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Abstract: Structural, microstructural, and magnetic properties of Heusler NispMnsg_yIny (x =5
and 10) ribbons have been investigated by X-ray diffraction (XRD), scanning electron microscopy
(SEM) coupled with energy dispersive X-ray spectroscopy (EDS), differential scanning calorimetry
(DSC), and vibrating sample magnetometry (VSM). The as quenched NispMnysIns ribbons exhibit a
mixture of monoclinic 14M (a = 4.329(3) A, b = 5.530(3) A, and ¢ = 28.916(3) A), and tetragonal L1
(a=b=3533(3) A, and ¢ = 7.522(3) A) martensite structures, while NisoMnyoIn ribbons display
a single monoclinic 14M phase (a = 4.262(3) A b= 5.692(3) A, and ¢ = 29.276(3) A). After three
heating/cooling cycles, in the temperature range of 303-873 K, the Rietveld refinement of the XRD
patterns revealed the presence of a single 14M martensite for Ni50Mn45In5 ribbons, and a mixture of
cubic L2y (31%) and 14M (69%) phases for NisoMnygInjg ribbons. The characteristic temperatures
of the martensitic transition (Agtayt, Aﬁnish/ Mtart, and Mﬁnish)r the thermal hysteresis temperature
width, and the equilibrium temperature decreased with increasing indium content and heating cycles.
The samples show a paramagnetic like behavior in the as quenched state, and a ferromagnetic like
behavior after the third heating/cooling cycle.

Keywords: NiMn-based alloys; martensitic transition; XRD; thermal analysis; magnetic properties

1. Introduction

Great attention has been devoted to studying materials that show moderate magnetic
entropy change values for their possible application as magnetic refrigerant materials near
room temperature [1-3]. Off-stoichiometric Ni-Mn-Z (Z = Ga, In, Sn, Sb) Heusler alloys
have several physical properties, such as magnetic shape memory, magnetocaloric effect,
magnetic super-elasticity, exchange bias, and magnetoresistance [4-7]. Consequently, these
alloys are of current interest due to their several technological applications as a magnetic
coolant for magnetic refrigeration, magnetic actuated devices, and spintronic devices. Most
of these functional properties are related to the first order magneto-structural transition
from weak magnetic martensite to ferromagnetic austenite due to the strong magneto-
structural coupling. The relationship between the magnetic and structural properties
depends on the atomic ordering, outer electron to atom density (e/a), particle size, and
preparation conditions [8,9]. The magnetic nature of the martensite in off-stoichiometric
Ni-Mn based Heusler alloys is complex because the magnetic exchange is closely linked
to the Mn-Mn interatomic distance. The magnetism is basically determined by the Mn
magnetic moments through an indirect exchange interaction via conduction electrons [10].
The coupling between Mn atoms is very sensitive to the electron concentration and inter-
atomic distance. Hence, the exchange coupling between Mn atoms in their regular sites
is ferromagnetic (FM), whereas Mn atoms in the Ni and/or In anti-sites interact antifer-
romagnetically (AFM). Furthermore, due to the importance of the magnetic core/shell
particles in electronics, composite materials, and catalysis [11], the effect of the exchange
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interactions at interfaces between FM/AFM layers or between the core and the shell in
NiMn-based alloys were investigated [12-14]. The stoichiometric Ni;MnIn Heusler alloy
crystallizes into a cubic L2 austenite structure with Fm3m space group. By lowering
the temperature, the austenite structure undergoes a modulated and/or non-modulated
martensitic phase transition. Usually, the non-modulated martensite has a body centred
tetragonal (bct) crystal structure, and the modulated martensite might be orthorhombic
or monoclinic. Basically, almost of the physical properties of materials are related to their
microstructure and crystal structure [15], since the phase transition can be affected by the
alloy composition, interatomic distances, and electronic band structure [16].

The effect of annealing on the chemical composition, atomic rearrangement, structural
transition temperature, and magnetic properties in NiMn-based Heusler alloys has been
largely explored [17,18]. The annealing of Nisp ¢Mns3435n13 1 ribbons for 2 h at 550 °C leads
to a reduction in the interatomic distances, an enhancement of the saturation magnetization,
and strengthening of FM interactions [18]. Large magnetoresistance associated with a signif-
icant shift in the martensitic transformation temperature was observed in Nigs 1Mny4 2Sn11 7
ribbons, after only 10 min of annealing at 850 °C [19]. By increasing the thermal treatment
temperature, the martensitic transition temperature of NiggMn3g 55ng 5 Al3 ribbons increases
and the exchange bias decreases. However, the effect of the thermal cycling on the thermal
stability and magnetic properties has been less considered. Therefore, the present work
was carried out to study the effect of heating/cooling cycles, in the temperature range of
303-873 K, on the structural stability and magnetic properties of the melt spun NispMnysIns
and NispMnypInjo Heusler ribbons. The main differences between the present work and
those reported earlier are concerned with the heat treatment. For the isothermal conditions,
the annealing is performed at a given temperature for a certain time. When the temperature
is high, the time is relatively short and vice versa. This is the case of Nigg1Mny4,5n17 7
(800 °C, 10 min) and Nisp ¢Mnze 351131 (550 °C, 2 h) ribbons. In our study, a cyclic heat
treatment is performed in a temperature range. This is a non-isothermal heat treatment.

2. Materials and Methods

Polycrystalline NispMnysIns and NisgMnylng alloys, henceforth referred to as In5
and In10, respectively, were prepared by arc melting in a MAM-1 (Edmund Biihler GmbH,
Bodelshausen, Germany) compact arc melter, in a water-cooled copper crucible under argon
atmosphere from pure (99.98%) Ni, Mn, and In materials (Sigma Aldrich, Saint Louis, MO,
USA). The ingots (5 g weight) were remelted several times to ensure a good homogeneity.
The ribbons were obtained in a MSP10 melt spinning system (Edmund Biithler GmbH,
Bodelshausen, Germany) under argon atmosphere (400 mbar) onto a polished surface of
copper wheel rotating at a linear speed of 40 m/s, with a nozzle wheel distance of 3 mm,
an orifice diameter of 0.5 mm, and an injection pressure of 500 mbar. The thickness, width,
and length of the obtained ribbons were 15 pm, 1.5 mm, and 2-3 c¢m, respectively.

Structure and microstructure were investigated by X-ray diffraction (XRD) on a D8
Advance diffractometer (Siemens/Brucker, Billerica, MA, USA) in a 6-2 6 Bragg Brentano
geometry using Cu-Ka radiation (Ac, = 1.54056 A) and scanning electron microscopy
(SEM) Zeiss DSM-960A (Siemens/Brucker, Billerica, MA, USA) equipped with energy
dispersive X-ray spectrometry (EDS), respectively. The average crystallite size, <L>, root-
mean square (r.m.s.) microstrains, <02>1/2 lattice parameters (a, b, ¢), B angle, and phase
proportion (percentage) were obtained from the Rietveld refinement of the XRD patterns
by the MAUD program (University of Trento, Trento, Italy) [20] which is based on the
Rietveld method [21]. The XRD measurements have been performed on the powder for the
heat-treated HT3-In5, and HT3-In10 samples, and on the free and wheel surfaces together
for the as quenched ribbons (AQ-In5 and AQ-In10).

Thermal analysis was studied by differential scanning calorimetry (DSC) in a DSC
Q2000 (TA Instruments, New Castle, DE, USA) in the temperature range of 303-873 K at a
heating/cooling rate of 20 K/min. In order to check the thermal stability of the produced
ribbons, one, two, and three heating/cooling cycles were performed on the In5 and In10
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samples, and the heat-treated samples were named HT1-In5, HT2-In5, HT3-In5, HT1-In10,
HT2-In10, and HT3-In10, respectively. The hysteresis loops of the as quenched and heat-
treated samples were measured in a vibrating sample magnetometer (VSM) LakeShore
7404 (Lake Shore, Westerville, OH, USA) at room temperature (300 K) under maximum
external magnetic field of 20 kOe.

3. Results and Discussion
3.1. Structure

The XRD patterns of the as quenched (juxtaposed F and W sides) and heat-treated
(powders) In5 and In10 ribbons at room temperature, contain many diffraction peaks
in the 26 range of 39-48° characteristic of the martensitic structure (Figure 1). The peak
broadening of the as quenched ribbons might be correlated to the atomic disorder that is
induced during the rapid solidification. Moreover, the difference between the XRD patterns
of AQ (Figure 1a), HT3 (Figure 1b), and AQ/HTS3 (Figure 1c,d) ribbons can be attributed
to the indium content, preferred orientations (texture), internal stresses, crystallographic
structure, and phase’s formation/transformation. For example, the crystallographic struc-
ture changes might be attributed to the indium content and heat treatment as shown in
Figure 1a,b, while the variation in the peak intensities can be related to the texture in the
as quenched state (Figure 1c,d). The preferential orientation is favored by the existence
of columnar grains between both W and F sides of ribbons. Furthermore, the enhanced
reflection intensities of the heat-treated ribbons can be ascribed mainly to the reduction
of internal stresses and structural defects. Additionally, the structural transformation
is evidenced by the appearance of new diffraction peaks, as indicated by symbols in
Figure 1c,d, for HT3-In5 and HT3-In10, respectively. Accordingly, the Rietveld refinement
was performed by using either a single or two phases.
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Figure 1. XRD patterns of AQ-In5/AQ-In10 (a), HT3-In5/HT3-In10 (b), AQ-In5/HT3-In5 (c), and AQ-In10 /HT3-In10 (d)
samples, in the 26 range of 35-55°, showing the effect of the composition and/or heat treatment.

Figure 2 shows the Rietveld refinement of the XRD patterns, whereas the alloys from
the top to bottom are AQ-In5, HT3-In5, AQ-In10, and HT3-In10, respectively. For the as
quenched samples, the Rietveld refinement reveals the coexistence of the non-modulated
L1y (=86%) and modulated 14M (~14%) martensite structures for the AQ-In5, and a single
modulated 14M structure for the AQ-In10. The formation of the martensite structures
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in both alloys can be related to the fast solidification from the melt that yields a rapid
crystallization, and implies the existence of a greater amount of structural defects, such as
point defects, dislocations, grain boundaries, stacking faults, etc. Moreover, the thermal
gradient between the wheel and free surfaces of the ribbons gives rise to internal stresses.
Furthermore, the coexistence of two martensitic phases in the AQ-In5 can be attributed to
the rapid solidification from high temperature, and the closeness of their stability.

The non-modulated L1 has a tetragonal structure belonging to space group P4/mmm,
and the modulated 14M has a monoclinic structure belonging to space group P2;/m. The
illustration of tetragonal L1y and monoclinic 14M crystal structures are displayed in Figure 3.
The face centered tetragonal L1 structure is derived from the B2 phase by the distortion of
the cubic lattice formed without modulation. Thus, the appearance of L1y martensite in the
AQ-In5 ribbons can be related to the high level of internal stresses and defects. Furthermore,
the formation of the modulated 14M martensite structure can be attributed to the reduction
of the constraint stress which is introduced during the structural transition from the B2
to 14M structures through the volume change. The modulation might be necessary to
accommodate the martensitic domain on the interface (habitat plane) between the martensite
and austenite, which is invariant across the structural transition, to keep low transformation
energy [22]. Several structures can exist in the modulated and non-modulated martensite
depending on the chemical composition, temperature, and production method. Indeed,
the obtained result regarding the coexistence of the L1y and 14M martensite structures in
the AQ-In5 sample is different from those reported for the NispMnysIns alloys prepared
by arc melting followed by annealing at 1073 K for 2 h [5] and 5 days [12], where a single
L1y martensite structure was obtained. Those differences might be attributed to the higher
density of structural defects (mainly dislocations) in the rapid quenched materials compared
to that in the arc-melted bulk materials [23]. The inhomogeneous behavior of the melt-spun
ribbons might be associated with the high level of internal stresses due to the constraint
effect among solidified areas at different temperatures. Consequently, some areas transform
at higher /lower temperatures and some other regions remain untransformed, even upon
further cooling. Besides, the structure of the transformed zones fluctuates spatially from
faulted L1y to faulted 14M with a changeable periodicity.

The XRD patterns of the heat-treated samples (HT3-In5 and HT3-In10) reveal the pres-
ence of a modulated martensite structure. Furthermore, the increase of the diffraction peaks
intensity and their narrowing after the third heating/cooling cycle might be attributed to
the reduction of internal stress, atomic disorder, and defects, as well as to the increase of the
crystallite size of the 14M martensite structure (Table 1). Besides, the disappearance of the
L1p peaks and the emergence of new reflections on either side of the main diffraction peak
can be attributed to the transformation of the tetragonal L1 to monoclinic 14M structure
in the case of HT3-In5 ribbons. However, in the case of the HT3-In10 ribbons, the XRD
pattern displays, in addition to the same Bragg peaks as those of AQ-In10 ribbons in the 26
range of 39-48°, the presence of new peaks at about 39.37°, 42.63°, and 50.55° characteristic
of the cubic L2; structure. The Rietveld refinement of the XRD patterns was achieved with
a single 14M structure for the HT3-In5, and a mixture of 14M and L2; structures for the
HT3-In10 ribbons (Figure 2). The obtained results from the Rietveld refinement are summa-
rized in Table 1. The L1y — 14M phase transformation might be allowed by the reduction
of internal stresses and defects. Upon heating/cooling cycles, the thermal stress slithers
the atomic planes of the tetragonal L1 structure in order to form the monoclinic 14M. In
Ni-Al melt-spun materials, it has been reported that the formation of the 14M structure
is controlled by both the Ni content and local stress configuration existing between the
transformed and untransformed areas. Furthermore, the 14M structure is stable in areas
with a slightly higher Ni content (below 63 at.%), while the Llj structure is stable in areas
with the highest Ni-content (above 63 at.%) [24]. The formation of the cubic L2; structure
in the HT3-In10 ribbons can be ascribed to the increase of atomic order degree, and to the
presence of In-rich region. Indeed, the Ni-Mn-In alloys exhibit an austenitic structure at
room temperature, for higher indium content (above 10%).
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Figure 2. Rietveld refinement of the XRD patterns of the as quenched (AQ-In5 and AQ-In10) and heat-
treated (HT3-In5 and HT3-In10) samples. The difference between the measured (dots) and calculated
(line) patterns is shown below (Diff.). The reliability factors are G.¢ = 1.2, Rwp(%) = 25.17, Rb(%) = 19.06,

and Rexp(%) = 22.27 for AQ-In5; G¢ = 1.4, Rwp(%) = 3.94, Rb(%) =

2.87, and Rexp(%) = 1.95 for HT3-

In5; Gyt = 1.35, Rwp(%) = 3.25, Rb(%) = 2.3, and Rexp(%) = 2.32 for AQ-In10; Gof = 1.26, Rwp(%) = 4.6,
Rb(%) = 3.14, and Rexp(%) = 2.6 for HT3-In10. The insets show the enlargement of the 26 range of 39-46°.
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Table 1. Structure, lattice parameters (a, b, c), f angle, average crystallite size, <L>, microstrains, <c*>

(b)

Figure 3. Illustration of monoclinic 14M (a) and tetragonal L1 (b) crystal structures.

fraction of AQ-In5, AQ-In10, HT3-In5, and HT3-In10 ribbons.
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Sample  Structure a(A) b (A) c(A) B (°)  Fraction +2(%) <L>+5nm (nm) <o2>"2+0.01
AQ-In5 L1, 3533(3)  3.533(3)  7.522(3)  90.00 86 145 0.60
14M 4.329(3) 5.530(3) 28.916(3)  93.04 14 97 0.06
HT3-In5 14M 4.293(3) 5.606(3) 29.043(3)  92.78 100 100 0.06
AQ-In10 14M 4262(3)  5.692(3)  29.276(3)  92.98 100 82 0.06
HT3-In10 14M 4.253(3) 5.147(3) 29.605(3) 89.3 69 100 0.06
L2y 6.069(3) 6.069(3) 6.069(3) 90.00 31 99 0.06

The average crystallite size of the 14M martensite decreases with increasing indium
content from 97 nm to 82 nm for the AQ-In5 and AQ-In10 ribbons, respectively, while it
increases to about 100 nm, after the third heating/cooling cycle for both alloys. Likewise,
the average crystallite size of the non-modulated L1y martensite (145 nm) is higher than
that of the modulated 14M martensite (97 nm). This is in agreement with the fact that
the amount of martensite increases with the crystallite size growth [25]. Moreover, the
L1y martensite has higher microstrains (=60%) than the 14M martensite (~6%) and L2;
austenite (=6%). Indeed, both L1y and 14M phases have a lamellar microstructure, but
the lamellae in the 14M phase are thinner than those in the L1y one. Therefore, a large
interfacial energy is generated in the non-modulated martensite variant because of its thick
lamellae, which increase the internal stresses and the microstrains rate [26].

The lattice parameters of the 14M structure vary as a function of indium content
and heat treatment. For the AQ-In10, the lattice parameters are lower than those of the
NispMnyplInyo bulk alloy [5], while the lattice parameters of the L1 are different from those
reported for the NisyMnysIns alloys [5,27]. The discrepancies between the present results
and those reported earlier might be ascribed to the experimental conditions, such as the
preparation method, alloy composition, and heat treatments (time and temperature), that
can influence the structure, phase transformation, structural defects, lattice parameters,
crystallite sizes, etc. For example, the prepared materials by melt spinning process present
a crystallite size refinement, directional growth (texture), atomic disorder, and high level of
internal stresses that can be relaxed by annealing.

3.2. Morphology

Figure 4 displays typical SEM images revealing the morphologies of the free surface (F),
wheel surface (W), and cross section of the as-spun In5 and In10 ribbons. The morphology of
the F and W surfaces differs considerably since W surface had contact with the wheel, while
the F surface shows the upper (“free”) side. The microstructure of the free surface exhibits
plate-like morphology characteristic of martensitic structure, while the wheel surface
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morphology consists of columns disposed parallel to the surface. The ribbons morphology
can be described by the ordered columnar microstructure that is disposed perpendicularly
to the ribbons plane from thin layer of small grains on the wheel surface, showing the
directional growth of the crystalline phase formed after heat removal by melt spinning
technique. The free surface exhibits characteristic elongated thin plates corresponding
to martensite variants. The In5 and In10 ribbons show different microstructures that can
be linked to the martensite variants. It is important to mention that there is a difference
between the crystallite size or coherent diffraction domains analysis in the XRD data, and
the grain analysis for the SEM data. Furthermore, since the martensite exhibits a lamellar
structure, it is therefore difficult to observe the grains in the SEM micrographs of the as
quenched samples.

Figure 4. SEM micrographs of the free surface (F), wheel surface (W), and cross section (right) of the AQ-In5 and AQ-In10
ribbons. The red arrow indicates the wheel contact surface.

The SEM morphologies of the heat-treated ribbons (HT1-In5, HT3-In5, HT1-In10, and
HT3-In10) show different microstructure compared to that of the as quenched samples
(Figure 5). Indeed, in addition to the plate like morphology of the martensite (Figure 5¢,d),
some regions reveal the presence of very small grains with spherical shape (Figure 5e).
Those differences might be linked to the variation of the martensite plate’s width, and
the formation of new precipitates, as indicated by the circles. Such morphology might be
correlated to the formation of the cubic L2 austenite structure in the HT3-In10 ribbons
and thus confirms the XRD results. One expects that this microstructure change might
affect the magnetic properties, such as the coercivity and saturation magnetization of the
heat-treated samples. Moreover, this change in microstructure indicates a variation of the
martensitic structure amount, and consequently, it may lead to a change in the martensitic
phase transition temperature.
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HT3-In10

Plate like

Figure 5. SEM micrographs after one and three heating/cooling cycles in the In-5 and In-10 samples:
(a) HT1-In5; (b) HT3-In5; (c) HT1-In10; and (d) HT3-In10 ribbons. The enlargement parts (e) reveal
different morphologies.

The elemental composition of the as quenched and heat-treated ribbons was performed
by energy dispersive X-ray spectrometry (EDS). To check the homogeneity of the samples,
the EDS spectra were taken from six different regions. The obtained results are collected
in Table 2. The atomic concentration ratio of the valence electrons, of which nickel has 10,
manganese 7, and indium 3, is calculated according to the following relationship:

10 x Ni.at% + 7 x Mn.at% + 3 x In.at%
e/a= 100 @)
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where Ni.at%, Mn.at%, and In.at% are the average atomic concentrations obtained for
each element. The elemental analysis (Table 2) shows a slight variation of Ni, Mn, and
In proportions. Those deviations might be related to the heterogeneities of the melt
spun ribbons, and/or to the evaporation of Mn and In during the melting process, since
their evaporation enthalpies are lower than that of the Ni (AHwmy (226 KJ/mol) < AHp,
(232 KJ/mol) < AHyj (370 KJ/mol). The corresponding atomic concentration ratios of In5
(8.34-8.37) and In10 (8.13-8.27) are slightly higher than the theoretical ones (8.3 for In5 and
8.1 for In10). Such divergence might influence the martensitic transformation temperature,
which can be twinned by the e/a ratio, Mn nearest neighbor interatomic distances, atomic
order degree, and crystallite size [28,29]. Furthermore, the ratio decreases with increasing
indium content, as expected.

Table 2. Elemental analysis and e/a ratio (theoretical and experimental) of the as quenched and
heat-treated In5 and In10 ribbons.

In5 In10
Element (at.%)
AQ-In5 HT1-In5 HT3-In5 AQ-In10 HT1-In10 HT3-In10
Ni 52.3 52.7 51.2 51.4 54.0 52.0
Mn 43.0 42.6 44.0 38.3 36.0 38.7
In 4.7 4.7 4.8 10.3 10.0 9.3
(ela) yreo 8.30 8.30 8.30 8.10 8.10 8.10
(ela) 8.37 8.39 8.34 8.13 8.27 8.18

exp

3.3. Thermal Analysis

Three successive DSC scans were performed on the In5 and In10 samples, as shown
in Figure 6. The produced ribbons exhibit a martensitic transition, above the room tem-
perature, characterized by an endothermic peak on heating and an exothermic peak on
cooling. Additionally, as the number of the heating/cooling cycle increases, the height
of the endothermic and exothermic peaks decreases (weak peaks), the transformation
temperature varies, and the transformation region is reduced. Consequently, the area
under the peak decreases from 44 ] /kg K to 39 J /kg K to 29 J/kg K after the first, second,
and third cycles, respectively, during the cooling of the In5 ribbons. The same trend is
observed for the In10 ribbons where the area under the peak is about 39 | /kg K, 21 J/kg K,
and 12.5 ] /kg K for the first, second, and third cycles, respectively. The reduction of the
area under the DSC peaks might be related to the structural evolution of the alloys. The
important decrease in the entropy of the In-10 ribbons can be related to the rise in the
atomic order. Undoubtedly, the increase of atomic order degree stabilizes the austenite
and leads, thus, to the reduction of the entropy and the shift of the martensitic transition
temperature. Indeed, if the alloy structure is cubic, the austenite to martensite transition
must be found below room temperature; while it is above room temperature if the phase
structure is tetragonal, monoclinic, or orthorhombic. Hence, the formation of the L2;
austenite phase in the HT3-In10 ribbons might explain the important reduction of the peaks
areas of the In-10 compared to those of the In5 ribbons. The decrease of the area under
the peaks can be thus correlated to the reduction of the amount of the martensite, which
might be confined to a small portion of the total volume as well as to the local composition
heterogeneities. Furthermore, the difference between the In5 and In10 behavior can be
related to the structural state of the as quenched ribbons.

The characteristic temperatures of the structural transition are denoted as martensite
start, Mstqrt, martensite finish, My;;s;, austenite start, Astqrt, and austenite finish, Ay,
(Table 3). The martensitic transformation temperature decreases with increased indium
content and the number of heating/cooling cycles. The transformation region can be

. g . Ms ari A inish . R
characterized by the equilibrium temperature (Ty = %), at which the Gibbs
energies of the martensite and austenite phases are equal. The slight decrease of Msart
temperature in In5 ribbons might be linked to the disappearance of the L1 structure after
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annealing. The width of the thermal hysteresis is an important parameter that describes
the structural transformation. It is defined as follows:

ATjys = Ap — M )

where A, and M, are the forward and reverse structural transition peak temperatures

givenby A, = M and M, = w The decrease of the thermal hysteresis
width, ATy, from 71 to 62.5 K to 61 K for In5, and from 60 to 34 K to 14 K for In10
after the first, second, and third cycles, respectively, is partly due to the removed defects

and released internal stresses. Those effects are considered to increase the equilibrium

. Astart+Mpgipi . . .
transformation temperature, T, = M [30]. Besides, the annealing increases the

degree of atomic order, which leads to the decrease of T;,. Accordingly, the reduction of Ty,
can be related to the decrease in the structural order effect and the composition change,
which affect the electron-to-atom ratio and leads, hence, to a change in the dps, — dpy,
interatomic distances. It is important to note that the high heating/cooling rate, leads to
over/underestimated finish temperatures.

0.3
In5 In10
Coolin
0.0 Cooling 0.2 — < g
_ (<4 Msi i
o S finish M
=-0.3 E 0.0 start
3 Afinish |3 A Agi:
2.06 Astart e 2 -0.2 start finish
© ® -
g_o ol — o % 04l Heating
. Heating cycle 1 cycle 1
cycle 2 cycle 2
1.2F . . ) cycle.3 . . -0.6 | cycle 3
660 690 720 750 780 810 440 480 520 560 800
TH T (K)

Figure 6. Three successive DSC scans of the AQ-In5 and AQ-In10 ribbons at a heating/cooling rate of 20 K/min.

Table 3. The measured characteristic transformation temperatures (Assrt, Aﬁm'shr Mgtart, and Mﬁnish)r
the calculated equilibrium (T), and thermal hysteresis (AT}ys) temperatures.

Samples In5 In10
Cycles 1 2 3 1 2 3

Aspar (K) £ 2 771 733 717 550 452 438
Afinish (K) £2 812 825 834 581 581 537
Mgyt (K) £2 743 740 739 543 528 512
Miisn (K) =2 698 693 690 468 437 435

To(K)£ 2 734.5 713 703.5 509 444.5 436.5
ATpys (K) £2 71 62.5 61 60 34 14

3.4. Magnetic Measurements

Figure 7 shows the hysteresis loops, at room temperature, of the as quenched and heat-
treated In5 and In10 ribbons, after one and three heating/cooling cycles in the temperature
range of 303-873 K. For the AQ-In5 and AQ-In10 ribbons, the variation of the magnetization
as a function of the applied magnetic field, M(H), exhibits nearly straight lines characteristic
of a paramagnetic (PM) like behavior due to the weakly magnetic martensite, and to the
local atomic disordering which leads to the FM coupling loss. The local atomic disordering
is a characteristic of the rapid quenching process. Hence, the stronger paramagnetic signal
in the AQ-In10 can be due to the structural state. Besides, the M(H) curves display a
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negative vertical shift (Figure 7a) that can be ascribed to the strong AFM interactions in the
martensite structure, and/or to the short-range AFM coupling in the Mn-rich areas.

(a) y 15 =I5 (c)
1.0 pe==In10
o - 10
3 & =
g 3 0.5 g, 5t
s g “ " “ E
z 500 Seey )
=
-5 -_/ ¥
1 05 1
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—In10 (b) —into| 1 ‘ e
= . X 3 i 4
20 10 0 H (kOe) 10 20 20 10 0 H (kOe) 10 20 -20 0 0 H (kOe) 10 20

Figure 7. Hysteresis loops, at 300 K, of the as quenched (a) and heat-treated In5 and In10 samples after one, (b) and three
(c) heating/cooling cycles. The inset shows the central part enlargement.

After one heating/cooling cycle (Figure 7b), the In10 sample shows also nearly a
straight line, but with reduced negative shift of the magnetization compared to the as
quenched sample. However, the M(H) curve of the In5 ribbons reveals a ferromagnetic
like behavior with a positive horizontal shift. This later can be associated to the spin
reconfiguration at the interface AFM and FM species giving rise to an exchange bias
(EB) like behavior at room temperature. Furthermore, after the third heating/cooling
cycle (Figure 7c), both samples show a ferromagnetic like behavior. The discrepancies
between the magnetic behavior of the two samples after the first heating/cooling cycle
can be ascribed to the crystallographic structure of the as quenched state, since the melt
spinning process leads to a monophasic and biphasic structures for the AQ-In5 and AQ-
In10, respectively. Further heating/cooling cycles (HT3 cycle), lead to an important change
in the hysteresis loops that can be correlated to the structural order. Additionally, the
change from the PM like to the FM like behavior might be due to the formation of locally
FM nano-sized precipitates in the AFM matrix. Additionally, the increase of the samples’
magnetization after cyclic heat treatment can be associated to the decrease of the AFM
coupling between Mn atoms due to the decrease of the density of antiphase boundaries as
an outcome of the dislocation annihilation. Likewise, the diminution of the non-magnetic
inclusions/defects density as well as their stress field, gives rise to an increase in the
magnetization, and a decrease of the martensitic transition temperature range, respectively.
The improved FM like behavior in the HT3-In10 sample (Figure 7c) can be linked to the
increase in long range atomic order since it has a direct influence on the magnetic exchange
coupling between Mn atoms. Additionally, the FM like behavior can be related to the
formation of L2; austenite and the reduction of the weakly magnetic martensite, and thus
confirms the XRD results.

The coercive fields (defined as Hc = (H; — Hp)/2, where H1 and H; are left and right
fields at which the magnetization equals to zero, respectively) are of about 86 Oe and 63 Oe
for the HT3-In5 and HT3-In10 ribbons, respectively. The decrease of the coercivity from 115
to 63 Oe for the AQ-In5 and HT3-In5, respectively, can be linked to the structural relaxation
and the reduction of the structural defects. The PM like behavior can be attributed to the
structural disorder, and/or short-range order in the melt-spun ribbons since the magnetic
coupling is very sensitive to the atomic distances in NiMn-based Heusler alloys. Further-
more, the vertical shift in the magnetization curves might be ascribed to the strong AFM
interactions in the martensite and/or to the short-range AFM magnetic coupling in the
Mn-rich areas, knowing that the fast solidification leads to structural heterogeneities, owing
to the temperature difference between the free and wheel surfaces of the ribbons. The
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negative shift of the hysteresis loops has been observed in the annealed off-stoichiometric
Nigg ¢Mnys5 5Ins sample at temperatures between 650 and 750 K under a magnetic field
of about 0.1 T [12]. It has been reported that the compound decomposes into FM nano-
precipitates embedded in a NispMnsy AF matrix at room temperature. Additionally, the
negative shift of the magnetization in the Ni-Mn-In shell FM nano-precipitates has been
attributed to the occurrence of the magnetic proximity effect, whereby the interfacial spins
align along the field applied during segregation [31]. The spins at the interface with the
NiMn matrix align with the annealing field during their growth and become strongly
pinned in the field direction during annealing, forming the so-called shell ferromagnet.

The horizontal shift of the M(H) curves can be related to the development of mag-
netically non-homogeneous AF/FM matrix where the interfacial pinning of FM spins by
the AF component gives rise to an exchange bias (EB) like behavior at room temperature.
Hence, the EB effect can be attributed to a FM unidirectional anisotropy (texture) formed
at the interface between different magnetic phases upon the fast solidification process of
the ribbons by melt spinning. This result is different from those reported in the literature
concerning the EB in the bulk Ni-Mn-In system, where it is usually observed in the Mn-rich
alloys at low temperature, when the system is cooled under an applied magnetic field
through its blocking temperature [32]. Consequently, by using the melt spinning process
and a thermal cycling up to a relatively lower temperature than those reported in the
literature, the EB has been observed in the hysteresis loops at room temperature.

The magnetic properties in off-stoichiometric Ni-Mn-Z Heusler alloys are mainly
related to Mn-Mn interactions. Indeed, the excess of Mn atoms increases the Ni(3d)-Mn(3d)
hybridization and strengths of the AFM interactions. Consequently, the AF coupling
between Ni-Mn atoms and between the extra Mn and the Mn atoms at the ordinary
sites reduces the magnetization. Hence, the increase of the magnetization for both sam-
ples, after the third heating/cooling cycle, can be attributed to the change of the AF
coupling between Mn-Mn atoms to FM coupling. This may also be linked to the increase
in the ordering of Ni-Ni moments. Moreover, the expansion of the unit cell volume
through the distortion of the crystalline lattice can be linked to the replacement of the Mn
atoms by In ones since the atomic radius of indium is greater than that of the manganese
(rrp = 0,142 nm > rpg, = 0,126 nm). This might enhance the ferromagnetism.

4. Conclusions

The effect of thermal heating/cooling cycles on the structure, microstructure, and
magnetic properties of Heusler In5 and In10 ribbons were investigated. The obtained
results can be summarized as follows:

e  The Rietveld refinement reveals a mixture of tetragonal L1 (86%) and monoclinic 14M
(14%) martensite structures for the AQ-In5 ribbons and a single 14M structure for the
AQ-In10 ribbons.

e  After the third heating/cooling cycle, in the temperature range of 303-873 K, the
HT3-In5 sample exhibits a single 14M structure, while the HT3-In10 sample shows a
mixture of 14M (69%) and cubic L2; (31%) structures.

The crystallite sizes of the AQ and HT3 samples are in the nanoscale level.
The small deviations of Ni, Mn, and In concentrations from the theoretical composition
are partly due to the heterogeneities in the produced ribbons.

e  The characteristic temperatures of the martensitic transition decrease with increasing
In content and the heating/cooling cycles.

e  The In5 and In10 samples show a paramagnetic like behavior in the AQ state and a
ferromagnetic like behavior after the third heating/cooling cycle.

e By using the melt spinning process and a thermal cycling up to a relatively lower
temperature than those reported in the literature, an EB was observed in the hysteresis
loops at room temperature.
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