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a b s t r a c t

The magnetic field induced reverse martensitic transformation was studied in polycrystalline Ni40Co10
Mn41Sn9 with a high martensitic transformation start temperature (Ms, about 410 K). The reverse
transformation start temperature (As) dropped by about 34 K when exposed to a magnetic field of 7 T. At
room temperature, the microstructure consisted of 14M martensite and γ phase.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

In 2006, Kainuma et al. [1] reported a metamagnetic shape
memory effect (MMSME, 2.9% recovery strain) associated with a
magnetic field induced reverse martensitic transformation (MFIRT)
in a Ni45Co5Mn36.6In13.4 single crystal. Since then, a new series of
ferromagnetic shape memory alloys, in which the MFIRT could
occur, have attracted much attention. The MFIRT phenomenon has
also been found in Ni–Co–Mn–Sn [2], Ni–Mn–In [3], Ni–Mn–Sn [4],
and Ni–Co–Mn–Ga [5]. In addition to MMSME, other physical
properties, such as large magnetoresistance [6,7] and the magne-
tocaloric effect [8], have been studied.

However, so far, MFIRT was only observed in alloys with a low
martensitic transformation start temperature (Ms). For instance, Ms

is about 300 K in Ni45Co5Mn36.6In13.4 [1], 303 K in Ni43Co7Mn39Sn11
[2], 234 K in Ni48Mn41In13 [3], 220 K in Ni50Mn36Sn14 [4], and 270 K
in Ni37Co13Mn32Ga18 [5]. Although Srivastava et al. studied the
transformation and magnetization behavior of Ni45Co5Mn40Sn10
which undergoes a martensitic transformation at 408 K [9], no
evidence of MFIRT was observed in this alloy. Up to now, no
investigation on high temperature MFIRT was presented in the
literatures, which limits their practical applications.

Extensive studies have demonstrated that the substitution
of Co for Ni in Ni–Mn–Sn increases Tc and the magnetization

difference (ΔM) between austenite and martensite [9–11]. A large
ΔM promotes MFIRT under a relatively low magnetic field. Addi-
tion of 3 at% Co raises Tc from 311 K to 335 K for Ni50�x-

CoxMn37Sn13 [10]. Very recently, we reported a high temperature
shape memory alloy, Ni43Mn41Co7Sn9, with a transformation
temperature close to 470 K [12]. Based on these results, we
prepared a new alloy by adding more Co. This alloy undergoes a
thermoelastic martensitic transformation at about 410 K. Here we
demonstrate high temperature MFRIT in this alloy.

2. Experimental procedures

A button-shaped polycrystalline ingot of Ni40Co10Mn41Sn9 was
prepared under argon atmosphere in an arc-melting furnace from
high purity Ni (99.99%), Co (99.9%), Mn (99.7%), and Sn (99.95%).
Plate samples with different size (4 mm�4 mm�1 mm for mag-
netization measurements and 10 mm�10 mm�1 mm for the
remaining tests) were directly cut from the as-casting ingot by
electric discharge machining. The crystal structure at room tem-
perature was determined by X-ray diffraction (XRD) with D/MAX-
RB X-ray diffractometer using CuKα radiation. The microstructure
and compositions were examined using a scanning electron
microscope (SEM, Quanta 200) equipped with an energy disper-
sive X-ray spectroscopy analysis system (EDS). The microstructure
was characterized with optical microscopy. Magnetization mea-
surements were performed on a magnetic property measurement
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system (Quantum Design) with a high temperature sample stage,
at heating and cooling rates of 2 K/min.

3. Results and discussion

Fig. 1(a) presents the microstructure of as-cast polycrystalline
Ni40Co10Mn41Sn9 at room temperature. The micrograph shows a
dual-phase microstructure with a white matrix and a black second
phase. The matrix contained self-accommodating martensite
plates. The distribution of second phases was not uniform. SEM
and XRD results are shown in Fig. 1(b) and (c). A large amount of
second phases with the composition of Ni37Co17.6Mn42.8Sn2.6

(determined by EDS) were not evenly distributed in the matrix,
which is consistent with Fig. 1(a). The second phase has a FCC
structure (Fig. 1(c)). As confirmed by comparison with co-doped
NiMnGa [13,14], the second phase is the γ phase and its formation
is ascribed to the excessive substitution of Co for Ni. Similar
observations were reported for Ni43Co7Mn39Sn11 alloy fabricated

by spark plasma sintering [15]. The matrix was modulated mar-
tensite (14M) with a monoclinic lattice [16].

Fig. 2(a) shows the magnetization as a function of temperature
for Ni40Co10Mn41Sn9 alloy under the magnetic fields of H¼0.1, 4,
and 7 T. Martensitic transformation start and finish temperatures,
Ms and Mf, as well as reverse transformation start and finish
temperatures, As and Af, were determined by the tangent method,
as shown in Fig. 2(a). When H¼0.1 T, the magnetization sharply
dropped to almost zero due to martensitic transformation during
cooling in the range of Ms and Mf. Upon heating from As to Af, the
magnetization increased. The thermomagnetization behavior at
4 T and 7 T had the same form with that at 0.1 T, except that the
magnetization of the parent and martensite phase was larger. The
forward and reverse martensitic transformation temperatures
decreased with increasing magnetic field (Fig. 2b) indicating
MFIRT. For instance, the largest field of 7 T reduced As by 34 K
from 373 to 339 K, or by 4.9 K/T.

From the Clausius–Clapeyron relation, dT=dH¼ΔM=ΔS (ΔM
and ΔS are the differences in magnetization and entropy between
the parent and martensite phases) follows the theoretical value
dT/dHcal. ΔS of as-cast Ni40Co10Mn41Sn9 alloy was calculated using
the enthalpy data obtained from differential scanning calorimetry
(DSC) to be 12.6 J/K kg. By using dH¼7 T and ΔM¼69.3 J/T kg
(¼emu/g) shown in Fig. 2(a), dT/dHcal is 5.5 K/T. The difference of
0.6 K/T between the experimental and the theoretical values can
be attributed to the non-magnetic γ phase (nearly 15% volume
fraction) which reduced the total magnetization and therefore also
ΔM as shown in Ref. [17]. However, the presence of second phase
may improve the mechanical properties of such alloy. The effect of
the precipitation of second phase on the magnetization behavior,
martentisic transformation and mechanical behavior needs to be
investigated in the future.

Fig. 1. (a) Optical microscopy image, (b) backscattered electron image and (c) x-ray
diffraction pattern at room temperature for Ni40Co10Mn41Sn9 alloy, where 14M
represents the martensite with modulated structure and γ refers to the γ phase.

Fig. 2. (a) Thermomagnetization curves of Ni40Co10Mn41Sn9 alloy under diff-
erent magnetic fields, and (b) the effect of a magnetic field on the transformation
temperatures.
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Fig. 3 shows the magnetization curves at several temperatures
between 323 and 423 K. At 410 and 423 K (i.e. in the austenite
phase), the sample exhibited ferromagnetic M–H behavior. At
300 K (i.e. in the martensite phase), the sample showed antiferro-
magnetism with low magnetization. At 350 and 373 K, the meta-
magnetic transition with a magnetic hysteresis occurred, which
was due to MFIRT from the antiferromagnetic martensite to
ferromagnetic parent phase. These results are in accordance with
the thermomagnetization behavior shown in Fig. 2(a). These
characteristic magnetic features are very similar to those in
Ni–Co–Mn–Sn and other alloys with MFIRT phenomenon.

To test what effect thermal stresses had on the transformation
behavior, five DSC experiments were performed (Fig. 4). Although
the DSC measurements were performed up to high temperature
(540 K), the results coincided within experimental resolution and
no evidence of a decrease of the transformation temperatures due
to thermal stresses was found. We conclude that the temperature
shift truly indicates MFIRT.

From the discussion above, it is evident that the high tempera-
ture MFIRT occurs in an as-cast Ni40Co10Mn41Sn9 alloy. Although the
dT/dH of this alloy is just 4.9 K/T, it is a little higher than that

reported for Ni45Co5Mn36.6In13.4 (4.3 K/T) [1] and Ni43Co7Mn39Sn11
(3.6 K/T) [2]. Therefore, it is expected that the MMSME, magnetor-
esistence, and magnetocaloric effect at high temperature (4373 K)
can also be obtained in Ni40Co10Mn41Sn9 ferromagnetic shape
memory alloy.

4. Conclusions

(1) The magnetic-field-induced reverse transformation is verified
in the as-cast Ni40Co10Mn41Sn9 polycrystalline alloy with a Ms

above 373 K. A magnetic field reduces the transformation
temperatures by 4.9 K/T.

(2) A large amount of γ phase precipitates in Ni–Co–Mn–Sn alloy
with high Co content.
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Fig. 3. Magnetization curves for Ni40Co10Mn41Sn9 alloy at different temperatures.
Arrows indicate the direction of magnetic field change.

Fig. 4. Transformation behavior of an as-cast sample after five thermal cycles.
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