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Abstract

The effect of Co-doping on the structure, microstructure, martensitic phase transformation kinetics, and magnetic properties
of the melt-spun (NisyMnygln,y);_,Co, (x=1, 2, and 3) Heusler ribbons, named hereafter Col (x=1), Co2 (x=2), and Co3
(x=3), was assessed using X-ray diffraction, scanning electron microscope, energy-dispersive spectroscopy, X-ray fluores-
cence, differential scanning calorimetry, and vibrating sample magnetometer. The XRD results reveal the formation of a 14M
martensite structure alongside the face-centered-cubic (fcc) y phase. The crystallite size ranges between 50 and 98 nm for
the 14M martensite and from 9 to 16 nm for the y phase. The mass fraction of the y phase lies between 36.4 and 44.2%. Co-
doping affects the lattice parameters and the characteristic temperatures (martensite start, martensite finish, austenite start,
and austenite finish). The calculated activation energy values for the non-isothermal martensitic transformation kinetics are
257 kJ mol~! and 135.6 kJ mol~! for the Col and Co2, respectively. The produced ribbons show a paramagnetic behavior.
The variation in the coercivity can be related to the crystallite size and mass fraction of the y phase. The produced ribbons
exhibit an exchange bias at room temperature that decreases with increasing the Co content.
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Introduction

Ni-Mn-Z (Z=Sb, Al, Ga, Sn, and In) alloys belong to the
Heusler alloy family of intermetallic compounds with a
specific crystal structure. Heusler alloys have gathered sig-
nificant attention owing to their multifunctional properties,
covering magnetic, shape memory, and magnetostructural
characteristics [1-4]. These characteristics position them as
promising contenders for diverse applications such as mag-
netic shape memory devices, magnetic refrigeration, and
spintronic devices [5, 6]. Upon cooling, Ni-Mn-Z Heusler
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alloys undergo a first-order martensitic transition, transition-
ing from a high-temperature cubic austenite phase (4,,) to
a low-temperature-modulated or non-modulated martensite
phase (M,,). The magnetic coupling is ferromagnetic (FM)
in the high-temperature phase and exhibits short-range anti-
ferromagnetic (AFM) behavior for Mn-rich compounds [7].
Additionally, in stoichiometric compositions like Ni,MnZ,
the Mn—Mn coupling prevails, while off-stoichiometric
alloys showcase FM—AFM interactions, eventually dictat-
ing their magnetic properties. The majority of Heusler alloys
undergo a second-order magnetic transition (SOMT) as they
shift from a ferromagnetic (FM) to a paramagnetic state
(PM) around the Curie temperature (T). This transition
leads to a negative magnetic entropy change, recognized as
the direct magnetocaloric effect (MCE). Additionally, these
alloys experience a first-order magnetic phase transition
near the martensitic phase, resulting in a positive magnetic
entropy change known as the inverse magnetocaloric effect
(IMCE) near the martensitic phase transformation [8—11].
The composition and preparation method can affect
the crystal structure and physical properties of the
Ni—Mn-In Heusler alloys. By tuning the alloy composition
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and understanding the underlying mechanisms governing the
material's behavior, it is possible to develop advanced mate-
rials with improved functional properties and performance.
Different preparation methods were employed to prepare
the Heusler alloys depending on their composition, desired
properties, and applications, such as induction melting [12],
spark plasma sintering [13], laser ablation [14], and melt
spinning [15]. The selection of the appropriate method is
crucial for achieving the desired material characteristics due
to its limitations. For the arc melting method, the constitu-
ent elements are melted in an inert gas atmosphere using an
electric arc to obtain an ingot and then annealed to improve
its homogeneity and crystallinity. The obtained ingot can be
employed in the melt-spinning technique to generate ribbons
in a metastable state characterized by a uniform chemical
composition. Furthermore, the exceptionally rapid cooling
rate of approximately 10° K s~! facilitates the formation of
a highly textured microstructure, inducing a modification
in atomic order. Besides, the shape of the ribbons could
be mainly used as sensors, actuators, and magnetocaloric
devices [16, 17].

The Co addition to Ni-Mn-In alloys modifies the mar-
tensitic transformation temperature [18]. Ni-Mn—-In and
Ni—Mn—Ga alloys exhibit comparable chemical and morpho-
logical properties but different crystallographic and physi-
cal properties within a specific compositional range [19].
However, Ni-Mn-In alloys are an attractive alternative for
practical applications compared to Ni-Mn—Ga, as indium is
more cost-effective than gallium. However, brittleness poses
a challenge for some applications that can be mitigated by
incorporating Co [20]. The precipitation of dispersive sec-
ondary phases, achieved through Co substitution for Ni in
Ni—Mn-In alloys, further enhances plasticity. However, this
phase can be supressed or reduced by using certain prepa-
ration techniques. Quaternary Heusler alloys combining
Ni, Mn, In, and Co (Ni-Mn-In—-Co) exhibit potential for
use in magnetically driven refrigerants and actuators due
to their higher magnetic driving force and notable magne-
tocaloric effect (MCE) [21-24]. Additionally, they offer
several advantages, including simple preparation, a high
adiabatic temperature change in the low field, a barocaloric
effect, a wide cooling span, cost-effectiveness, rare-earth-
free composition, non-toxic element constitution, environ-
mental friendliness, good oxidation resistance, and superior
mechanical properties compared to intermetallic materials.

The partial substitution of cobalt for Ni, Mn, or In in the
Ni—Mn-In alloys has been studied by many groups [20-22].
However, the addition of Co to the Ni-Mn—In alloys where Co
atoms may replace Ni, Mn, or In atoms has not been reported.
The objective of the current investigation is to explore the
effect of the doping of a small amount of Co (~ 1, 2, and 3%)
in (NisyMnygIn,();0_Co, melt-spun ribbons on the micro-
structure, martensitic phase transformation, and martensitic
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transition kinetics. Various analytical techniques, includ-
ing X-ray diffraction, scanning electron microscope (SEM),
energy-dispersive spectroscopy (EDS), energy-dispersive
X-ray fluorescence spectrometry (XRF), differential scan-
ning calorimeter (DSC), and vibrating sample magnetometer
(VSM), were used to examine the microstructure, morphology,
elemental analysis, martensitic transformation kinetics, and
magnetic properties.

Experimental procedure

Co-doped polycrystalline ribbons with nominal compositions
of (NisgMnygIn;);09_xCox With x=1, 2, and 3, named hereaf-
ter Col, Co2, and Co3, respectively, were prepared using arc
melting and then melt spinning. Ingots with mass of approxi-
mately 5 g were prepared from high-purity (>99.98%) nickel
(Ni), manganese (Mn), indium (In), and cobalt (Co) elements
obtained from Sigma Aldrich. The arc melting process was
performed using a MAM-1 Buhler compact arc melter within
a water-cooled copper crucible under an argon atmosphere.
The ingots underwent four melting cycles to ensure better
homogeneity. The ribbons were produced using an MSP10
melt-spinning system under an argon atmosphere (400 mbar).
The process involved casting the molten material onto a pol-
ished surface of a copper wheel rotating at a linear speed of
40 m s~!. The nozzle wheel distance was 3 mm, the orifice
diameter 0.5 mm, and the injection pressure 500 mbar. The
thickness, width, and length of the produced ribbons were
15 pm, 1.5 mm, and 2-3 cm, respectively.

Ribbons’ morphology was observed with a scanning
electron microscope (SEM) TESCAN operating at 20 kV
coupled with energy-dispersive spectroscopy for the ele-
mental analysis. The alloy structure was followed by X-ray
diffraction (XRD) on a Briiker D8 Advance diffractom-
eter in a (0—-26) Bragg Brentano geometry using a Cu-Ka
radiation (¢, =0.15405 nm). The hysteresis loops at room
temperature were measured with a vibrating sample mag-
netometer Lake Shore 7400 VSM. A differential scanning
calorimeter DSC Q2000 was used to study the kinetics of
the martensitic transformation in the dynamic mode under
an argon atmosphere. The heating/cooling rates were 3, 5, 7,
and 10 °C min~! over the temperature domain from 200 to
450 °C, spanning the martensitic transformation. The chemi-
cal composition of the Heusler alloys was determined using
an energy-dispersive X-ray fluorescence spectrometer (ED-
XRF) on a Fisherscope XDV-SDD Helmut Fisher GmbH.
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Fig. 1 XRD patterns of the (NisgMnyIn;4),99_Co, (x=0. 1. 2, and 3)
Heusler alloys

Results and discussion
Structural characterization

Figure 1 illustrates the XRD patterns of the Col, Co2, and
Co3 Heusler ribbons with that of undoped NisuMn,oIn, for
comparison. One observes that the intensity of the principal
diffraction peak increases and broadens with increasing the
Co content. As the atomic size of Co (r-,=0.135 nm) is
equal to that of Ni (ry;=0.135 nm) but smaller than that of
Mn (ry, =0.140 nm) and In (1, =0.150 nm), the Co addition
to the NiMnln alloy can affect its homogeneity and crystal
structure, leading to changes in diffraction peak intensities
and positions. The increase in the peak intensities can be
related to the position of the cobalt atoms in the different
sites that can modify the interatomic distances, the forma-
tion of the y phase, and the increase in the crystallite size.
The slight shift in the peak’s position can be due to the lat-
tice strains and the variation in the lattice parameters of the
martensite structure. The XRD patterns were refined using
the MAUD program [25] by introducing the monoclinic
with a fourteen-layer-modulation14M martensite structure
belonging to space group P21/m, the face-centered-cubic
(fcc) y phase, space group Fm-3m, for the Col, Co2, and
Co3 alloys, and only 14M martensite for the Co-free Heu-
sler alloy (Fig. 2). The lattice parameters, average crystallite
sizes, mass fractions, and reliability factors are gathered in
Table 1. The Co-doping into the Ni-Mn-In Heusler alloys
can affect their composition and electronic and magnetic
properties, disturbing the stability of different phases and
their balance. The fcc structure may be due to specific
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Fig.2 Rietveld refinement of the XRD patterns of the Col, Co2, and
Co3 Heusler alloys

crystallographic considerations, the arrangement of atoms in
the lattice, and magnetic interactions that stabilize it, leading
to the coexistence of multiple phases. The occurrence of the
fec structure may be advantageous within certain tempera-
ture intervals and alloy compositions. Hence, the coexist-
ence of the y phase alongside the modulated 14M martensite
in the Co-doped Ni-Mn—In Heusler alloys can be related to
the complex interplay of various factors, including composi-
tion, temperature, and the underlying thermodynamics and
kinetics of the phase transformations. The crystal structure
of the NiyyCo;(Mny,, Iny_, (x=0, 2, and 4) Heusler alloys,
manufactured by arc melting and subsequent annealing
at 900°C for 24 h, consists of a tetragonal martensite and
fec y phase [26]. For the martensite phase, the parameter a
value decreased, and the parameter ¢ value increased with
reducing In content. Meanwhile, the parameter a value of
the y phase remained unchanged and comparable to those
of biphasic Ni-Mn-Ga-based alloys [27]. In the case of the
MnyNiy,_,In;(Co, alloys (x=0, 1, 2, and 3) ingots prepared
by arc melting, the crystal structure of Co0 and Col alloys
consisted of body-centered tetragonal non-modulated mar-
tensite, a mixture of bce austenite and tetragonal martensite
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Table 1 Structure, lattice parameters (a, b, and c), f angle, average crystallite size ({L)) mass fraction, fit factors (Sig, and R,,) of

(NisoMnygIn; o), 00—_xCoy alloys

Sample Phase amm=+10~* bmm=+107* cnm =107 Q) (LYnm=+2 mass % Sig R, /%
Co0 14M 0.4262 0.5692 2.9276 92.98 79.4 100 1.11 11.83
Col 14M 0.4302 0.5664 2.922 92.66 50.0 92.2
¥ 0.3717 0.3717 0.3717 90.00 11.0 07.8 1.11 12.11
Co2 14M 0.4323 0.5618 2912 92.71 88.0 74.8
4 0.3559 0.3559 0.3559 90.00 16.0 25.2 1.20 9.28
Co3 14M 0.4352 0.5282 2.9246 93.00 98.0 60.4
4 0.3645 0.3645 0.3645 90.00 09.0 39.6 1.06 12.22
0436 o - cmep N 12,928 Morphology of the ribbons
c . Mose {2924 Secondary electrons (SE) images at different magnifications
£ 04%2r of the surface and cross-section (CS) of the Col, Co2, and
' E_ 2920% Co3 ribbons show the lamellar microstructure typical of
1054 £1, 916 martensite structure having variant orientations, alongside
0.4281 fine inclusions (small spherical grains and other shapes) with
o - {2,912 dark contrast that can be related to the secondary y phase in
o p 5 5 %2 addition to precipitates that can be related to a secondary

Co content/%

Fig.3 Variation in the lattice parameters (a, b, and c) as a function of
the cobalt content

for the Co2 alloy, and a pure austenite structure for the Co3
alloy [28].

The average crystallite size ranges from 50 to 98 nm
for the 14M martensite structure and between 9 and 16 nm
for the y phase. Those nanosized crystallite sizes might be
related to the melt-spinning process. The mass fraction of
the y phase increases with increasing the Co content; It is
about 7.8%, 25.2%, and 39.6% for the Col, Co2, and Co3
ribbons, respectively.

For the Co-free ribbons, the lattice parameters
a=0.4262 nm, b=0.5692 nm, and ¢=292.76 nm are
comparable to those reported for the NisuMns,_ In, alloys
[29]. The lattice parameter, a, of the 14M martensite aug-
mented nearly linearly with the rise in the cobalt content, b
decreased, and ¢ decreased up to 2% Co and then increased
(Fig. 3). The crystalline parameter a of the y phase decreases
from 0.3717 to 0.3559 nm, and then rises to 0.3645 nm for
the Col, Co2, and Co3, respectively. The obtained values
differ from the reported ones for the Niy;Co,(Mny, . Ing_,
(x=0, 2, and 4), where a remains nearly constant at about
0.365-0.366 nm [26]. Those differences can be related to the
preparation conditions.

@ Springer

phase, confirming thus the XRD results. The precipitates are
distributed non-uniformly inside the grains and at the grain
boundaries. Figure 4b shows an enlargement of Fig. 4a. The
formation of some granules (and cavities) associated with
local in homogeneities in the final stages of solidification of
the ribbons is detected. Some micrographs (Fig. 4e) show
that the martensitic structure is not observed in the whole
ribbon because the elemental composition is about 60.6%
Mn, 18.99%N!i, and 20.41%In. According to the micrographs
of the cross sections, two effects are observed. On the one
hand, the non-homogeneity in the thickness of the ribbons
is due to the complex flow of the molten metal alloy and its
impact on the surface of the rotating wheel. On the other
hand, the formation of columnar crystals in the direction
perpendicular to the surface of the ribbon (which coincides
with the direction of crystallization).

Figure 5 displays the XRF spectra of the Col, Co2, and
Co3 Heusler alloys, indicating the presence of all the start-
ing Ni, Mn, In, and Co elements. The analysis reveals that
the Ni content fluctuates from 49.58 to 50.23 at.%, Mn var-
ies between 38.67 and 39.32 at.%, In ranges between 8.76
and 9.46 at.%, and Co swings between 0.99 and 2.96 at.%
(Table 2). One notes that the Ni content increases and the
In content decreases, while that of Mn exhibits slight fluc-
tuation for all samples compared to the starting nominal
compositions. The observed deviations may arise from
inherent heterogeneities in the as-cast ribbons or possibly
from the evaporation of Mn or In during the melting pro-
cess due to their lower evaporation enthalpies compared
to Ni (AHyy, (226 kI mol™!) < AH;, (232 kJ mol™") < AHy;
(370 kJ mol~1)). The discrepancies in the atomic percentage
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Fig.4 Typical secondary elec-
trons SEM micrographs of the
free surface for melt-spun Col
(a, b), Co2 (c, d), Co3 (e, 1)
ribbons, and the fracture cross-
section (CS) at the bottom
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ratios for Ni, Mn, and In can impact the temperature of the
martensitic transformation and the magnetic properties,
which may be affected by several factors, including the e/a
ratio, alloy’s composition, atomic order degree, crystallite
size, and Mn nearest neighbor interatomic distances [30, 31].
Additionally, the e/a ratio rises with increasing the cobalt
content.

Energy-dispersive spectroscopy (EDS) was also used to
assess the elemental composition of the Col, Co2, and Co3
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Heusler alloys. The results reveal the presence of two types of
lamellae that differ by the indium content in their composi-
tions. The lamellae with higher In content can be related to
the Heusler matrix, while those with smaller amounts of In
can be attributed to the y phase. The light and spherical grains
(Fig. 4a) are Mn-rich with approximately 98.8 at.% Mn. In
Fig. 4b, the elemental composition of the matrix reveals that
Ni, Mn, and In contents are approximately 49.24%, 39.5%,
and 11.26%, respectively. The non-detection of the Co element
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Fig.5 Micro-ED-XRF spectra of Col, Co2, and Co3 melt-spun rib-
bons

might be due to its smaller fraction and/or its substitution for
Mn or Ni. The slight deviation from the nominal composition
can be due to the heterogeneity of the ribbon compositions or
loss of elements during the preparation of ingots by arc melt-
ing and the ribbons by melt-spinning processes. The electron-
to-atom ratio (e/a) was ascertained by summing the s, p, and d
electrons for Ni (10), Co (9), Mn (7), and In (3). The e/a ratio
rises with the increase in the Co content.

Thermal analysis

The structural transformation from austenite to martensite is
driven by the free energy excess, resulting from its great quan-
tity of austenite compared to that of martensite. This transfor-
mation is well known by heat absorption/liberation, occurs
with a reorganization of atomic positions, and the adopted final
structure is consistent with the one with the lowest free energy.
As the martensitic transition occurs in the diffusionless type,
a thermal hysteresis appears during the martensite nucleation
in addition to an increase in the elastic and surface energies.
The DSC curves illustrate the occurrence of the martensitic
phase transformation in the Col and Co2 Heusler alloys with
an endothermic peak upon heating and an exothermic peak
upon cooling at different heating rates of 3, 5, 7, and
10 °C min~' (Fig. 6). Nevertheless, the DSC curves of the Co3
exhibit only an endothermic peak on heating for 7 °C min~!
(A,=488.8 °C and A;=510.3 °C) and 10 °C min~!
(A;=512.86 °C and A;=524.92 °C). The impediment of the
forward martensitic transformation for the Co3 can be related

to various factors, such as the deviation of the alloy composi-
tion from stoichiometry, thermodynamic stability of the mar-
tensitic phase relative to the austenitic phase, the presence of
kinetics barriers, and limitations in atom mobility during cool-
ing. Moreover, structural defects, impurities, and secondary
phases may obstruct the martensitic transformation on cooling.
Accordingly, the non-occurrence of the forward martensitic
transition can be ascribed to internal stains and the large lattice
distortion of the 14M martensite compared to that of the Co-
free ribbons (Table 1). Indeed, the relative deviation of the

. Ace3—a bogz—b
lattice parameters Aa = %, Ab = %, and
Co0 Co0

C, —C,
Ac = Sca3™Cco0 much as

reaches as
Cco0

Aa =211%,Ab = =7.20%, and Ac = —0.10%.Further-
more, the suppression of the reverse transformation might be
related to the amount and microstructure of the y phase with
coarse grain morphology (Fig. 4e, f), random orientation, and
distribution which are different from those of Col and Co2
ribbons.

The reverse and forward transformation temperatures were
obtained by assessing the onset point of a baseline and the
tangents to individual DSC peaks. M and M; denote the onset
and end points of the martensitic phase transformation, while
A, and A, represent the austenite start and austenite finish tem-
peratures, respectively. All the characteristic temperatures of
the thermal hysteresis are summarized in Table 3. The phase
transition region is characterized by equivalent martensite and
austenite Gibbs energies at the equilibrium temperature (7)),
as well as thermodynamic parameters of the entropy (AS) and
free energy (AG) given by the following relationships:

= e (M)
Ty

s [H(E)E) Jor @
T,

AG* = AH - T,AS 3)

where the temperatures 7, and T, are the limits of integra-
tion, Q is the heat exchange during the transformation and
identified by the enthalpy change (AH) that corresponds to
the total area under the exothermic and endothermic peaks,
and 7, is the starting temperature of each process example
M for the direct transition and A for the reverse one. The

Table 2 Micro-ED-

- Sample Ni/at.% Mn/at.% In/at.% Co/at.% e/a/exp e/a/Theo
XRF analysis of
(NisoMnygIn o), 00—Coy (x=1, Col 50.23 39.32 9.46 0.99 8.148 8.109
2, and 3) melt-spun ribbons Co2 49.93 39.31 8.76 2.00 8.194 8.118
Co3 49.58 38.67 8.79 2.96 8.148 8.127
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Fig.6 DSC scans during the (a) (b)
heating/cooling processes at gl
different rates for the Col (a, 5 ° 2.5 3°C min-'
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heat exchange (Q) is roughly equal to the enthalpy change 1
W, = EAS[(Af +Ay) — (Mg + M) (6)

of a transformation [32]. They differ by the elastic energy
(E,)) and irreversible dissipated energy (W) contributions
defined as:

Mf/Af
T-dS=AH—E + W,

M /A

Q “

The relative fractions of the elastic and dissipated ener-
gies concerning the total transformation enthalpy (E, /AH
and W, /AH) can be determined using the average value of
enthalpy between the cooling and heating processes accord-
ing to the following equations:

Eel

iAS[(Af —Ay) + (My — M;)] )

The thermodynamic parameters of the thermal hyster-
esis temperature (A7), enthalpy (AH), entropy (AS),
free energy (AG), and the relative fractions of the elastic
and dissipated energies (E, /AH and W,;/AH) are gathered
in Table 3. The Col and Co2 samples show a martensi-
tic transformation overhead room temperature (RT). The
thermal hysteresis displays an endothermic peak on heating
and an exothermic peak on cooling. Moreover, the height
of endothermic and exothermic peaks increases as the heat-
ing/cooling rate increases. Consequently, the area under the
endothermic and exothermic peaks of the Col alloy changes,
respectively, from 0.5 to 2.4 J g~ and from 1.4t03.9J g7,
However, for the Co2 alloy, the area under the endothermic
and exothermic peaks increases when the heating/cooling
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Table 3 The measured

o . Thermodynamic  Col Co2
characteristic transformation parameters . . . . . .
temperatures (A, A;, M, Heating/cooling rate/°C min~ Heating/cooling rate/°C min~
and M;) and the calculated
thermodynamic parameters 3 5 7 10 3 5 7 10
%j/w'X;IA:I[ldAEi)AG Ea/AH, AJ°C 388 351 352 359.7 383 300 338 368.23
Agl°C 442 469 467 422.6 440 455 451 426.22
Mg/°C 312 357 350 329.8 371 385 342 327.08
M;/°C 203 150 165 295.5 163 160 155 291.48
AT, °C 157 156 152 78.5 144 105 146 87.94
AH/J g7
Heating 0.52 2.37 0.88 36.74 291 2.98 2.98 32.50
Cooling 1.44 3.15 1.64 35.33 4.37 342 342 36.38
AST kg™ K
Heating 0.8 34 1.3 58.12 4.2 44 44 51.43
Cooling 22 4.6 24 55.88 6.3 5.1 5.1 57.57
AG/T kg™!
Heating 0.8 214.6 29.2 34 504.7 260.9 260.9 48
Cooling 144.3 257.7 83.8 3551 221 279.1 279.1 3878
E,/AH/% 6.3 11.8 0.8 3.84 3.84 13.7 11.2 3.70
Wy/AH!% 48.5 22.7 1.6 6.94 6.94 15.5 21.8 13.91
Eq/kJ mol ™! 257 135.6

rate equals 5 °C min~! and then decreases. This decrease
might be linked to the local composition heterogeneities as
the thermal analysis was studied using a small quantity of
samples. In general, an increase in AH with the heating rate
can be related to several types of structural defects, mainly
dislocations, which cause inner stress [33]. Furthermore, the
entropy increases as the scan rate rises from 3 to 7 °C min™!,
which can be correlated to the increase in the atomic disor-
der degree.

The martensitic transformation temperature can be signif-
icantly changed by the electron-to-atom ratio (e/a), atomic
order degree, Mn—Mn interatomic distances, and crystallite
size [34]. Meanwhile, it increases with the e/a ratio for sev-
eral NiMn-based Heusler alloys [35], but our results show an
opposite trend. The martensitic transformation temperature
increases with increasing the cobalt proportion and decreas-
ing e/a ratio from 8.02 for the Col alloy to 7.94 for the
Co2 alloy. This increase can be correlated to the dy;, — dy,
interatomic distance change after the cobalt addition. One
can also mention that for the initial composition (ribbons of
NisoMnygln,o, e/a = 8.13) [29], the characteristic structural
temperatures are lower than the found ones in this study.
Indeed, Heusler alloys’ structural transition temperatures are
sensitive to composition modification and e/a change [36].
The martensitic transition onset (M) slightly shifts toward
upper temperatures by surging the scan rate due to the ther-
mally activated character. However, the M; diminishes with
the increase in both the cooling rate and cobalt content. It
was reported that the martensitic transition temperatures are
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not responsive to feeble rates until they reach 10 K min~
showing a decrease by raising the heating/cooling rate [37].

It is believed that different orientation of the formed
martensitic variants influences the equilibrium tempera-
ture 7, values, which increase by increasing the Co con-
tent. Furthermore, 7;, has no monotonic tendency with the
scan speed increase. The width of the thermal hysteresis,
defined as AT}, = AS‘;A‘ — XM i an efficient criterion to
describe the structural transformation. Changing the com-
position namely the electron-to-atom ratio and dy;, — dy,
interatomic distances leads to a decrease in ATy, values.
During the structural transition, the stored elastic energy
is used as a driving force. The enthalpy fraction remaining
in the system as elastic energy is less than 12% for the Col
and 14% for the Co2 which consistently varies with Tj,. At
the thermodynamic equilibrium (AG = 0 = AH — T,AS),
a decrease in T, temperature (7, = %) can be linked to a
decrease in AH or an increase AS. The enthalpy fraction
linked to the dissipated energy has higher values for the
Col sample.

Kissinger-like methods [38] are usually used to deter-
mine the apparent activation energy in thermally activated
mechanisms. Several studies showing a first-order trans-
formation, particularly for Heusler alloys [39, 40], were
based on calorimetric results comparing calculated phe-
nomenological parameters with the literature, such as the
activation energy. The Kissinger

ROR

RL;“ + ¢) can be verified through the linearity

relation
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of Ln(%) against the 1/T plot, where f is the scanning

rate, T is the transition peak temperature, E, is the activa-
tion energy, R is the perfect gas constant, and c is a con-
stant coefficient. The linear fit of Ln(%) vs. T~! plot is

depicted in Fig. 7. The activation energy value decreases
from E, =257 kJ mol™" for the Col to E, = 135.6kJ mol ™'
for the Co2. The decrease in the activation energy with the
increase in the Co content may be ascribed to the relatively
easy growth of the martensite due to the drop of the barrier
height required for the reverse martensitic as phase trans-
formation occurs. This decrease can be related to the
increase in the mass fraction of the y phase for the Co2
ribbons and the reduction in thermal stability and lowering
of the resistance to crystallization in the Co-doped Heusler
alloys. A comparable crystallization activation energy
value to that of the Col ribbons was reported to be
E,~239+ 19 kJ mol™! for the amorphous Nis,Mn;gCoglIng
films [41]. The activation energies of the transition pro-
cesses B2 to L21 and Mn to MnNi in the mechanically
alloyed Niys sCo, sMnsg ¢In 5 4 powders were calculated as
185(6) kJ mol~! and 228(3) kJ mol~!, respectively [42].

Magnetic measurements

Figure 8 shows the hysteresis loops of Col, Co2, and Co3 alloys
at room temperature, subject to both the applied magnetic field
perpendicular (per) field to the ribbon plane and along the rib-
bon length (par). The paramagnetic behavior in the Co-doped
Heusler alloys can be related to the atomic disorder in the melt-
spun ribbons. Moreover, the hysteresis loops manifest a negative
shift along the horizontal H-axis and a positive shift along the
vertical M-axis. The horizontal translation of the hysteresis loop
on the H-axis is linked to the emergence of a magnetically non-
uniform antiferromagnetic (AFM)/ferromagnetic (FM) matrix
due to the interfacial pinning of FM spins by the AF component,
resulting in an exchange bias (EB) behavior. The exchange bias
is often associated with interactions at the interfaces between
different magnetic phases, leading to the creation of exchange
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Fig.7 Kissinger’s plots of for the Col and Co2 ribbons

anisotropy at the interface between AFM and FM regions related
to the development of a unidirectional ferromagnetic anisotropy
(texture) at the interface between different magnetic phases
during the formation of the ribbons. As revealed by the EDS
analysis, the prepared ribbons exhibit a heterogeneous elemental
composition with Mn-rich lamellae and grains.

The FM-AFM interactions in the off-stoichiometric
alloys can be related to the AFM coupling between Mn
atoms in their regular sites and those occupying Z sites.
A similar finding was observed in the Nis; ,Mns; 37105 ¢
melt-spun ribbons [29]. The variation in the coercivity
and exchange bias as a function of the cobalt content is
illustrated in Fig. 9. The coercivity reaches a maximum
value for the Co2 and a minimum value for the Co3 if the
applied magnetic field is parallel or perpendicular. The
variation in the coercivity exhibits the same tendency
as those of the crystallite size and mass fraction of the y
phase (inset in Fig. 9). The reduction in the exchange bias
effect with the increase in the Co content can be due to
several factors, including microstructural changes, atomic
disorder at the atomic level that can affect the alignment
of magnetic moments and magnetic interactions, alter the
arrangement of magnetic domains which can affect the
formation of magnetic interfaces and modify the nature
of the interfacial interactions.
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Fig.8 Hysteresis loops of the Col, Co2, and Co3 ribbons under a
parallel (par) and perpendicular (per) applied magnetic fields
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Fig.9 Variations in the coercivity and exchange bias as a function of
the cobalt content

Conclusions

Cobalt element is successfully doped in
(NisoMnygIn ) ;00-xCo, (x=1, 2, and 3) alloys. The XRD
results reveal the formation of a 14M martensite structure
alongside the fcc g phase. The lattice constant of the g phase
varies between 0.3559 and 0.3717 nm, and its mass fraction
reaches a maximum value for the Co2 alloy. The increase
in the Co content decreases the activation energy value and
the forward transition temperatures and increases the reverse
transformation temperatures (Ast and Af). The highest and
lowest coercivity values were obtained for the Co2 and Co3
ribbons, respectively. The exchange bias decreases as the Co
content increases.
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