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This paper investigates the influence of Co and Al concentrations on the struc-
ture, magnetic properties and magnetocaloric effect of (Ni, Co)-Mn-(Sn, Al) alloy
ribbons prepared by melt-spinning. X-ray diffraction analyses show multi-crys-
talline phase characteristic of the ribbons including face-centered cubic (L1y),
body-centered cubic (B2), orthorhombic (40) and monoclinic (10M) phases. The
amplitude and temperature of the martensite—austenite phase transition of the
alloy clearly depend on Co and Al concentrations. Magnetization measurements
reveal soft magnetic features, with coercivity less than 50 Oe for all the alloy
ribbons. The Curie temperature of the austenite phase increases with increasing
Co concentration, but decreases with increasing Al concentration. The magnetic
phase transitions in the alloy can be shifted to the room temperature region by
adjusting the Co and Al concentrations. With appropriate concentrations of Co
and Al, the alloy ribbons possess both negative and positive magnetocaloric
effects, with a maximum magnetic entropy change larger than 0.6 J kg ! K 'in
a magnetic field change of 12 kOe. The temperature and magnetic field depen-
dence of the magnetocaloric effect in these alloy ribbons was also investigated.
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INTRODUCTION

The magnetocaloric effect (MCE) is the heating or
cooling of a body when it is placed in or taken out of
a magnetic field. This effect can be applied to
magnetic refrigeration technology, as it offers the
advantage of energy savings and is environmentally
friendly." One potential type of magnetocaloric
materials is Heusler alloys, among which the Ni-
Mn-Sn alloy system has been attracting the
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attention of scientists, because these alloys reveal
a giant magnetocaloric effect (GMCE). Importantly,
the Ni-Mn-Sn Heusler alloys exhibit both negative
and positive GMCEs. The former is caused by the
martensitic—austenitic structural transformation,
and the latter is related to the ferromagnetic—
paramagnetic phase transition.”'? For high-effi-
ciency magnetic refrigeration, magnetocaloric mate-
rials should possess high magnetic entropy change
(AS,,) and large adiabatic temperature variation
(AT.q). A requirement for practical applications of
household appliances is that the magnetocaloric
materials have magnetic ghase transitions at the
room temperature region.'*? The results of recent
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studies showed that the addition of Co and Al can
strongly affect the structural transformation and
magnetic properties of the Ni-Mn-Sn Heusler alloy
system. Partial substitution of Co atoms for Ni sites
in the Ni-Mn-Sn alloys results in a significantly
increased magnetization change at the martensitic—
austenitic transformation (AM). This large change
in magnetization greatly enhances the MCE for the
alloys.?>?* The results also indicate that the trans-
formation temperature of the martensitic—austeni-
tic phases decreases gradually while the Curie
temperature increases significantly with increasing
concentration of Co. Thus, the substitution of Co for
Ni can significantly improve the exchange interac-
tions in alloys. As for the substitution of Al for Sn,
the transformation temperature of martensitic—
austenitic phases is affected more strongly than
the Curie temperature of the austenitic phase.?*~27
The martensitic—austenitic structural transforma-
tion of the (Ni, Co)-Mn-(Sn, Al) bulk alloys was
found to be very sensitive to crystalline phases and
concentrations of Co and Al. The crystalline phases
of these types of Heusler alloys could be stabilized
by an annealing process. However, it commonly
takes a long time (up to several days) to make
structural phases stable.?*° To avoid the long
annealing process, some research groups fabricated
the Heusler alloys in ribbon form by rapid quench-
ing. In comparison with bulk samples of the same

composition, the alloy ribbons exhibit a different
crystalline structure and magnetic properties. The
martensitic—austenitic transformation temperature
in Niso_,Co,Mnsq,,Al19_, (x = 5, 10) ribbon alloys is
considerably lower than that of the bulk alloys,
resulting in the difference in magnetic phase tran-
sitions. The Ni50Mn37Sn13 and Ni45CO5Mn32A118
alloy ribbons were found to exhibit a clear marten-
sitic—austenitic transformation. The
Niso_.Co,Mngq,,Alyg_, (x =5, 10) alloy ribbons
show much stronger ferromaﬁgnetic behavior than
the Ni50Mn31A119 I‘ibbons.31_3

In this work, we investigated the influence of Co
and Al concentrations on the structure, magnetic
properties and magnetocaloric effect of (Ni, Co)-Mn-
(Sn, Al) alloy ribbons prepared by rapid quenching.

EXPERIMENT

For sample preparation, bulk alloys with nominal
composition of Nisg_,Co,Mn37;Sn 3 (x = 0, 2, 4, 6, 8,
and 10) and Niso_,Co,Mnso_,Al, (x =5, 6, 7, 8, 9
and 10; y = 18 and 19) were first fabricated from
elements Ni, Co, Mn, Sn and Al of 99.9% purity
using an arc-melting furnace. The resulting bulk
alloys were then used to fabricate the alloy ribbons
using a melt-spinning method on a single roller
system. A tangential velocity of 40 m/s was applied
to the copper roller to obtain ribbons with thickness
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Fig. 1. XRD patterns of Niso_Co,Mn37Sny3 (a) and Nisg_xCo,Mnso_,Al, with y = 18 (b) and 19 (c) ribbons.
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Fig. 2. Hysteresis loops of Nisg_xC0,Mng7Sn43 (a) and Niso_xCo,Mnsg_,Al, with y = 18 (b) and 19 (c) ribbons.

of about 15 yum. To avoid oxidization, all the arc-
melting and melt-spinning processes were per-
formed under an argon atmosphere. As for sample
characterization, the crystalline structure of the
fabricated alloy ribbons was examined by powder X-
ray diffraction (XRD) with Cu-K, radiation
(4 = 1.54060 A) in 20 ranging from 10° to 70°. The
magnetic properties of the alloy ribbons were inves-
tigated on a vibrating-sample magnetometer (VSM)
with a magnetic field range of —12 kOe to 12 kOe.
The measurement temperature of the VSM could be
changed from nitrogen liquid temperature up to
500 K. The magnetocaloric effects of the alloy
ribbons were assessed from the magnetization data
obtained.

RESULTS AND DISCUSSION

The XRD patterns of the Niso_,Co,Mn3;Sn;3 and
Nisp_Co,Mns5o_,Al, (y =18 and 19) alloy ribbons
measured at room temperature are presented in
Fig. 1. The multi-crystalline phase behavior of the
ribbons is clearly dependent on the concentrations
of Co and Al. One can see that the characteristic
patterns of the Niso_,CoMns;Sni3 and Niso_,.
Co,Mnso_,Al, ribbons are quite different. The
Nisg_.Co,Mn3;Sn;3 XRD patterns show a multi-
phase structure of 40 (orthorhombic) and 14 M

(monoclinic)., while the diffraction peaks on the
XRD patterns of Nisy_,Co,Mns,_,Al, are identified
as belonging to the crystalline phases of B2 (body-
centered cubic), L1, (face-centered cubic) and 10M
(monoclinic). The structure of the Niso_,.
Co,Mn3;Sn;3 ribbons is nearly unchanged when
the Co concentration is increased from 0% to 10%
(see Fig. 1a). As for the Niso_,Co,Mnjzo_,Al, (y = 18
and 19) ribbons, the quantity of the diffraction
peaks tends to increase with Co concentration (see
Fig. 1b and ¢). When the Al concentration increases,
the 10M peak is dominant. It should be noted that
the magnetic properties of these types of Heusler
alloys are very sensitive to their structure. A small
change in the structure of the Nisq_,Co,Mn3;Snq3
and Nizo_,CoMns,_,Al, alloy ribbons can greatly
affect their magnetic properties. The effect of struc-
ture on the magnetic properties of the alloy ribbons
will be presented in detail below.

The magnetic properties of the alloy ribbons were
investigated by hysteresis and thermal magnetiza-
tion measurements. Figure 2 shows the hysteresis
loops of the Niso_,Co,Mn3;Sn;3 and Nisg_,.
Co,Mnj5,_,Al, (y = 18 and 19) ribbons. One can see
that all the ribbons reveal soft magnetic behavior
with low coercivity smaller than 50 Oe. This is a
requirement for magnetic refrigeration
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Fig. 3. Thermomagnetization curves in H = 100 Oe of Nisg_xCo,Mn3;Sn;3 (a) and Nisg_xCo,Mnso_,Al, with y = 18 (b) and 19 (c) ribbons.

applications, because the thermal and magnetic
hysteresis losses should be small or negligible.
When the Co concentration increases, the satura-
tion magnetization of the alloy ribbons is greatly
enhanced, while an increase in the Al concentration
causes this value to decrease. As Al is a non-
ferromagnetic element, the magnetization of the
alloys is reduced by increasing its concentration.
Our results are in good agreement with those
reported elsewhere.®”

In order to investigate the phase transitions of the
Ni50,xCOan37SH13 and Ni50,xCOle'l50,yA1y (y =18
and 19) ribbons, their thermo-magnetization curves
in magnetic field H = 100 Oe were performed
(Fig. 3). As reported, the Ni-Mn-Sn Heusler alloys
exhibit two types of magnetic phase transitions, one
related to the structural transformation from
martensite to austenite (first-order phase transi-
tion), and the other due to the magnetic order
change from ferromagnetic to paramagnetic (sec-
ond-order phase transition).?’™® Normally, the
austenitic phase has strong ferromagnetic orders,
while the martensitic phase is associated with weak
ferromagnetic or antiferromagnetic couplings.®*~*°
As shown in Fig. 3, the shape of the

thermomagnetization curves clearly depends on
both the Co and Al concentrations. Some samples
exhibit both types of phase transitions. The first-
order phase transition occurs at a martensitic—
austenitic structural transition temperature (Tha),
and the second-order phase transition occurs at the
Curie temperature of the martensitic phase (TH) or
austenitic phase (T%). The T4 of the alloy ribbons
strongly increases with increasing concentration of
Co, while the concentration of Al clearly influences
the martensitic—austenitic structural transforma-
tion temperature. The T2 of the Niso_,Co,Mns;Sni3
ribbons is increased from ~314 K to ~456 K as the
Co concentration increases from 0% to 10% (see
Fig. 3a). The T is only observed on the sample with
x =0, at ~250 K, and a weak martensitic—austeni-
tic transformation (at ~200 K) still remains on the
sample with x = 2. This means that Co causes the
martensitic phase to dominate in the alloy. As for
Nisp_Co,Mns(_,Al, ribbons, the thermomagnetiza-
tion curves of the alloy ribbons with y = 18 (Fig. 3b)
show that the first-order magnetic phase transition
occurs when the Co concentration is in the range of
6% to 9%. The Thya is raised from ~282 K (for x = 7)
to ~380 K (for x = 9). This transition is absent in
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Fig. 4. M(T) in various magnetic fields (a), M(H) at different temperatures (b) and temperature dependence of magnetic entropy change AS(T)
in various magnetic field changes (c) of Niz4CosMn3,Alsg alloy ribbon. The inset shows maximum magnetic entropy change IASyImax versus

magnetic field change AH.

the samples with Co concentrations of 5% and 10%.
The M(T) curves of Nisg_,Co,Mnz;Al;g (y = 19)
ribbons (Fig. 3c) show that the Té is strongly
increased from ~291 K to ~408 K by increasing
the Co concentration from 5% to 10%. The marten-
sitic—austenitic transformation tends to disappear
with a high concentration of Co (x > 7), except for
the sample with x = 9. In general, the increase in Co
concentration simultaneously enhances the satura-
tion magnetization and Curie temperature of the
alloy ribbons. The martensitic—austenitic transition
depends on both the Co and Al concentrations. By
choosing appropriate concentrations of Co and Al,
the magnetic phase transition temperatures can be
desirably controlled. The strong dependence of the
Curie temperature on Co concentration can be
explained by exchange interactions of atoms in the
alloy. The substitution of Co for Ni enhances
exchange interactions of Ni-Mn and Co-Mn. As for
the martensitic—austenitic transition, the concen-
tration of valence electrons, i.e. number of valence
electrons per atom (e/a), in the alloy plays a crucial
role. The concentration of valence electrons is very
sensitive to the composition of the alloy. This is a
reason for the influence of the martensitic—

austenitic transformation on both the Co and Al
concentrations in the alloy ribbons.

Among the fabricated alloy ribbons, the
NigCogMn3oAl g sample shows both types of mag-
netic phase transitions around room temperature.
Therefore, this sample was representatively
selected to investigate its magnetocaloric effects.
As is known, the magnetocaloric effect of a magnetic
material can be assessed by its magnetic entropy
change (AS,,). One way to determine the AS,, is
through the use of the Maxwell equation:

H,

oM
s [ (3),

H;

(1)

From the experimental M(T) curves (Fig. 4a), the
corresponding M(H) curves can be derived (Fig. 4b).
Figure 4c presents the magnetic entropy change as
a function of temperature, AS,(T), of the NiygyCogM-
ng2Alyg ribbon for various magnetic field changes
(AH = 1-12 kOe). One can see that the alloy ribbons
exhibit both positive and negative magnetocaloric
effects, with their maximum magnetic entropy
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change larger than 0.6 J kg~* K~! in magnetic field
change of 12 kOe. The maximum magnetic entropy
change |AS,, | . increases with increasing mag-
netic field change AH (see the inset of Fig. 4c). The
trend of | AS,, | max Versus AH is quite linear and can
be used to estimate |AS,,| . at higher values of
magnetic field change AH.

CONCLUSION

The influence of Co and Al on the structure,
magnetic properties and magnetocaloric effects of
(Ni, Co)-Mn-(Sn, Al) alloy ribbons was investigated.
Multi-crystalline phase behavior of the ribbons,
including 40, 14M, L1y, B2, and 10M phases, was
observed. All the ribbons exhibit soft magnetic
feature with coercivity less than 50 Oe. The satu-
ration magnetization and Curie temperature of the
alloy strongly increased with increasing Co concen-
tration. The amplitude and temperature of marten-
site—austenite phase transitions of the alloy clearly
depend on both the Co and Al concentrations.
Magnetic phase transitions in the alloy can be
shifted to the room temperature region by adjusting
the Co and Al concentrations. With appropriate
concentrations of Co and Al, the ribbons possess
both positive and negative MCE, with maximum
magnetic entropy change larger than
0.6 J kg~! K~ ! in a magnetic field change of 12 kOe.
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