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ABSTRACT

Ribbon-shaped magnetocaloric materials are favorable to achieve high heat-transfer efficiencies due to their large specific surface area. In this
work, MnsoNig;_,IngCoy (0 < x <4) ribbons were prepared using a melt-spinning technique, and the corresponding phase transformation and
magnetocaloric properties were studied. The large temperature gradient during melt-spinning caused the initial austenite in the ribbons to
form typical columnar-shaped grains with a strong (001), preferred orientation perpendicular to the ribbon plane. After cooling, the ribbons
undergo martensitic transformation from cubic austenite to monoclinic eight-layered modulated (8 M) martensite. High angle annular dark
field-scanning transmission electron microscopy observations indicate that martensite lattice modulation is inhomogeneous at atomic scales.
Co substitution for Ni not only strongly influences the phase transformation temperatures but also greatly enhances ferromagnetic coupling. As
a result, an enlarged magnetization difference across the martensitic transformation under a field change of 5T in the Mns(NizgIngCos ribbon
induces a large magnetic entropy change up to 12.1Jkg™" K" and a refrigeration capacity of 197 Jkg™" around room temperature. In addition,
a wide operational temperature region up to 31 K is obtained in the Mns(Ni;;IngsCo, ribbon due to the enhanced sensitivity of the transforma-
tion temperature shift under a magnetic field.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0014883

I. INTRODUCTION alloys are conceived as potential candidates for actuators, sensors,

Heusler type Ni-Mn-X (X=1In, Sn, and Sb) based meta- and magnetic refrigeration applications.

magnetic shape memory alloys with a first-order magnetostructural The magneto.calorlc ?ffed. (MCE) 1s_ th,e intrinsic - thermal
transformation from ferromagnetic austenite to weak magnetic mar- response of magnetic materials with the application or removal of an

tensite have generated considerable attention in recent years.1 The external magnetic field, which can be evaluated based on the isother-

significant magnetization difference between austenite and martens- ~ Mal magnetic entropy change (ASy,) or adiabatic temperature change

ite allows the inverse martensitic transformation to be induced from (ATq). In general, the MCE is strongly related to the magnetization
magnetic fields,” giving rise to various functional behaviors such difference AM across the phase transition with a higher AM allowing
as the magnetic shape memory effect,”® the magnetoresistance for a more remarkable magnetocaloric response. As the magnetiza-
effect,””” and the magnetocaloric effect (MCE).""”'® Therefore, these tion of Ni-Mn-based alloys results primarily from contributions of
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Mn,"” proper tuning on the Mn content can be exploited to enlarge
AM between the austenite and martensite phases. Therefore, the
exploration of high-Mn content Mn-Ni-based alloys is of particular
interest, which may not only enlarge the composition range but may
allow developing high-performance magnetocaloric materials. It has
been confirmed that in some high-Mn content Mn-Ni-based alloys,
there is a magnetostructural transformation from ferromagnetic
austenite to weak magnetic martensite,’” and a significant MCE has
been achieved.'**” It is noted that candidate magnetocaloric materi-
als for potential magnetic refrigeration should possess not only a
large MCE but also a wide operational temperature range. However,
the relatively low Curie temperature of austenite (T¢) in the
high-Mn content Mn-Ni-based alloys'*™*" (around or even below
300 K) imposes a strong constraint on the temperature range of mag-
netostructural transformation and the corresponding MCE. This is
because the occurrence of magnetostructural transformations from
ferromagnetic austenite to weak magnetic martensite requires T¢ to
be higher than the martensitic transformation temperature (T). In
such challenges, introducing a fourth element could be an efficient
way to manipulate the T and its corresponding temperature range
of magnetostructural transformation.

It is noted that heat-transfer is of great importance for poten-
tial magnetic refrigeration applications. Magnetocaloric materials
with large specific surface areas (e.g., sheets and ribbons) are
expected to present high heat-transfer efficiencies. However, the
intrinsic brittleness of bulk Ni-Mn-based Heusler alloys makes
them more difficult to process into thin sheets. In particular,
high-Mn contents may further increase the brittleness of bulk
alloys. Thus, the melt-spinning technique is conceived as an ideal
method to produce ribbons through rapid solidification from the
liquid metal. Recently, some specific Heusler alloys with highly
homogeneous compositions have been successfully prepared via
melt-spinning.”*>**~*° In addition, ribbon-shaped samples help
minimize the demagnetization effect during magnetization/demag-
netization cycles. The demagnetization effect could become negligi-
ble due to the large length-to-thickness ratio when a magnetic field
is applied along the longitudinal direction.

It is noted that Co doping not only effectively influences the
magnetic and structural transformation temperatures but also
enhances ferromagnetic coupling,”'">">** Therefore, Co was intro-
duced in this work to replace Ni to tune the magnetostructural
transformation parameters and improve the magnetocaloric prop-
erties. A series of high-Mn content MnsoNiy;_InyCoy (0 <x<4)
ribbons were prepared using the melt-spinning technique. The
magnetostructural transformation and related magnetocaloric prop-
erties of the ribbons were studied. It is shown that the ribbons
underwent martensitic transformation from cubic austenite to
monoclinic eight-layered modulated (8 M) martensite. The high
angle annular dark field-scanning transmission electron micros-
copy (HAADF-STEM) observations indicate that the lattice modu-
lation of martensite is inhomogeneous at the atomic scale. The
introduction of Co converted the martensitic transformation from
paramagnetic to meta-magnetic, which resulted in significant
increases in the magnetization difference AM across magnetostruc-
tural transformation. Consequently, a large magnetic entropy
change ASy, of 12.1Tkg ' K™ and refrigeration capacity RC up to
197]kg’1 were obtained in the MnsoNizgIngCos; melt-spun ribbon

ARTICLE scitation.org/journalljap

TABLE I. Composition and e/a ratio for the MnsgNiz1_IngCoy (0 < x < 4) ribbons.

Actual composition (at. %)

Target composition Mn Ni In Co e/a

Mn50N1411n9C00 50.1 40.9 9.0 0 7.870
MnsoNi4oIn9C01 50.2 39.9 8.9 1.0 7.867
Mnj5oNizelngCo, 50.2 39.1 8.7 2.0 7.863
MnsoNi;gIngCos 50.1 38.0 9.0 2.9 7.838
Mn;(Ni3;IngCoy 50.2 36.9 9.0 3.9 7.825

under a field change of 5T. Moreover, the enhanced sensitivity of
the transformation shift under a magnetic field provides a wide
operational temperature region of 31K in the MnsoNi;;IngeCoy,
ribbon.

Il. EXPERIMENTAL METHODS

Bulk polycrystalline alloys with a nominal composition of
MnsoNiy; _IngCoy (0 <x <4, at. %) were prepared via arc-melting
using high purity metal elements under the protection of an argon
atmosphere. To achieve good composition homogeneity, the as-cast
alloys were remelted several times. The ribbons were prepared in a
single copper roller melt-spinning device at a rotation speed of
20 ms™" under an argon atmosphere using the as-cast alloy as the
master material. The ribbon composition was verified using x-ray
wave dispersive spectrometry (WDS). As shown in Table I, the
actual compositions of the studied ribbons were quite close to the
target cases. The characteristic temperatures for the forward and
inverse martensitic transformation (M, Mp A,, and As) were mea-
sured using differential scanning calorimetry (DSC) with heating
and cooling rates of 10 Kmin~'. The room temperature crystal
structure was determined via x-ray diffraction (XRD) with Cu-Ko
radiation and selected area electronic diffraction (SAED). The pole
figures were measured with XRD at room temperature on the ribbon
plane. The microstructural characterization was performed with a
JEOL JSM-7001F scanning electron microscope (SEM) and a JEOL
JEM-ARM200F transmission electron microscope (TEM). The mag-
netization measurements were performed in a physical property
measuring system (PPMS-9 T, Quantum Design), where the mag-
netic field was applied along the longitudinal (rolling) direction of
the ribbons to minimize the influence of demagnetization.

lll. RESULTS AND DISCUSSION
A. Crystal structure and microstructural features

The XRD measurements were performed at room temperature
on the ribbon plane to detect the phase constitution of the
MnsoNiy; _ IngCo, (0 <x<4) ribbons. It is shown that the
MnsoNiy;Ing and MnsoNiygIngCo,; ribbons possessed single martens-
ite at room temperature. With an increased Co content, the room
temperature phase gradually evolved into austenite, i.e., a mixture of
austenite and martensite for the Mns,NizgIngCo, ribbon and single
austenite for the MnsNizgIngCo; and MnsoNis;IngCo, ribbons. This
indicates that Co substitution for Ni results in a decreased martens-
itic transformation temperature. Typical room-temperature XRD
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patterns for the MnsoNig;Ing, MnsoNizeIngCo,, and MnsoNiszgIngCos
ribbons are shown in Fig. 1(a). Several diffraction peaks for the mar-
tensitic phase in the 26 range of 40°-45° are seen for the
MnsoNiy Ing and MnsoNizgIlngCo, ribbons, which could indicate
lattice modulation for martensite. The SAED measurements were
performed to gain greater insight into the period of lattice modula-
tion. A typical SAED pattern along the (210)y; direction of martens-
ite as acquired for the MnsoNizgIngCo, ribbon is shown in Fig. 1(b).
Seven satellite spots are located between the two main diffraction
spots, indicating a monoclinic 8 M-type crystal structure in the
ribbons.”” In addition, it is found that the satellite spots exhibit the
characteristics of elongation and even dispersion.

Figures 2(a)-2(c) show backscattered electron (BSE) images of
the ribbon plane for the MnsNigIngCo;, MnsoNizgIngCo,, and

ARTICLE scitation.org/journalljap

FIG. 1. (a) Typical room-temperature
XRD patterns  for  MnsgNigq_4IngCoy
ribbons and (b) the selected area elec-
tronic diffraction (SAED) pattern for
martensite along the (210)y, direction.

MnsoNiselngCo, ribbons, respectively, which exhibit the micro-
structure of single martensite, a mixture of martensite and austen-
ite, and single austenite. The austenite morphology exhibits
equiaxed grains and the martensite is in a plate shape within the
initial austenite grains. The ultra-high cooling rate of the melt-
spinning process significantly reduces the grain size of the initial
austenite (~10 um), which is much smaller than for bulk alloys.28
Figure 2(d) shows a secondary electron image taken from the
cross section of the MnsoNizsIngCo, ribbon. The initial austenite
grains are characterized as columnar shaped with the longer axes
perpendicular to the ribbon plane. Such a microstructural feature is
attributed to the specific temperature gradient during the melt-
spinning process.”” In addition, it is found that the grain size at the
wheel surface side is much smaller than at the free surface side,

FIG. 2. (a) BSE image of the ribbon
plane for (@) MnsoNiglngCos, (b)
Mn50Ni39|n9002, and (C) Mn50Ni37|n9C04
ribbons and (d) secondary electron
image of cross secton of the
MnsoNis7IngCoy ribbon.
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FIG. 3. Pole figures for the MnsNis7IngCoy ribbon measured on the ribbon plane with XRD for (a) {220}, and (b) {400}.

which is consistent with previous observations.”’ This effect is
attributed to the relatively higher cooling rate at the wheel surface
side due to its direct contact with the copper wheel.”

Figures 3(a) and 3(b) show the {220}, and {400}, pole figures,
respectively, of austenite for the MnsoNi;;IngCo, ribbon measured
at the ribbon plane using room-temperature XRD. The {220},
poles are located primarily at the polar angle of ~40° and the
{400}, poles are at the center in the corresponding pole figures.
Therefore, it is inferred that austenite possesses a strong preferred
orientation with (001), perpendicular to the ribbon plane.’’ This
microstructural feature is ascribed to the thermal gradient during
the melt-spinning process.”””!

Figure 4(a) presents a TEM bright-field image of the 8 M
martensite plates for the MnsoNizgIngCo, ribbon. The substructure
of the martensite plates is characterized as stacking faults. Locally,
four types of martensite variants [represented as A, B, C, and D in
Fig. 4(a)] are alternately distributed, which agree with the modu-
lated martensite having the monoclinic structure in Ni-Mn-Ga
alloys.”>"’ Scanning transmission electron microscopy (STEM)
observations were performed to gain deeper insight into the

internal microstructural feature of martensite. Figure 4(b) shows a
typical HAADF-STEM image for 8 M martensite along the (010)y,
axis. The stacking periodicity for the 8 M martensite is inhomoge-
neous as each stacking periodicity contains different atomic layers,
as indicated in Fig. 4(b). This may cause irregular spacing of the
satellite spots between two main spots and result in their elongation
[Fig. 1(b)].

B. Phase transformation

Figure 5(a) shows the DSC curves for the MnsoNiy;_,IngCoy
melt-spun ribbons. The appearance of exothermic and endothermic
peaks for the cooling and heating stages indicates the occurrence of
forward and inverse martensitic transformations, respectively. The
tangent method was used to find the start and finish temperatures
(My, Mg Ay, and Ay) for the forward and inverse transformations
with their compositional dependence presented in Fig. 5(b). The
martensitic transformation temperatures gradually decrease with
the Co content. As indicated in Table I, Co substitution for Ni
gradually decreases the valence electron concentration e/a. Thus,

FIG. 4. (a) TEM bright-field image of
8M martensite for the MnsgNizglngCo,
ribbon and (b) HAADF-STEM image of
8M martensite along the (010)y axis.
The inset in (b) shows the correspond-
ing fast Fourier Transformation (FFT)
pattern.

J. Appl. Phys. 128, 055110 (2020); doi: 10.1063/5.0014883
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FIG. 5. (a) DSC curves for MnsgNigq_,IngCoy, (x =0-4) ribbons, and (b) the compositional dependence of the martensitic transformation temperatures and thermal
hysteresis (As — My).
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FIG. 6. M-T curves for the (a) MnsgNigqIng, (b) MnsgNisglngCoy, (€) MnsgNisglngCos, and (d) MnsgNiszIngCo, ribbons.
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this gradual decrease in the martensitic transformation temperature
is attributed to a reduced e/a."" In addition, Co substitution for Ni
can also exert a certain influence on the thermal hysteresis. As indi-
cated in Fig. 5(b), the thermal hysteresis, determined as As— My
gradually increases with the Co content, which is consistent with
previous results.''

The temperature dependence of magnetization (M-T curves)
was measured to analyze changes associated with martensitic trans-
formation. The results show that martensitic transformation for the
Mn;oNiy Ing and MnsoNiggIngCo, ribbons occurred from the para-
magnetic austenite to the weak magnetic martensite. Typical M-T
curves for the Mn5oNiy Ing ribbon under a magnetic field of 5T
are shown in Fig. 6(a). The magnetization difference AM across
martensitic transformation in the MnsoNig;Ing ribbon is relatively
low at AM =16 Am*kg™".

Figures 6(b)-6(d) present the M-T curves for the
MnsoNi391n9COZ, Mn50Ni3gIn9CO3, and MnsoNi37In9C04 ribbons,
respectively, under magnetic fields of 0.005T and 5T. For the
Mn;oNizoIngCo, ribbon, T is determined as 383 K from the M-T
curves at a field of 0.005 T. However, for the MnsoNisgIngCo; and

[$)]
o

Magnetization (A m? kg™)
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Mni;oNis;IngCo, ribbons, T¢ was not detected until 400 K. Thus,
the paramagnetic to ferromagnetic transition of austenite may occur
at temperatures above 400 K as Co substitution for Ni results in an
increased Tc."' Compared to the MnsoNiy;Ing ribbon, the magneti-
zation difference AM associated with martensitic transformation in
the MnsNizoIngCo,, MnsgNisglngCos, and MnsgNis;IngCo, ribbons
was greatly enhanced. Taking the MnsoNizgIngCo; ribbon as an
example, a large AM up to 68 Am?> kg™ associated with martensitic
transformation was achieved, indicating strong magnetostructural
coupling. Moreover, the martensitic transformation shifted to the
lower temperature region after the application of a magnetic field of
5T, which indicates that the inverse martensitic transformation can
be induced from magnetic fields. For the Mn5oNizgIngCo,,
MnsoNizgIngCos, and MnsoNiz;IngCoy ribbons, A; was reduced by
26, 30, and 37K under a magnetic field of 5T, respectively, with
corresponding reduction rates of 5.2, 6, and 74K T Thus, Co
doping results in large magnetic field-induced transformation
temperature shifts.

The reduction in the transformation temperature (AT)
induced from magnetic fields is described using the Clausius-

Magnetization (A m? kg™)

HoH (T)

FIG. 7. Isothermal magnetization curves across the inverse martensitic transformation for the (a) MnsgNizglngCos, (b) MnsgNisglngCos, and (c) MnsgNiszIngCos melt-spun

ribbons with a maximum magnetic field of 5 T.
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Clapeyron relation as AT/ugAH = AM/AS, where AS and AM repre-
sent changes in entropy and magnetization across transformation,
respectively. For the MnsoNizgIngCo; ribbon, AS was determined as
124Tkg 'K through DSC measurements. Thus, AT induced
from applying a magnetic field of 5T is estimated as 27.4 K based
on the Clausius-Clapeyron relation, which is close to the experi-
mentally observed temperature shift of 30 K.

C. Magnetocaloric properties

The above thermo-magnetic measurements suggest that the
MnisoNizglngCo,, MnsoNisgIngCos, and MnsgNis;IngCo, ribbons
possess relatively high AM across martensitic transformation,
which indicates a large expected MCE. To evaluate the magneto-
caloric properties, sets of isothermal magnetization (M-H) curves
across the inverse martensitic transformation were measured with a
maximum field of 5T to determine the entropy change (AS,)
induced from the magnetic field, as shown Fig. 7. To avoid overesti-
mation of ASy, the M-H curves were measured using a loop

» )] [«] ~
T

AS,, (J kg K

-

300 320 340

AS,, (J kg™ K

O =

220 240 260 280 300
Temperature (K)

200

ARTICLE scitation.org/journalljap

method: before the M-H measurements at each testing tempera-
ture, the sample was first cooled to low temperature under a zero
field to achieve the full martensite state. The sample was then
heated to the testing temperature under a zero field.

The M-H curves allow calculating the magnetic field-induced
entropy change AS), across inverse martensitic transformation
using Maxwell’s relation. Figures 8(a)-8(c) show the temperature
dependence of AS); under magnetic field variations from 1 to 5T
for the Ml’lsoNi:},gIﬂgCOz, MnsoNi381ngC03, and MnsoNi37In9C04
ribbons, respectively. The ribbons exhibit large inverse MCE
around room temperature, which is consistent with the decreased
martensitic transformation temperatures at larger magnetic fields.
It is noted that the field-induced inverse martensitic transformation
causes the AS,; peaks to gradually shift to lower temperatures
for larger magnetic fields. Under a field change poAH of 5T,
the maximum AS,, for the MnsyNi3gIngCo,, Mn5oNisgIngCos, and
Mn;oNiz;IngCo, ribbons was 5.7, 12.1, and 7.5 ]kg'1 K,
respectively. Compared with the ternary MnsoNigsIngs ribbon
(ASy=6.1 ]kg’1 K™),” the AS,; values for the Co-doped ribbons

ASy, (J kg K-

240 2(I50 ZéO 3(I)0 320
Temperature (K)

—0— Mng,NizglngCo,
—O— MngNizglngCoy
—&— MnggNig,IngCo,

FIG. 8. Temperature dependence of AS), under various magnetic field changes for the (a) MnsgNisglngCo,, (b) MnsgNizgingCos, and (c) MnsgNiszIngCoy ribbon and the (d)

field dependences of RC.
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are greatly improved. Moreover, the maximum AS,, values are com-
parable with those of bulk MnsoNizSnj (ASM=8.6]kg’1 K,
Mn50Ni39C015n10 (ASM =10.5 J kg_l K_l),34 NisoMn34‘81n15A2
(ASp=13] kg’l Kﬁl){zs NigooMn3sIn;,;Sbg o (ASp;=10] kg’l K71)>36
NisoMnssIn; 4558075 (ASy=10] kg’l Kil)fw Niygg 8C012Mn33 510355
(ASp=14.6Tkg ' K1), NiygCosMnssSby; 5Gags (ASy=13.5] kg™
K_l),Sk) Ni50MD3gsb12 (ASM =12.1 ]kg_l K_l),40 and Ni43Mn4GSn11
(ASy=10.4Tkg ' K" alloys.

The refrigeration capacity RC, which was analyzed for the
ribbons, represents the amount of thermal energy that can be trans-
ferred by magnetic refrigerants between the cold (T,,) and hot
(Tho) sinks in one ideal thermodynamic cycle. RC can be evaluated
as RC = f%jl;ASM dT, where Ty, and T, are the corresponding
temperatures at the full width half maximum peak value of ASy.
Figure 8(d) illustrates the field dependence of the RC values for the
Mn;5oNizolngCos, MnsgNisglngCos, and MnsoNis;IngCo, ribbons.
The RC values show a near-linear increase with the magnetic field.
Under the magnetic field change poAH of 5T, the maximum RC
for the MnsoNizolngCos, MnsgNizgIngCos, and MnsoNis,IngCoy
ribbons was determined as 110, 197, and 188 Jkg™, respectively.
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The RC values of the proposed material are comparable with those
of the Nis; Mns;,In;;; annealed ribbon (RC=195 ]kg'l,
WAH=5T),” and bulk NisMnagln,s (RC=180.8Tkg™,
WAH =5T),"” Nig;MngSn;s (RC=207Tkg™, noAH=5T),"* and
Ni,MnIn (RC=167.5] kg’l, HeAH=5T)" alloys. Moreover, the
presented RC values are better than those of the bulk
NisoMns,Snglng (RC=47 kg™, poAH =5T),*® NisoMnssIn,; B
(RC=140Tkg!, WAH=5T),” NisMns;Sn;; (RC=75Jkg ™",
WAH =5T)," NiysCog4Mns;Ing ¢ (RC=95Tkg™", noAH=5T),"”
and NisoMns;Sbys (RC=37.7T kg™, noAH =5T)"’ alloys as well as
the Nis>Mn,sGa,, ribbon (RC=70] kg’l, HoAH =5T).”

Figure 9 shows the field dependence of the temperatures T},
and T,y which represent the full width at half maximum
(8Trwrr) of the ASy; curves for the MnsoNizeIngCos,
MnsoNizgIngCos, and MnsoNis;IngCoy ribbons. The operational
temperature range of the refrigerators 8Ty is determined based
on Tjor and Tyoa as 3T rwrnr = Thor—Teola- It is seen in Fig. 9 that
the magnetic field-induced inverse martensitic transformation
causes dTrwpy to gradually widen for larger magnetic fields. In
particular, under a field change of 5T, a large 8 Tryup up to 31K
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FIG. 9. Field dependence for temperatures T and T.oq Of the melt-spun ribbons: (a) MnsgNisglngCoy, (b) MnsgNizglngCos, and (c) MnsgNiszIngCoy.
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TABLE II. Magnetocaloric properties of the MnsoNig1_IngCoy (2 < x <4) ribbons
under a field change of 5 T.

ASy RC STewrer  Thor  Teowa
Ribbon JK'kg) (kg (K K) (K
Mn;(NizeIngCo, 5.7 110 24 340 316
MnsoNizgIngCos 12.1 197 20 302 282
MnsoNis;IngCoy 7.5 188 32 282 251

was achieved for the Mns(Nij,IngCo, ribbon, which is attributed to
the relatively higher magnetic field-induced reduction rate of the
transformation temperature of 7.4 K T, The 8Tgy is compara-
ble to that in the bulk NisnCo1oMnySn;g alloy (8Trwrm=33K,
HoAH =5 T).* Moreover, the presented 8Ty is also larger than
those in bulk Ni41CO7F€2Mn4osn10 (BTFWHM =20K, IJ.()AH =5 T),Sl
Niy; Cog sFe; sMnyoSnyo (OTpwum=22K, HoAH =5 1),
NiyCogMnypSnyo (8Trwrn=25K, poAH=5 T),” NiysCosMnsggln;z4
(3Trwrmni=20K, poAH=5T),”* NigoMnsg4Sby;Sino OTrwrm=7K,
}loAH =5 T),SS Ni45Cb5Mn37In13 (STFWHM =152K, l.,l()AH: 5 ’I‘),34 and
Niy5CosMns;In,Siy (STrwrn=82 K, weAH=5T)™ alloys. The mag-
netocaloric properties under a field change of 5T for the presented
ribbons are summarized in Table II. In addition, as the operational tem-
perature regions for the MnsNizIngCo, MnsoNizgIngCos, and
MnsoNis;IngCo, ribbons are adjacent, indicating the refrigeration tem-
perature region can be further extended by forming a composite mate-
rial with these ribbons.

IV. CONCLUSIONS

The magnetostructural transformation and magnetocaloric
properties of Mn-rich MnsoNig;_(IngCo, melt-spun ribbons were
investigated. It is demonstrated that the large temperature gradient
during the melt-spinning process causes the initial austenite to
form typical columnar-shaped grains with strong (001), preferred
orientations perpendicular to the ribbon plane. The ribbons
undergo a martensitic transformation from cubic austenite to
monoclinic 8 M martensite. The 8 M martensite has a plate shape
and is characterized by stacking faults as the internal structure. The
STEM observations indicate that the lattice modulation of 8 M
martensite is inhomogeneous at the atomic scale. The introduction
of Co not only results in a gradual decrease of the martensitic trans-
formation temperature but also converts the martensitic transforma-
tion from paramagnetic into meta-magnetic. The large magnetization
difference AM associated with martensitic transformation gives
large AS) values of 5.7, 12.1, and 7.5J kg™ K™' and RC values up to
110, 197, and 188Jkg" under a field change of 5T for the
Mn50N13gIn9002, MD50Ni3gIn9CO3, and Mn50Ni37In9CO4 ribenS,
respectively. Moreover, the enhanced magnetic field-induced reduc-
tion rate of transformation temperature of 7.4 K'T™' provides for a
wide operational temperature region of 31 K for the MnsoNi;;IngCo,
ribbon.
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