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a b s t r a c t

The Ni42.7Mn40.8Co5.2Sn11.3 ribbons were prepared by melt spinning. After heat treatment, the marten-
sitic transformation temperature and Curie temperature of austenite of the annealed ribbons increased
remarkably. Inverse and direct magnetocaloric properties were investigated in the melt-spun and
annealed ribbons. The effective refrigerant capacities for these ribbons were discussed in this paper.
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. Introduction

Magnetocaloric effect (MCE) has been a research focus during
he past several decades which is ascribed to the fact that mag-
etic refrigeration based on it has been regarded as a promising
lternative technique for its high efficiency and environmental
riendliness [1–3]. It is well known that the key of magnetic refrig-
ration is searching for the magnetic materials exhibiting large
CE in the relatively low field. In this context, more and more

ttention have been paid to the materials undergoing the first-
rder magnetic phase transition (FOMT), such as Gd5Si2Ge2 [4],
nFeP0.45As0.55 [3], LaFe11.4Si1.6 [5], and Mn1.9−xNixGe [6], etc.

mong them, the Ni–Mn based ferromagnetic shape memory alloys
FSMAs) Ni–Mn–X (X = Ga, In, Sn, and Sb) have been received
ncreasing attention because of several noteworthy characteristics,
or instance, large magnetic field-induced-strain, relatively cheap
aw materials, and adjustable phase transition temperature [7–21].
fter the discovery of large MCE in off-stoichiometric Ni–Mn based
SMAs [8,9], the effect of partial substitution of Co for Ni or Mn
n these alloys on their magnetic properties and MCE have been

tudied [10–12]. In the previous reports, it was suggested that Co
ubstitution induced the Mn moments align in a ferromagnetic
rdering, giving rise to the magnetization in the austenitic phase
10,11]. Gao et al. also pointed out that the addition of Co notably
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enhanced the magnetization discrepancy �M across the marten-
sitic transformation (MT) in Ni43Mn46−xCoxSn11 alloys, because the
magnetization of austenitic phase was significantly increased while
that of martensitic state kept nearly unchanged [12]. Large MCE
originated mainly from this large �M makes Ni–Mn–Co–Sn alloys
potential refrigerant [11,12].

Up to now, most investigation of Ni–Mn based FSMAs has
focused on bulk polycrystalline alloys. Very recently, homogeneous
Ni–Mn–X ribbons were produced using the rapid solidification
method by melt spinning, which was proved to be a very effec-
tive way to synthesize highly textured polycrystalline ribbons
avoiding or reducing annealing time [13–19]. The microstructure,
MT, magnetic properties, and MCE of these ribbons were inves-
tigated consequently [13–19]. As far as we know, however, there
are few reports about the Ni–Mn–Co–Sn ribbons. In the present
paper, we prepared Ni–Mn–Co–Sn ribbons by rapid quenching and
investigated MT and MCE for the melt-spun and annealed rib-
bons.

2. Experimental

Ni–Mn–Co–Sn ribbons were prepared by melt-spinning the as-cast
Ni–Mn–Co–Sn alloy in argon atmosphere at a surface velocity of 10 ms−1.
Some of the melt-spun ribbons were sealed in evacuated quartz tubes and annealed

at 1123 K for 10 min with a subsequent quench in cool water. The exact composition
of the ribbon is determined as Ni42.7Mn40.8Co5.2Sn11.3, which is estimated by X-ray
energy dispersive spectroscopy (EDS) microanalysis. Thermal behavior was studied
using a differential scanning calorimeter (DSC) with the heating and cooling rates
of 10 K/min. The magnetization measurements were carried out using a vibration
sample magnetometer (7300, Lakeshore) under a magnetic field up to 10 kOe. The
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Fig. 1. Temperature dependence of the magnetization for the melt-spun and
annealed Ni42.7Mn40.8Co5.2Sn11.3 ribbons on heating (solid symbols) and cooling
(open symbols) under a field of 100 Oe. Ms and Mf denote the starting and finishing
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emperatures of the martensitic transformation, As and Af denote the starting and
nishing temperatures of the reverse transformation, and TA

C
is the Curie tempera-

ure of austenite. The inset presents thermomagnetic curves for these ribbons under
field of 10 kOe around MT.

pplied magnetic field was perpendicular to the ribbon axis (along the ribbon’s
urface).

. Results and discussions

The thermomagnetic M (T) curves for the melt-spun and
nnealed Ni42.7Mn40.8Co5.2Sn11.3 ribbons on heating and cooling
nder a field of 100 Oe are shown in Fig. 1. It can be seen that
hese two ribbons show similar thermomagnetic behavior. On
eating, a reverse MT from the weak-magnetic martensitic phase
o ferromagnetic parent phase is first observed with an abrupt
ump of the magnetization, revealing a strong correlation between
he magnetism and structure in these ribbons. Further increas-
ng temperature leads to a ferromagnetic–paramagnetic transition
ccurring at the Curie temperature of austenite TA

C . After anneal-
ng, the reverse MT temperature TM (forward MT temperature
A) and TA

C , defined as the temperatures where dM/dT are maxi-
um, increase remarkably. These results agree well with that of
i44.1Mn44.2Sn11.7 ribbons, which would be ascribed to the change
f Mn–Mn distance induced by the stress and structural relaxations
16]. The characteristic temperatures of these ribbons (austenitic
tart As and finish temperatures Af, martensitic start Ms and fin-
sh temperatures Mf) around MT are denoted in Fig. 1. Note that
hese temperatures of annealed ribbons are near room tempera-
ure, which is of importance for practical application. It can also
e observed that the magnetization of annealed ribbons increases
ore sharply than that of melt-spun ones around MT and �M

etween martensitic and austenitic phases increases remarkably
n the annealed ribbons. The narrower temperature interval where

T occurs and the enhanced �M suggest a larger near-room-
emperature �SM in the annealed ribbons. Moreover, the thermal
ysteresis between the cooling and heating processes decreases
vidently after annealing. The partly removed defects and released
nternal stresses resulting from relatively larger grains by anneal-
ng would be responsible for the reduced hysteresis in the annealed
ibbons [16,18]. The inset of Fig. 1 shows the M (T) curves on heating
easured under the field of 10 kOe. Comparing with M (T) curves at

00 Oe, TM shifts to the lower temperature obviously due to the fact
hat the application of magnetic field would induce MT occurring
t lower temperature [12,18,20].
Fig. 2 shows the DSC cooling and heating curves for the annealed
i42.7Mn40.8Co5.2Sn11.3 ribbons in the temperature range between
20 and 430 K. Large exothermic and endothermic peaks, cor-
esponding to the forward and reverse MTs, respectively, are
bserved. The characteristic transition temperatures obtained from
Fig. 2. DSC curves for the annealed Ni42.7Mn40.8Co5.2Sn11.3 ribbons on cooling and
heating.

DSC curves are in agreement with that obtained from thermo-
magnetic measurement. The thermal hysteresis of about 24 K is
observed. In the higher temperature range, small exothermic and
endothermic peaks are detected around TA

C on cooling and heating
curves, respectively.

The selected magnetization isotherms for the melt-spun and
annealed ribbons around MT and TA

C are shown in Fig. 3(a)–(d).
For clarity, only some selected M–H hysteresis loops around MT
are shown in Fig. 3(a) and (b). As presented in Fig. 3(a) and (b), the
magnetization of parent phase increases markedly after annealing.
As we know, the atom site in melt-spun ribbons may be not too
stable, since they are prepared by the quick transition from the
liquid to the solid state, and do not take up an equilibrium posi-
tion, in which they would have lower energy [22]. After annealing,
the melt-spun ribbons would undergo structural and stress relax-
ations. These relaxations, involving atomic rearrangements, may
modify the atom site slightly, resulting in the change of Mn–Mn dis-
tance [22]. Since the magnetic properties of Ni–Mn based FSMAs are
very sensitive to the Mn–Mn distance [23,24], the magnetization
of annealed ribbons would change correspondingly. As mentioned
above, the jump of magnetization around TM increases remark-
ably after annealing. The increased �M suggests that the magnetic
field-induced MT would overcome a large potential barrier to occur
between martensite phase and austenite phase in the annealed
ribbons. Therefore, a sharp metamagnetic transition with a large
magnetic hysteresis is observed in the annealed ribbons, as shown
in Fig. 3(b). On the other hand, as indicated in Fig. 3(c) and (d),
the magnetization of austenite for the annealed ribbons is larger
than that of melt-spun ones, but no metamagnetic behavior can be
observed.

The values of �SM as a function of temperature around MT and
TA

C for these ribbons are calculated from the isothermal magnetiza-
tion curves. As shown in Fig. 4 and its inset, �SM increases obviously
after annealing. The detailed values of �SM for these ribbons are
listed in Table 1. This increment would be ascribed to the more
abrupt change of magnetization and the larger �M around TM and
TA

C for the annealed ribbons as mentioned above.
Besides �SM, the refrigerant capacity (RC) is also an important

parameter to evaluate MCE. RC values are usually determined by
numerically integrating the area under the �SM (T) curves, the
integration limits using the temperature at the full width half
maximum of the �SM peak [25]. So the temperature interval is
generally regarded as the useful working temperature range of the
materials. Note that, in the FOMT materials, the hysteretic losses
around the phase transition should be taken into account in the

evaluation of RC. Here the hysteretic losses at different tempera-
tures are obtained by calculating the area between the magnetizing
and demagnetizing M (H) curves shown in Fig. 3 [14,15,19,21].
Hysteretic losses at 10 kOe as a function of temperature for the
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Fig. 3. Magnetization isotherms on heating for the melt-spun [(a) and (c)] and annealed [(b) and (d)] Ni42.7Mn40.8Co5.2Sn11.3 ribbons measured around MT and TA
C

.

Table 1
Maximum of magnetic entropy change �Smax

M
, useful working temperature range ıTFWHM , refrigerant capacity RC, average hysteretic losses, and effective refrigerant capacity

RCeff values for the melt-spun and annealed Ni42.7Mn40.8Co5.2Sn11.3 ribbons around MT and TA
C

for a field change of 10 kOe.

Samples Phase transition around �Smax
M

(J kg−1 K−1) Tcold (K) Thot (K) ıTFWHM (K) RC (J kg−1) Average hysteretic losses (J kg−1) RCeff (J kg−1)

Melt-spun MT 6.8 259 274 15 24 5 19
TA −1.3 319 394 75 67 0 67

1
4

m
a
t
u
i
u

F
a
p

C

Annealed MT 32.8 269 27
TA

C
−1.6 310 39

elt-spun and annealed ribbons are presented in Fig. 5. The aver-
ge hysteretic losses for these ribbons are calculated by integrating

he area under the curves of hysteresis losses versus temperature
sing the same temperature range as the calculation of RC as the

ntegration limits [14,15,19,21]. Therefore, the effective RC is eval-
ated by subtracting the average hysteresis loss from RC for these

ig. 4. Magnetic entropy change as a function of temperature for the melt-spun and
nnealed Ni42.7Mn40.8Co5.2Sn11.3 ribbons around MT in the field of 10 kOe. Inset: tem-
erature dependence of the magnetic entropy change around TA

C
for these ribbons.
2 44 25 19
84 91 0 91

ribbons. The values of RC, average hysteretic losses and the effective
RC (RCeff) for these ribbons are also listed in Table 1. Around MT,

although RC of the annealed ribbons is larger than that of melt-spun
ones, the values of RCeff for both melt-spun and annealed rib-
bons retain almost unchanged (19 J kg−1), which would be ascribed
to the larger hysteretic losses associated with the more notable

Fig. 5. Variation of the hysteresis losses for the melt-spun and annealed
Ni42.7Mn40.8Co5.2Sn11.3 ribbons around MT versus temperature for a field change
of 10 kOe.
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eld-induced metamagnetic transition in the annealed ribbons dis-
ussed above [14,15]. But in the vicinity of TA

C for these ribbons,
he average hysteretic losses are zero due to the character of the
econd-order phase transition, and therefore, the enhanced RCeff is
btained after annealing. As mentioned above, the value of the �SM

round MT is larger than that around TA
C , but in the case of RCeff, an

pposite result is obtained. It should be pointed out that RCeff values
round TA

C for these ribbons, especially the annealed ones, are com-
arable to, or even larger than some other magnetocaloric materials
onsidering the same conditions, such as the melt-spun Ni–Mn–Sn
ibbons (46 J Kg−1, �H = 20 kOe) [14], the melt-spun Ni–Mn–Ga rib-
ons (45.5 J Kg−1, �H = 20 kOe) [19], and Ni–Co–Mn–Fe–Ga alloy
70 J Kg−1, �H = 50 kOe) [21].

. Conclusions

Effects of annealing on the magnetic and magnetocaloric prop-
rties in Ni42.7Mn40.8Co5.2Sn11.3 ribbons have been investigated. TM

nd TA
C of the annealed ribbons increase obviously, owing to the

tress and structural relaxations. The thermal hysteresis decreases
or the annealed ribbons due to the partially removed defects and
eleased internal stress resulting from the relatively larger grains
fter annealing. The enhanced magnetization and obvious metam-
gnetic behavior can be observed in the annealed ribbons. Large
ear-room-temperature MCE are observed in these ribbons. The
alues of �SM around MT and TA

C of the annealed ribbons are
arger than those of melt-spun ones. However, RCeff around MT is
lmost unchanged for these ribbons, owing to the larger hysteretic
osses associated with the more evident field-induced metamag-
etic transition in the annealed ribbons. Around TA

C , RCeff increases
emarkably after heat treatment and is much larger than that
round MT.
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