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The structural, thermal, and magnetic behaviors, as well as the martensitic
phase transformation and related magnetocaloric response of NisgMn3sInjs25Bo.75
annealed ribbons have been investigated using room-temperature X-ray diffraction
(XRD), differential scanning calorimetry (DSC), and magnetization measurements.
NisoMn35In425B¢ 75 annealed ribbons show a sharper change in magnetization at the
martensitic transition, resulting in larger magnetic entropy changes in comparison to
bulk NisoMns3sInj425B¢.75. A drastic shift in the martensitic transformation tempera-
ture (Ty) of 70 K to higher temperature was observed for the annealed ribbons relative
to that of the bulk (Ty; =240 K). The results obtained for magnetic, thermal, structural,
and magnetocaloric properties of annealed ribbons have been compared to those of
the corresponding bulk alloys. © 2018 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5006467

INTRODUCTION

The off-stoichiometric Ni-Mn-In Heusler systems have been drawing interest due to their
temperature-induced magnetostructural transitions (MST), which are responsible for extreme phys-
ical properties like giant normal and inverse magnetocaloric effects,'™ giant magnetoresistance,*>
large anomalous Hall effects,® and magnetic shape memory effects.” Most of the research for the
Ni-Mn-In based Heusler alloys have been being carried out for bulk materials by means of conven-
tional melting techniques followed by lengthy high-temperature thermal annealing.®'” Currently,
a variety of magnetocaloric materials have been successfully synthesized in the form of ribbons
by rapid quenching using the melt-spinning technique.!'~! It has been observed that single-phase
homogeneous polycrystalline materials are formed in melt-spun ribbons, avoiding the need for long-
term thermal annealing of their bulk counterparts.!>® In addition, previous studies indicate that if
synthesis condition are properly controlled, ribbons produced by melt spinning techniques may have
a highly textured microstructure and negligible demagnetization field along the ribbon length.!”-!8 It
has been reported that melt-spinning effectively promotes more homogeneous materials, and reduces
the annealing time with improved MCE properties.'>!>1°

In recent studies, we have reported on the magnetostructural, magnetic, magnetocaloric, and
magnetoresistance properties of bulk Ni-Mn-In-B based systems.’*->> The objective of the current
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research is to fabricate ribbons by rapid solidification using the melt-spinning technique and to study
the magnetic, thermal, structural, and magnetocaloric properties of NisgMn3sIni425B¢ 75 annealed
ribbons and to compare these properties to those of the corresponding bulk alloys.

MATERIALS AND METHODS

A NisoMnssInga 5Bg 75 ingot of nominal composition was prepared by arc-melting 4N purity
elements Ni, Mn, In, and B in a high-purity argon atmosphere. The ingot was re-melted several
times to ensure the homogeneity. From the sample obtained by arc-melting, rapidly solidified ribbons
(with thicknesses ~ 30-35 um) of NisoMn3sInj45Bg75 nominal composition (same as bulk) were
produced at a linear speed v = 20 m/s using an Edmund Buhler model SC melt spinner system
in a high purity argon atmosphere. As-solidified melt-spun ribbons were sealed in a quartz ampoule
under a highly pure Ar atmosphere and annealed at 1073 K for 10 minutes. Water quenching followed
annealing. The crystal structures and phase purity of the as-solidified sample were studied using a high
resolution Rigaku Smartlab diffractometer employing Cu-K, radiation. The pattern was measured
on finely powdered sample. The structural phase transformations of the ribbons were studied using
a differential scanning calorimetry (DSC) measurements with a TA Instruments model Q200 DSC
instrument (with a ramp rate of 10 K/min during heating and cooling) in the temperature range
200-400 K. Magnetic properties of the ribbons were measured in a 9 T Quantum Design PPMS®
Dynacool® platform using the VSM option in a temperature range from 5 K to 400 K. The ribbon
samples studied were directly glued to the quartz VSM sample holder using GE-7031 varnish. An
external magnetic field was applied along the major length, or rolling direction of the ribbon in order
to minimize the internal demagnetizing field. The magnetization versus temperature M(T) curves
were measured under low (5 mT) and high (5 T) static fields from 5 to 400 K at a sweep rate of
1.5 K/min.

RESULTS AND DISCUSSION

XRD pattern for NisypMn3sIn;4.25B0.75 annealed ribbons measured at room temperature is shown
in Figure 1. A mixture of austenite (cubic) and martensite (tetragonal) phases was observed. The
XRD pattern of the ribbons is similar to that of bulk Ni-Mn-In based Heusler alloys in the phase
coexistence region exhibiting a magnetostructural transition near room temperature.>>

Figure 2(a) shows the zero-field-cooling (ZFC), field-cooling (FC), and field-heating (FH) mag-
netization M(T) curves in a low external low magnetic field (uoH = 5 mT). The thermal protocol
followed to measure each magnetization isotherm through the phase transition was as follows: at zero
magnetic field the sample was heated to 400 K to stabilize the austenite phase, cooled to 200 K to form
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FIG. 1. XRD pattern for a NisoMn3sIn;4.25B0 75 annealed ribbons measured at room temperature.
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FIG. 2. (a) ZFC, FC, and FH temperature dependent magnetization curves measured under static magnetic fields of 5 mT
and 5 T (inset) and (b) DSC heat flow curves as a function of temperature measured on heating (closed symbols) and cooling
(open symbols) for NisgMn35In;425Bg.75 annealed ribbons.

the martensite, and then heated again in no-overshoot mode to the selected measuring temperature,
T meas- This thermal cycling ensures that, prior to apply the magnetic field at a given T pe,s, the sam-
ple assumes the phase constitution that corresponds to the thermally induced structural transition.??
The presence of thermal hysteresis and the jump-like change in magnetization at the martensitic tran-
sition results from the first order nature of the transition. A shift in the martensitic transition by 70 K to
higher temperature from T = 240 K (bulk value) to T = 315 K was observed.?? The inset of Figure 2(a)
shows the high field (u,H =5 T) ZFC-FC-FH M(T) curves for annealed ribbons. A sharper and larger
difference in the magnetization of about 45 Am?kg™! was observed at the martensitic transition. The
phase transition temperatures have been determined as inflection points of the M(T) curves (from the
maximum of the dM/dT curves) obtained during cooling and heating protocols at constant magnetic
field. Also from the inset of Figure 2(a), a thermal hysteresis of the MST temperature (T and Typ)
of about 20 K was observed and found to be smaller than that of the bulks (of about 28 K2?) for a
field change of 5 T.

The first order nature of the phase transitions was also confirmed by the temperature hysteresis
of the heat flow peaks as shown in Figure 2(b). The temperature hysteresis of the heat flow between
heating and cooling cycles detected from DSC measurements is consistent with that measured in

the M(T) curves (see Figure 2(a)). The latent heat (L) was estimated for annealed ribbons from

. . . . Ay . . .
their respective endothermic peaks using L = [, Af Z—ng, where ‘;—g is the change in heat flow with

temperature, and A and Ay are the starting and final temperatures of the reverse martensitic transition,
respectively. The latent heat and corresponding total entropy change (ASt) calculated from the DSC
curves were found to be 9.81 J/g and 31.5 J/(kgK), respectively. These values of latent heat and
entropy changes are similar to those measured for bulk N isoMnssIn 4 25Bo75.22
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Figure 3(a) shows the Arrott plots (M? versus [1,H/M plots) for selected temperatures across the
martensitic and Curie transition temperatures for NisoMn35In;4.25B 75 annealed ribbons. The S-shape
curves of the Arrott plots through the magnetostructural transition temperature range confirms the
first-order nature of austenitic to martensitic transformation. By plotting M? versus w,H/M plots of the
field dependent magnetization (H= 1/x M + M3 + yM? +. . ), the intercept with the y1,H/M axis when
extrapolated to M? =0 gives 1/y and the temperature at which 1/y = 0is the Curie temperature. Also, the
Curie temperature obtained from the Arrott plots across the second-order transition is comparable
to the one obtained from the minimum of the dM/dT vs. T curve (see Figure 2(a)). Isothermal
magnetization curves M(uoH) for NisopMn3sIn4.25B¢ 75 ribbons in the vicinity of the martensitic and
Curie transition temperatures are shown in Figure 3(b). The magnetization isotherms were found to
show metamagnetic-like behavior at the martensitic transition temperature. At higher temperature,
the magnetization curves are characteristic of a transition from ferromagnetic to a paramagnetic state.
With increasing temperature, the critical field of the direct metamagnetic transition decreases. Similar
behaviors in the M(u,H) curves were observed for bulk N isoMnssIn s 25Bo75.22

The magnetic entropy change (ASy) values were estimated from the isothermal magnetiza-
tion curves near the martensitic transition using a Maxwell relation.”* Both inverse and direct
magnetocaloric effects were observed for bulk and ribbons at the martensitic transition and Curie tem-
peratures, respectively (see Figure 4(a)). The peak values of the magnetic entropy changes |ASyP®|
in the vicinity of Ty and T¢ for AH = 5T were found to be 16 J/kg K and 4 J/kg K, respectively.

1600

B (C)
14.250.75
annealed ribbons T(K)
—&—270 —0—272
274 —5—276
—4—278 —¥—280
—>—282 —&—284
—*—286 —0— 288
—9—290 —+—292
294 —¥— 296
—298 ——300
—5—302 —=—304
—£—306 —%— 308
—£—310 —+312
314 —0—316
—*x—318 —O—320
—0—322 ——324
—<—326 —%—328

leoMnasln

o~ 1200

0.0 0.1 0.2 0.3 0.4 ‘ 0:|5 %6 0.7 0.8
u H/M (T kg A m)

40

N|50Mn35In B

14257 0.75
annealed ribbons

- N w
o N N

M(Am kg')

(-]

ciid

FIG. 3. (a) Arrott plots for selected temperatures across the martensitic and Curie transition temperatures and (b) isothermal
magnetization curves measured up to a maximum magnetic field of 5 T for NisoMn35In14.25B¢ 75 annealed ribbons.
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FIG. 4. (a) Temperature (T) and field (H) dependence of the magnetic entropy changes (ASy1) and (b) refrigeration capacities

RC-1, RC-2, and RC-3 as a function of the magnetic field change for NisoMn3sIn 4 .25B¢ 75 annealed ribbons.

The abrupt magnetization change corresponding to the first-order magnetostructural transition leads

to an increase of the ASy

peak

values at Ty in the annealed ribbons relative to those observed in bulk

sample (IASyPe| = 11 J/kg K, for AH=5 T?2). From the ASy(T) curves at the martensitic transition,
we estimated the Refrigeration capacity (RC) through the following protocols: (a) by calculating the

TABLE L [ASMP® |, RC-1,RC-2, 8T rwiMs, Thots Teolds RC-3, 8TRC3, and Tyo R and T¢1qRC for NisoMnssIny 4 25Bo 75
annealed ribbons.

UoAH (T) 1.0 2.0 3.0 4.0 5.0
IASMPEK] (J kgt K1) 0.9 3.4 6.9 11.5 16.0
RC-1 (Jkg'h) 4 16 34 57 85
RC-2(Jkgh) 4 14 28 45 67
8Trwam (K) 4678 4766 4.829 4.952 53
Thot (K) 320.9 321.0 320.9 320.7 320.4
Teod (K) 316.2 316.2 316.1 315.7 315.1
RC-3 (Tkgh) 2 8 17 29 43
STRC3 (K) 4.0 4.1 42 45 4.8
ThotRE3 (K) 320.7 320.8 320.7 320.5 320.2
TeoldRC3 (K)2 316.7 316.7 316.5 316.0 315.4

2Related to RC-3.
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product IASyP| X §Trwim (referred as RC-1), where 8Trwrm = Thot - Teold corresponds to the
full-width at half-maximum of the AS\(T') curve; (b) by calculating the area under the ASy(T) curve
between Tt and T'¢o1qg (RC-2); and (c) by maximizing the product ASy; X 8T below the ASy(T') curve
(RC-3). The refrigerant capacities, RC-1, RC-2, and RC-3 for NisoMn3sIn;425B 75 annealed ribbons
as a function of the magnetic field change up to 5 T are shown in Figure 4(b). The RC values and
related parameters are given in Table I. This values of RC is comparable to bulk NisoMn35In;4.25B¢.75
systems”? and those of other Ni-Mn-In based Heusler alloys.’

CONCLUSIONS

In conclusions, we have investigated the magnetostructural transitions, magnetic, and magne-
tocaloric properties of NispMn35In;4.25B¢ 75 annealed ribbons. The martensitic transition temperature
for annealed ribbons shift by about 70 K to a higher temperature relative to that of the bulk.
A sharper martensitic transition resulting in larger magnetic entropy changes was observed for
NisoMn3sIni425Bg 75 annealed ribbons. Most of the parameters related to the magnetic responsive
properties of annealed ribbons were found to be larger to those reported for the bulk alloy. This
results indicates that the NisoMn3s5In;4.25B0.75 annealed ribbons may be promising multifunctional
materials.
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