alloys [36, 37]. By means of EDS teduei, ribbons were confirmed to have a

homogeneous chemical composition.
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Fig. 4 SEM micrograph of fractured cross-sectiol@pMngs .9Nn14 75 melt-spun ribbons. The

crossed circle symbol indicates the spinning dioact

Fig. 5(a) displays a typical BSE image of the stddinelt-spun ribbons taken on their free
surface. During the sample preparation, the studidmbns were electrolytically polished at 263
K, i.e,, below the temperature of martensitic transfororaii298 K), and then heated to room
temperature for microstructural investigations. Ake temperature of microstructure
investigationTsem is close to the start temperature of the inveraetensitic transformation, as
shown in Fig. 1(a), the microstructure observedhis work represents the early stage of the
inverse martensitic transformation. As Fig. 5(apwb, the specimen is composed by fine
elongated zones outlined by the dark boundaridgrited from initial austenite grains, with a
width of about 1Qum. Generally, the homogeneous contrast and platpeshmorphology zones
would represent the newly transformed austeniteGhdnartensite, respectively.

Fig. 5(b) shows a typical SEM/EBSD crystallograpbreentation micrograph. Notice that
austenite, indicated in red color, is primarilydted either along the grain boundary regions of
the initial austenite or sometimes between marernsates, suggesting that during the inverse
martensitic transformation the austenite phaseepséahe grain boundary regions to nucleate. In

general, the boundary regions of microstructur@eifalre nucleation of the new phase, since they



are of large atom spacing, large lattice distor@ma high energy. As for martensite, it has a
typical self-accommodated microstructure with fouentation variants (A, B, C and D) in one
martensite colony, as highlighted in the zoomedavbox | in Fig. 5(b). Based on misorientation
examinations, all variant pairs were found to beniwelated, and their twin relations are
classified into three typese. type-I (A: C and B: D), type-Il (A: B and C: D) drcompound (A:

D and B: C) twin [61, 62]. Moreover, as shown ie thhite box Il in Fig. 5(b), it is seen that the
austenite is connected by single martensite variaather than the generally observed
“sandwich-like” structures of martensite at the hdaries between austenite and martensite
(habit plang [25, 63].

Austenite

Martensite

:4.5 Max: 2.8

{20}A {OO}M

Fig. 5 SEM-BSE micrograph (a), EBSD crystal oriéiotamicrograph (b), {2003 pole figure of
austenite (c), and {02@} pole figure of martensite (d), for §§Mnss 29n14.75 melt-spun ribbons.

The martensite is self-accommodated with four aagon variants A, B, C and D.



Figs. 5(c) and (d) display, respectively, the piogerres for austenite ({20Q) and the 6M
martensite ({020};) measured on the free surface of the studied nbbdSince the
microstructures are similar in middle layer ancefmaurface (Figs. 4), the pole figures in Figs.
5(c) and (d) could represent the whole ribbongs keen that the austenite has a strong fiber
texture with the <100#/ND (the normal to ribbon plane), which is consigtwith the typical
texture of cubic metals formed during solidificatjavhere the <100> direction of each crystal,
or grain, is close to the heat transfer directithve ND direction is the maximum cooling rate
direction in the studied melt-spun ribbons [38,.68Mbreover, as Fig. 5(d) shows, the martensite
also exhibits a fiber type texture with the <O}0AND, which should be attributed to the texture
inheritance from the austenite through the speoffientation relationship between austenite and
martensite [65].

With the determined crystal structure and micragtme information, the observation of a
low thermal hysteresis in the presently studietdoiis can be discussed. As is known to us, the
hysteresis loss is closely related to the stressagition layer appearing at the interface regions
between austenite and martensite during the stalcttansition, owing to the geometrical
mismatch between both phases that gives rise tari@eb that should be overcome with the
corresponding energy consumption [23, 28]. In thietine geometrical compatibility between
austenite and martensite can be quantitativelyuetadl by the so-called cofactor conditions
[28]. Ideal geometrical compatibility requires themiddle eigenvalue), of the 3x3
‘transformation stretch matrix and the norm%; (X, = U™ 4]) andX, (X, = JUé|) for type-I and
type-1l twins equal to 1, wher@is the unit vector aligned with the two-fold axassociated to
these twins. With the determined lattice parametéraustenite and martensite, we found that
12=1.0014,X, = 1.0104 and;= 0.9954 in the investigated ribbon. Note that ¢iesX, and X
values are very close to 1, suggesting a good geimalecompatibility between the austenite and
the martensite in the synthesizedsdNinss»dni4.75 melt-spun ribbon. In the crystallographic
theory of martensitic transformation [25, 63], thendition A, = 1 denotes that a single
martensite variant can form an invariant plahabit plang with austenite, which is in good
agreement with our microstructural investigatiofig) ( 5(b)).

It is well known that the microstructure of matésidas also an important effect on the
hysteresis [31-33]. The melt-spun ribbons studiedhie present work show a grain-refined

microstructure with an average grain size (inigabktenite) of around 10m. This is about 10



times smaller than the one typically found in thekballoys (> 100 pm) [62]. As the grain
boundary regions of initial austenite favor the leation of the new phase (Fig. 5(b)), the fine
microstructure could be able to reduce the enengy the structural transition demands, thus
reducing the hystereses loss. A similar grain gffect on hystereses was also observed in
GdGe, alloy [33]. Moreover, theoretically, the texturémoaterials might be also linked to the
hysteresis behavior. As can be seen in the dastredhbFig. 5(a), the martensite plates within
the adjacent austenite grains stretch in closectitres, which is generally observed in highly-
textured NiMn-based alloys [40, 66]. With respextthe strain accommodation of martensitic
transformation in the vicinity of grain boundary5[263], the lattice distortion induced by the
structural transition should be more easily acconteited in neighboring grains with a similar
orientation than in those with random orientatiortsus, the strong texture of the studied ribbons
might be favorable to reduce the hystereses lossidBs, recently, it is reported that the thin
thickness of ribbon samples has also a positiveceffo narrow the thermal hysteresis in
NissMngeSny; alloy [32].

4.CONCLUSIONS

In summary, the crystallographic and microstrudturstudies carried out on
NisoMngs 29Nn14.75 ribbons fabricated by conventional melt-spinnirgchinique exhibiting a
moderate maximum value of the magnetic entropy gaall J-kg-K* at 5 T), and a low
thermal (6 K) and magnetic field induced hysterd6ig3 J-kg at 2 T), showed that: a) the
austenite and martensite phases have a cubiand®monoclinic incommensurate 6M modulated
structure (superspace group #/m(a0y)00), respectively); b) the ribbons exhibit a fine
microstructure with an average grain size of thBainaustenite phase of around fth and a
strong fiber texture of both austenite and martengie. <100>//ND and <010% //ND); c)
during the inverse martensitic transformation,dhstenite primarily forms at the initial austenite
grain boundaries; and d) a good geometrical coriiti between austenite and martensite is
confirmed based on the cofactor conditions analy3ésis, the low thermal hysteresis and
reduced resistance to the magnetostructural tramatmon observed in the studied melt-spun

ribbons should result from the favorable combimatb these aforementioned factors.



ACKNOWLEDGEMENTS

This work is supported by the National Natural 8cee Foundation of China (Grant No.
51431005, 51571056, 51771048, 51771044, 51601033xporatorio Nacional de
Investigaciones en Nanociencias y NanotecnologitNAN, IPICYT), the Fundamental
Research Funds for the Central Universities (GRmtN170203009), the 111 Program of China
(Grant No. B07015), and the French State through Rhogram “Investment in the future”
operated by the National Research Agency and refeceby ANR-11-LABX-0008-01 (LabEx
DAMAS). J.L. Sanchez Llamazares acknowledges thepeu received from Laboratorio
Nacional de Investigaciones en Nanociencias y Nmmaiogia (LINAN, IPICyT). C.F.
Sanchez-Valdés is grateful to DMCU-UACJ for supgrhis research work through PFCE and
academic mobility grants; the financial supportereed from CONACYT and PRODEP-SEP,

Mexico, is also acknowledged.

REFERENCES

[1] T. Krenke, E. Duman, M. Acet, E.F. WassermaKn,Moya, L. Manosa, A. Planes,
Inverse magnetocaloric effect in ferromagnetic Nm\8n alloys, Nat. Mater. 4 (2005) 450-454.
[2] R. Kainuma, Y. Imano, W. Ito, Y. Sutou, H. Mtwj S. Okamoto, O. Kitakami, K.
Oikawa, A. Fujita, T. Kanomata, K. Ishida, Magndteld-induced shape recovery by reverse
phase transformation, Nature 439 (2006) 957-960.

[3] B. Hernando, J.L.S. Llamazares, J.D. Santod,. anchez, L. Escoda, J.J. Sunol, R.
Varga, C. Garcia, J. Gonzalez, Grain oriented NiNMr#d NiMnin Heusler alloys ribbons
produced by melt spinning: Martensitic transforrmatand magnetic properties, J. Magn. Magn.
Mater. 321 (2009) 763-768.

[4] X.G. Zhao, C.C. Hsieh, W.C. Chang, W. Liu, Z.Zhang, Effects of Si substitution on
phase transformation and exchange bias iMYi—In ribbons, J. Phys. Conf. Ser. 266 (2011)
012128.

[5] J.L. Sanchez Llamazares, H. Flores-Zuniga, &cBez-Valdes, C.A. Ross, C. Garcia,
Refrigerant capacity of austenite in as-quenched annealed NiiMns;dn;z7 melt spun
ribbons, J. Appl. Phys. 111 (2012) 07A932.

[6] J. Liu, T. Gottschall, K.P. Skokov, J.D. Moor®, Gutfleisch, Giant magnetocaloric
effect driven by structural transitions, Nat. Matkt (2012) 620-626.

[7] J.I. Perez-Landazabal, V. Recarte, V. Sanchiezeas, S. Kustov, D. Salas, E. Cesari,
Effect of magnetic field on the isothermal transfation of a Ni-Mn-In—-Co magnetic shape
memory alloy, Intermetallics 28 (2012) 144-148.

[8] L. Gonzalez-Legarreta, T. Sanchez, W.O. Ros&akcia, D. Serantes, R. Caballero-
Flores, V.M. Prida, L. Escoda, J.J. Sunol, V. KoledB. Hernando, Annealing influence on the
microstructure and magnetic properties of Ni-Mnalloys ribbons, J. Supercond. Novel. Magn.
25 (2012) 2431-2436.



[9] L. Gonzalez-Legarreta, D. Gonzalez-Alonso, WRDsa, R. Caballero-Flores, J.J. Sunol,
J. Gonzalez, B. Hernando, Magnetostructural phasesition in off-stoichiometric Ni-Mn-In
Heusler alloy ribbons with low In content, J. Madgfagn. Mater. 383 (2015) 190-195.

[10] D.M. Liu, D.Y. Cong, X.M. Sun, H.Y. Chen, Z.Hie, Z. Chen, Y. Zhang, C. Zhu, Y.H.
Qu, J. Zhu, Y.D. Wang, Low-hysteresis tensile safasticity in a Ni-Co—Mn-Sn magnetic
shape memory microwire, J. Alloy Compd. 728 (2085%-658.

[11] Z. Yang, D.Y. Cong, X.M. Sun, Z.H. Nie, Y.D. &g, Enhanced cyclability of
elastocaloric effect in boron-microalloyed Ni-Mn-magnetic shape memory alloys, Acta
Mater. 127 (2017) 33-42.

[12] W. Maziarz, A. Wojcik, J. Grzegorek, A. ZywdzaP. Czaja, M.J. Szczerba, J.
Dutkiewicz, E. Cesari, Microstructure, magneto-stimwal transformations and mechanical
properties of NjoMns7sSm» 5.dnk (x=0, 2, 4, 6% at.) metamagnetic shape memory skbaytered
by vacuum hot pressing, J. Alloy Compd. 715 (20145-453.

[13] R. Chulist, L. Straka, A. Sozinov, T. TokarskiV. Skrotzki, Branched needle
microstructure in NtMn—Ga 10M martensite:EESD study, Acta Mater. 128 (2017) 113-119.
[14] S. Pandey, A. Quetz, P.J. Ibarra-Gaytan, Sdnchez-Valdes, A. Aryal, I. Dubenko, D.
Mazumdar, J.L.S. Llamazares, S. Stadler, N. Alig&t of annealing on the magnetic properties
and magnetocaloric effects of B doped Ni—-Mn-In rsgltin ribbons, J. Alloy Compd. 731
(2018) 678-684.

[15] A.M. Tishin, Magnetocaloric effect in the wgoty of phase transitions, in: K.H.J.
Buschow (Ed.), Handbook of magnetic materials, ¥@l. Elsevier, Amsterdam, 1999, pp. 395-
524.

[16] V. Franco, J.S. Blazquez, B. Ingale, A. Contlee magnetocaloric effect and magnetic
refrigeration near room temperature: Materials amatlels, Annu. Rev. Mater. Res. 42 (2012)
305-342.

[17] P. Lazpita, J.M. Barandiaran, J. Gutiérrez,Mandelli, A. Sozinov, V.A. Chernenko,
Polarized neutron study of NVin-Ga alloys: Sitespecific spin density affected by martensitic
transformation, Phys. Rev. Lett. 119 (2017) 155701.

[18] P. Lazpita, M. Sasmaz, E. Cesari, J.M. Barard, J. Gutiérrez, V.A. Chernenko,
Martensitic transformation and magnetic field indd@ffects in Ni,CosMn3zeSm; metamagnetic
shape memory alloy, Acta Mater. 109 (2016) 170-176.

[19] P. Czaja, W. Maziarz, J. Przewoznik, A. ZywikczB. Ozga, M. Bramowicz, S. Kulesza, J.
Dutkiewicz, Surface topography, microstructure amagnetic domains in Al for Sn substituted
metamagnetic Ni-Mn-Sn Heusler alloy ribbons, Intetatlics 55 (2014) 1-8.

[20] Zz.B. Li, Z.Z. Li, B. Yang, Y.D. Zhang, C. Es8lg, X. Zhao, L. Zuo, Large low-field
magnetocaloric effect in a directionally solidifiedisoMn1sCu;,Clps alloy, Intermetallics 88
(2017) 31-35.

[21] A. Wojcik, W. Maziarz, M.J. Szczerba, M. SikgrA. Ywczak, C.O. Aguilar-Ortiz, P.
Alvarez-Alonso, E. Villa, H. Flores-Zuniga, E. Casal. Dutkiewicz, V.A. Chernenko,
Transformation behavior and inverse caloric effegts magnetic shape memory i
xCWCosMnzeSy; ribbons, J. Alloy Compd. 721 (2017) 172-181.

[22] X.L. Wang, F. Sun, J.M. Wang, Q. Yu, Y.Y. WH, Hua, C.B. Jiang, Influence of
annealing temperatures on the magnetostructuralsitien and magnetocaloric effect of
NizoC010Mn4eSmo powders, J. Alloy Compd. 691 (2017) 215-219.

[23] Y.T. Song, X. Chen, V. Dabade, T.W. ShieldDRJames, Enhanced reversibility and
unusual microstructure of a phase-transforming radté&ature 502 (2013) 85-88.



[24] M. Brokate, Hysteresis and phase transiti@minger-Verlag, New York, 1996.

[25] K. Bhattacharya, Microstructure of martensiéhy it forms and how it gives rise to the
shape-memory effect, Oxford University Press, OQXf@003.

[26] V.K. Pecharsky, K.A. Gschneidner Jr., Y. Mukiryp. Paudyal, Making the most of the
magnetic and lattice entropy changes, J. Magn. Misigiter. 321 (2009) 3541-3547.

[27] D.V. Ragone, Thermodynamics of materials, Wildew York, 1995.

[28] Z.Y. Zhang, R.D. James, S. Mlller, Energy leas and hysteresis in martensitic phase
transformations, Acta Mater. 57 (2009) 4332-4352.

[29] E. Stern-Taulats, P.O. Castillo-Villa, L. Mas& C. Frontera, S. Pramanick, S. Majumdar,
A. Planes, Magnetocaloric effect in the low hysteseNi-Mn—In metamagnetic shape-memory
Heusler alloy, J. Appl. Phys. 115 (2014) 173907.

[30] V. Srivastava, X. Chen, R.D. James, Hysterasid unusual magnetic properties in the
singular Heusler alloy MiCosMnaoSmio, Appl. Phys. Lett. 97 (2010) 014101.

[31] O. Gutfleisch, T. Gottschall, M. Fries, D. Ben I. Radulov, K.P. Skokov, H. Wende, M.
Gruner, M. Acet, P. Entel, M. Farle, Mastering leyssis in magnetocaloric materials, Phil.
Trans. R. Soc. A 374 (2016) 20150308.

[32] Y. Zhang, Q. Zheng, W. Xia, J. Zhang, J. Du,Yan, Enhanced large magnetic entropy
change and adiabatic temperature change gMXisSm; alloys by a rapid solidification method,
Scripta Mater. 104 (2015) 41-44.

[33] J.D. Moore, G.K. Perkins, Y. Bugoslavsky, M.Rhattopadhyay, S. Roy, P. Chaddah,
V.K. Pecharsky, K.A. Gschneidner Jr., L. Cohen, &ty the operational magnetic field in the
prototype magnetocaloric systemd{G&, by approaching the single cluster size limit, Aggys.
Lett. 88 (2006) 072501.

[34] T. Gottschall, E. Stern-Taulats, L. Manosa, Planes, K.P. Skokov, O. Gutfleisch,
Reversibility of minor hysteresis loops in magnelodc Heusler alloys, Appl. Phys. Lett. 110
(2017) 4.

[35] T. Gottschall, K.P. Skokov, B. Frincu, O. datch, Large reversible magnetocaloric
effect in NFMn—In—Co, Appl. Phys. Lett. 106 (2015) 021901.

[36] J.D. Santos, T. Sanchez, P. Alvarez, M.L. ®aac J.L. Sanchez Llamazares, B.
Hernando, L. Escoda, J.J. Sufol, R. Varga, Micuasire and magnetic properties of
NisoMn37Sni3 Heusler alloy ribbons, J. Appl. Phys. 103 (20083826.

[37] J.L. Sdnchez Llamazares, B. Hernando, C. @arki Gonzalez, L. Escoda, J.J. Sufiol,
Martensitic transformation in Bj4Mnzsdnis7 melt spun ribbons, J. Phys. D: Appl. Phys. 42
(2009) 045002.

[38] Z. Li, J. Wang, Y. Zhang, K. He, X. Zhao, Lud, G. Hofer, C. Esling, Texturation of
Ni—Co—Mn-In Ribbons by Melt Spinning, Adv. Eng. Mat 12 (2010) 1024-1028.

[39] X.G. Zhao, C.C. Hsieh, J.H. Lai, X.J. Cheng,GVNChang, W.B. Cui, W. Liu, Z.D.
Zhang, Effects of annealing on the magnetic entd@nge and exchange bias behavior in melt-
spun Ni—-Mn-In ribbons, Scripta Mater. 63 (2010) 2Z43.

[40] Z.B. Li, J.L. Sanchez Llamazares, C.F. Saneétialziés, Y.D. Zhang, C. Esling, X. Zhao,
L. Zuo, Microstructure and magnetocaloric effectri@lt-spun Nj:Mn,sGa, ribbon, Appl. Phys.
Lett. 100 (2012) 174102.

[41] Zz.B. Li, B. Yang, N.F. Zou, Y.D. Zhang, C. by, W.M. Gan, X. Zhao, L. Zuo,
Crystallographic characterization on polycrystalifli-Mn—-Ga alloys with strong preferred
orientation, Materials 10 (2017) 20.



[42] F. Bachmann, R. Hielscher, H. Schaeben, Texturalysis with MTEX — Free and Open
Source Software Toolbox, Solid State Phenom. 16Q@R63-68.

[43] Y.B. Yang, X.B. Ma, X.G. Chen, J.Z. Wei, R. Wl1Z. Han, H.L. Du, C.S. Wang, S.Q.
Liu, Y.C. Yang, Y. Zhang, J.B. Yang, Structure aahange bias of BjMn3;Sns ribbons, J.
Appl. Phys. 111 (2012) 07A916.

[44] J. Sharma, K. Suresh, Observation of largeharge bias effect in bulk MgNi Sy
Heusler alloy, IEEE Trans. Magn. 50 (2014) 1-4.

[45] K. Prusik, E. Matyja, M. Kubisztal, M. Zubkd®. Swadzb, Magnetic properties and
structure of the Ni-Co—-Mn-In alloys with the boraddition, Acta Phys. Pol. A 131 (2017)
1240-1243.

[46] J.L. S4nchez Llamazares, B. Hernando, V.Md&riC. Garcia, J. Gonzalez, R. Varga,
C.A. Ross, Magnetic field influence on the struaturansformation in ferromagnetic shape
memory alloy MggNiolnio melt spun ribbons, J. Appl. Phys. 105 (2009).

[47] H.L. Yan, C.F. Sanchez-Valdes, Y.D. Zhang, $hnchez Llamazares, Z.B. Li, B. Yang,
C. Esling, X. Zhao, L. Zuo, Crystallographic charaitics and magnetcocaloric effect of
Ni—Co—Mn-In ribbon (preparation), (2017).

[48] T. Gottschall, K.P. Skokov, D. Benke, M.E. Geu, O. Gutfleisch, Contradictory role of
the magnetic contribution in inverse magnetocalbteusler materials, Phys. Rev. B 93 (2016)
184431.

[49] A.S.B. Madiligama, P. Ari-Gur, Y. Ren, V.V. Kedov, E.T. Dilmieva, A.P. Kamantsev,
A.V. Mashirov, V.G. Shavrov, L. Gonzalez-LegarreBaH. Grande, Thermal and magnetic
hysteresis associated with martensitic and magmpétase transformations in $ingsingsCor
Heusler alloy, J. Magn. Magn. Mater. 442 (2017)385-

[50] B. Banerjee, On a generalised approach té &mngl second order magnetic transitions,
Phys. Lett. 12 (1964) 16-17.

[51] A.M. Tishin, Y.l. Spichkin, The magnetocalorgtfect and its applications, CRC Press,
Bristol, 2003.

[52] X.C. Zhong, J.X. Min, Z.G. Zheng, Z.W. Liu, ©O. Zeng, Critical behavior and
magnetocaloric effect of GeMnss_Ge (X =0, 5, and 10) melt-spun ribbons, J. Appl. Phys. 112
(2012) 033903.

[53] A. Yan, K.H. Miller, O. Gutfleisch, Magnetocaic effect in LaFe sy C0oSii2 melt-
spun ribbons, J. Alloy Compd. 450 (2008) 18-21.

[54] K.A. Gschneidner Jr., V.K. Pecharsky, A.O. Hslp Recent developments in
magnetocaloric materials, Rep. Prog. Phys. 68 (R08%9-1539.

[55] N.F. Zou, Z.B. Li, Y.D. Zhang, C.F. Sanchezl¥es, J.L. Sanchez Llamazares, C. Esling,
B. Yang, X. Zhao, L. Zuo, Transformation procespeatelent magnetocaloric properties of
annealed NbMn;sCu;Gas ribbons, J. Alloy Compd. 698 (2017) 731-738.

[56] H.L. Yan, Y.D. Zhang, N. Xu, A. Senyshyn, H.-Brokmeier, C. Esling, X. Zhao, L.
Zuo, Crystal structure determination of incommeatairmodulated martensite in Ni-Mn-In
Heusler alloys, Acta Mater. 88 (2015) 375-388.

[57] T. Krenke, M. Acet, E.F. Wassermann, X. MokaMafiosa, A. Planes, Ferromagnetism
in the austenitic and martensitic states ofMin—In alloys, Phys. Rev. B 73 (2006) 174413.

[58] A. Le Bail, H. Duroy, J.L. Fourquet, Ab-initistructure determination of LiSbW®y X-
ray powder diffraction, Mater. Res. Bull. 23 (1988)7-452.

[59] S. Van Smaalen, Incommensurate crystallogragbyford University Press, Oxford,
2007.



[60] P. Devi, S. Singh, K. Manna, E. Suard, V. ek, C. Felser, D. Pandey, Adaptive
modulation in NiMn; 4Ing s magnetic shape memory Heusler alloy, arXiv (2063)1.06688.

[61] H.L. Yan, C.Y. Zhang, Y.D. Zhang, X.L. Wang,. Esling, X. Zhao, L. Zuo,
Crystallographic insights into Ni-Co—Mn-In metamagio shape memory alloys, J. Appl. Cryst.
49 (2016) 1585-1592.

[62] H.L. Yan, B. Yang, Y.D. Zhang, Z.B. Li, C. Hsf), X. Zhao, L. Zuo, Variant
organization and mechanical detwinning of modulatettensite in Ni-Mn-In metamagnetic
shape-memory alloys, Acta Mater. 111 (2016) 75-84.

[63] C.M. Wayman, Introduction to the crystallogngp of martensitic transformations,
Macmillan, New York, 1964.

[64] D.M. Stefanescu, Science and engineering aftimg solidification, Springer-Verlag,
New York, 2009.

[65] Z.B. Li, Y.W. Jiang, Z.Z. Li, Y.Q. Yang, B. Y&, Y.D. Zhang, C. Esling, X. Zhao, L.
Zuo, Texture inheritance from austenite to 7 M mrsite in NFtMn—Ga meltspun ribbons,
Results Phys. 6 (2016) 428-433.

[66] J. Liu, T.G. Woodcock, N. Scheerbaum, O. @igith, Influence of annealing on
magnetic field-induced structural transformatiord anagnetocaloric effect in Ni-Mn-In-Co
ribbons, Acta Mater. 57 (2009) 4911-4920.



1. Textured NispM nss 251N14.75 ribbons with low hysteresis were fabricated.
2. Martensite with 6M structure has a self-accommodated microstructure.
3. Lattices of austenite and martensite have a good geometrical compatibility.

4. Origin of low hysteresis was discussed based on crystal structure and microstructure.



