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Microstructure, martensitic transformation and magnetic properties of melt-spun Ni38Co12Mn41Sn9

ribbon were investigated and compared with its bulk counterpart. The formation of second phase
(g phase) was prevented by melt spinning. Ni38Co12Mn41Sn9 ribbon underwent a thermoelastic
martensitic transformation at a little higher temperature than the master alloy. Due to the disappearance
of g phase, the magnetic properties of as-spun ribbon in the plane was close to its bulk counterpart.
A magnetic-field-induced reverse martensitic transformation was verified in this ribbon under a rela-
tively low magnetic field of 1.5 T. In addition, the kinetic arrest behavior was also observed even though
there still existed a forward martensitic transformation when applying a magnetic field of 8 T.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

“Metamagnetic shapememory alloys”, whichwerefirstly named
by Kainuma et al. [1], have attracted much attention as multifunc-
tional materials because of their large magnetic-field-induced
shape recovery [1e3], magnetocaloric effect [4e6] and magneto-
resistence [7,8]. As one of the important branches of metamagnetic
shape memory alloys, NiCoMnSn has been investigated by many
researchers on martensitic and magnetic transition behavior,
microstructure, as well as magnetic property [2,3,8e15]. Kainuma
reported a large magnetic-field-induced shape recovery strain
of about 1.0% in a Ni43Co7Mn39Sn11 polycrystalline alloy [2]. Ito etc.
also found metamagnetic shape memory effect, a 0.56% recovery
strain under the magnetic field of 8 T, in polycrystalline
Ni43Co7Mn39Sn11 alloy fabricated by spark plasma sintering
(SPS) [3].

In NiMnSn, NiMnGa and NiMnIn alloys, the substitution of Co
for Ni improves the magnetization difference (DM) between parent
phase and martensite as well as magnetic transition temperature
(Tc) [12,14,16]. It is beneficial to realize magnetic-field-induced
martensitic transformation under a relatively small magnetic field.
n).
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However, the doping of Co also leads to the formation of g phase in
NiCoMnGa alloys fabricated by conventional arc melting [17] and
NiCoMnSn alloy by spark plasma sintering [3]. The g phase usually
deteriorates shape memory effect due to its impediment on the
reorientation of martensitic variant [9]. Thus, it is necessary to find
a way to tailor the formation of g phase in Co-rich NiCoMnSn alloy.
Melt spinning technique has been confirmed to be effective in
reducing or even inhibiting the formation of second phase in
NiFeGa ferromagnetic shape memory alloys, due to its rapid so-
lidification speed [18e20]. Another advantage is to improve the
magnetization and ductility due to the oriented and fine grain size,
as shown in the work by Cai et al. [21]. However, the studies on
NiCoMnSn ribbons are seldom reported.

The purpose of this study is to prepare a g phase-free Ni38C-
o12Mn41Sn9 alloy by melt spinning method. Microstructure, mar-
tensitic transformation, and magnetic properties of this ribbon are
investigated and compared with its g phase containing master
alloy. On the basis of the experimental results, the effect of the
suppression of g phase onmartensitic transformation andmagnetic
properties is clarified.

2. Experimental procedures

An alloy with a nominal composition of Ni38Co12Mn41Sn9 (at.%)
was prepared by arc melting under an argon atmosphere using
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high-purity elements. In this alloy, a large amount of g phase forms
in the as-cast bulk sample [22]. The button ingot was melted six
times in order to obtain a chemical homogeneity as high as possi-
ble. About 10 g of the ingot was cut and inductively melted in
a quartz tube and then rapidly cooled by spinning onto a copper
wheel. The wheel rotation speed was kept at 1200 rpm.

Microstructure was examined by scanning electron microscopy
(SEM, Quanta 200) and transmission electron microscopy (TEM,
Tecnai G2 F30). TEM observation was operated at 300 kV with
a double-tilt sample stage. The as-spun ribbon is directly subjected
to twin-jet electropolishing using an electrolyte solution consisting
of 10% perchloric acid and 90% ethanol by volume. X-ray diffraction
(XRD) was carried out on a PANalytical X’pert PRO diffractometer
using Cu Ka radiation. Phase transformation behavior was studied
by measuring AC susceptibility vs. temperature curve in the tem-
perature range of 180 Ke360 K at a heating/cooling rate of 10 K/
min. Magnetization measurements were performed on a magnetic
property measurement system (Quantum Design).

3. Results and discussion

Fig. 1 shows the XRD patterns of Ni38Co12Mn41Sn9 as-cast bulk
and as-spun ribbon at room temperature. The analysis are carried
out by referring to the works [18,23]. For the bulk sample, the
diffraction can be indexed as a mixture of 10 M modulated mar-
tensite, parent phase, and g phase. The martensite has ortho-
rhombic crystal structure with the following lattice parameters
a ¼ 0.4125 nm, b ¼ 0.5499 nm, c ¼ 2.1397 nm. The g phase is
determined to be FCC structure with a ¼ 0.3903 nm. While for the
as-spun ribbon, the reflections consist of parent phase and 10 M
modulated martensite with the same crystal structure as the bulk.
No diffraction peaks of g phase were observed. This indicates the
melt spinning technique is effective in preventing the formation of
g phase in Ni38Co12Mn41Sn9 alloy, which is quite similar with the
results reported in NiFeGa ribbon [18].

In order to further clarify the effect of rapid solidification on the
formation of g phase, SEM and TEM observations were carried out
in bulk and ribbon, respectively. The results are shown in Fig. 2. The
as-cast bulk sample shows a typical eutectic microstructure
(Fig. 2(a)). A matrix in light contrast and dispersed g phase particles
in dark contrast can be found. After annealing at 1173 K for 1 h, the
g phase particles no longer aggregate, instead distribute more
evenly in the matrix, as shown in Fig. 2(b). This indicates that high
temperature heat treatment can promote the atomic diffusion but
not dissolve the second phase into the matrix. Liu etc. [20] also
confirmed that, in NiFeGa alloy, once g phase is formed, it would
Fig. 1. XRD patterns of the bulk sample and as-spun ribbon at room temperature.
not be eliminated even if a heat treatment is applied. Fig. 2(c) and
(d) provides the evidence that there is no g phase in the as-spun
ribbon, where only martensitic twin bands were clearly observed.
This is consistent to the XRD results. According to the EDS analysis,
the detailed compositions of each element and valence electron
concentration (e/a) of the ribbon and bulk sample are listed in
Table 1. It can be seen that, in g phase, Co content is improved while
Sn content is lowered to 2.31%. Obviously, the composition of the
matrix in the bulk is changed due to the formation of g phase,
which leads to a magnitude of e/a smaller than the ribbon. Fig. 2(d)
shows that two martensite plates grow along a certain orientation
and meet together finally. The corresponding SADP exhibits five
extra superlattice spots between two primary spots, indicating the
existence of 10 M modulated structure. There is no g phase in
Fig. 2(d) as well. In the following, the effect of g phase on mar-
tensitic transformation behavior and magnetic properties will be
discussed.

Fig. 3 shows temperature dependence of AC magnetic suscep-
tibility of the bulk and as-spun ribbon. For the ribbon, AC suscep-
tibility exhibits a sharp drop upon cooling at 316 K, corresponding
to martensitic transformation. Similarly, upon heating at around
335 K, a sudden increase of AC susceptibility can be found, which is
associated with the reverse transformation. It is shown that the as-
spun ribbon undergoes one stage martensitic transformation. The
martensitic transformation starting and finishing temperature (Ms

andMf) as well as the reverse transformation starting and finishing
temperature (As and Af) can be determined. It can be seen that all
transformation temperatures of the ribbon are higher than that of
the bulk, which is ascribed to the increase of e/a of the ribbon. From
Table 1, e/a of the ribbon is 8.07 which is larger than that of the
matrix in the bulk. It is accepted in NiCoMnSn alloy, transformation
temperatures are proportional to e/a. Consequently, the trans-
formation of the as-spun ribbon occurs at a higher temperature.
Although Heczko etc. [24,25] reported that as-spun ribbon has
lower ordering degree and higher internal stress than the bulk,
which decreases theMs. It is suggested that in NiCoMnSn alloy, due
to the precipitation of g phase, the e/a plays a dominant role in
determining the transformation temperature among these factors.

Fig. 4(a) shows the magnetization curves of the bulk sample and
as-spun ribbon at 400 K, where Ribbon-P represents the case when
themagneticfield is parallel to the ribbonplane and Ribbon-Vwhen
the magnetic field is vertical to the surface of the ribbon. All the
curves have been corrected for the demagnetization field. Accord-
ing to the results in Fig. 3, both the bulk and ribbon are in the parent
phase at 400 K. It is clear that, themagnetization curve for Ribbon-P
is very sharp initially and become saturated under the field of
1500 Oe. The saturation magnetization strength of the Ribbon-P is
82 emu/g. The same characteristic is also observed for the magnetic
property of bulk sample. Compared with that of Ribbon-P and bulk
sample, themagnetization curve of Ribbon-V shows a distinguished
feature and can be divided into three parts: (1) when the magnetic
field is below 660 Oe, the curve is very sharp and themagnetization
value rises remarkably, (2) between 660 Oe and 5400 Oe, the slope
of curve become smaller and smaller, i.e., the increase speed of
magnetization value is inhibited; (3) above 5400 Oe till 10,800 Oe,
the curve is very flat and slowly to reach saturation. The maximum
magnetization strength is only 48 emu/g, which is much smaller
than that of Ribbon-P and bulk sample.

By comparing the above results, two points can be determined:
to begin with, it is easier for Ribbon-P than Ribbon-V to reach
saturation under the magnetic field, which reveals that the aniso-
tropic of magnetic properties exists in the present NiCoMnSn rib-
bon. As know that, in the preparation process of melt spinning
especially under the condition of single roll, it is easy to form the
grains with a preferential orientation in as-spun ribbons, which



Fig. 2. SEM backscattered electron micrographs of the bulk alloy: (a) as-cast; (b) annealed at 1173 K for 1 h and (c) as-spun ribbon; (d) TEM bright field image of the as-spun ribbon
(the inset is the corresponding SADP taken from the circular area).
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results in an anisotropy in the orientation of grains. It is confirmed
by the XRD result (Fig. 1) and the side view (Fig. 4(b)). Fig. 4(b)
shows that the columnar grains grow along a direction perpen-
dicular to the surface of the ribbon. Therefore, the difference in
magnetization properties between Ribbon-P and Ribbon-V can be
due to the preferential orientation of grains of as-spun ribbon. A
similar observation has also been reported in NiMnGa [26], NiMnSn
[27] and NiMnIn ribbons [21]. However, different from NiMnIn
ribbon, the easy magnetization directions of the present ribbon lie
preferentially in the ribbon plane instead of the grain growth di-
rection. Such a preferential orientation favors getting large satu-
ration magnetization and hope to decrease the driving magnetic
field to some extent.

The other point is that Ribbon-P and the bulk exhibit the same
magnetization behavior such as saturation magnetization. This is
different from the results reported in NiMnGa as-spun ribbon, in
which the saturation magnetization is much lower than that of the
bulk [24]. As reported in Ref. [24], the authors think the disordering
and high stress caused by rapid solidification leads to the decrease
of magnetic properties in the as-spun ribbon. However, in the
present NiCoMnSn ribbon, no evidence of the decrease of mag-
netization is found, which may be due to the absence of non-
magnetic g phase. That is, melt spinning technique prevents the
formation of g phase, which counteracts the negative effect
Table 1
The detailed compositions of each element and valence electron concentration (e/a)
of the ribbon and bulk sample.

Samples Matrix composition (at.%) g phase composition (at.%) e/a

Ni Co Mn Sn Ni Co Mn Sn

Bulk 37.65 10.89 40.86 10.59 32.91 19.68 45.09 2.31 8.03
Ribbon 37.90 11.43 40.79 9.88 e e e e 8.07
resulting from the disordering and high stress. Besides, the higher
Co content in the matrix of ribbon than that of bulk may enhance
the exchange between MneMn bonds, which results in the
improvement of magnetization properties. As a result, Ribbon-P
keeps the similar magnetic properties to the bulk. Certainly, the
real mechanism should be studied further.

Fig. 4(c) shows the magnetization curves of the as-spun ribbon
at several temperatures. All the curves are corrected for the
demagnetization field. The curve at 400 K, where the ribbon is in
the parent phase, exhibits ferromagnetic MeH behavior. While the
curve at 200 K reveals the typical ferrimagnetic characteristic with
low saturation magnetization in martensite phase. It is worth
noting that, for the curves at 330, 340 and 350 K, the metamagnetic
Fig. 3. Temperature dependence of AC magnetic susceptibility of the bulk and as-spun
ribbon (the characteristic temperatures of these two samples are listed in the figure).



Fig. 4. (a) Magnetization curves of the bulk sample and as-spun ribbon, with the external field applied parallel and vertical to the ribbon plane at 400 K, (b) backscattered electron
images of the ribbon side view, (c) magnetization curves of the as-spun ribbon at several temperatures.

Fig. 5. Thermomagnetization (MeT) curves under the magnetic fields of 0.01 T, 1 T and
8 T, respectively.
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transition characterized by the magnetic hysteresis, which is due to
magnetic-field-induced reverse transformation from the ferri-
magnetic martensite to ferromagnetic parent phase. In the previous
work [2,3], the martensite is always thought to be antiferromag-
netic or paramagnetic for NiCoMnSn alloy. Considering the differ-
ent content of Co, 12% for the present ribbon while only 7% for the
alloy in Refs. [2,3], it is assumed that the substitution of Co for Ni
causes the increase in the CoeMn ferromagnetic interactions at the
cost of MneMn antiferromagnetic fraction [28], which leads to this
different magnetic properties in the martensite. The most impor-
tant point is that the magnetic field inducing the reverse trans-
formation is as low as 1.5 T, which is much lower than the previous
reports in NiCoMnSn polycrystalline alloys [2,3]. Of course, the true
physical mechanism should be studied further. In a word, reverse
transformation induced by magnetic field can be realized in
Ni38Co12Mn41Sn9 melt-spun ribbon, which makes it a new type
metamagnetic shape memory alloy and the related properties will
be also expected.

It has been reported that kinetic arrest (KA) phenomenon, in
which the forward martensitic transformation is interrupted dur-
ing field cooling at a specific temperature and does not proceed
with further cooling [29]. This phenomenon is observed in several
metamagnetic shape memory alloys, which are characterized by
the ferromagnetic parent phase and weak magnetic martensite
[29e31]. As known that the Co addition strengthens the magnet-
ization in parent phase, while weakening that in martensite phase.
Therefore, it is necessary to study the possibility of the KA behavior
in the present Ni38Co12Mn41Sn9 ribbon. For this purpose, thermo-
magnetization (MeT) curves under a certain magnetic field which
is kept constant during heating and cooling have been taken, as
shown in Fig. 5. The applied magnetic field are 0.01 T, 1 T and 8 T,
respectively.

The transformation temperatures were defined, as shown in the
curve under 0.01 T. It is seen that with increasing magnetic field
from 0.01 T to 8 T, the martensitic transformation temperatures
from the ferromagnetic parent to weak magnetic martensite phase
decrease obviously. For example,Ms is dropped from 312 K to 244 K,
i.e., the temperature change is up to 68 K with the application of 8 T
field. It is worth noting that the magnetization of martensite phase
increases with the increase of magnetic field. Besides, the degree of
change in the magnetization due to the martensitic transformation
is reduced with increasing magnetic field from 1 T to 8 T. This
means that in the 8 T field cooling condition the martensitic
transformation only partially occurs and is not completed even at
the temperatures below the Mf of about 164 K. That is, the high
magnetization observed in the martensite phase region under the
higher magnetic field results from the mixture of martensite (weak
magnetic) and parent phase (ferromagnetic), which is brought



F. Chen et al. / Intermetallics 36 (2013) 81e85 85
about by the interruption for the transformation on cooling.
Therefore, it confirms the KA phenomenon in the present ribbon
with the composition of Ni38Co12Mn41Sn9. It should be noted that,
even applying a high magnetic field of 8 T, a forward martensitic
transformation still takes place partially, which is different from
that reported in Refs. [29e31]. In Ni37Co11Mn42.5Sn9.5, no forward
martensitic transformation is detected under the field of 5 T [30].
For Ni45Co5Mn36.7In13.3 alloy, this value is increased to 8 T [29]. It is
believed that the critical magnetic field to completely inhibit the
forward martensitic transformation varies for different meta-
magnetic shape memory alloys.
4. Conclusions

Ni38Co12Mn41Sn9 melt-spun ribbon undergoes a thermoelastic
martensitic transformation from ferromagnetic parent phase to
ferrimagnetic martensite at about 316 K. Melt spinning technique is
capable of preventing the formation of g phase, which shifts mar-
tensitic transformation to higher temperature and imposes the
positive effect on magnetic properties of the ribbon. The as-spun
ribbon exhibits the same saturation magnetization in the ribbon
plane as the master alloy. A magnetic-field-induced reverse trans-
formation is realized in Ni38Co12Mn41Sn9 as-spun ribbon under
a relatively low field. The kinetic arrest behavior is also confirmed
in such a ribbon.
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