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Ni;MnGa has attracted a great deal of attention for
application in actuators [1]. Magnetic-field-controlled
strains as large as 6% in the single crystal Ni,MnGa
have been reported [2]. Webster [3] reported that the
cubic structure of the high temperature phase had no
magnetic anisotropy and the tetragonal low temperature
phase had magnetic anisotropy. Magnetic shape mem-
ory alloys are smart materials which can undergo large
reversible deformations in an applied magnetic field
[4]. For some time, active materials have been studied
and developed for applications such as actuators, sen-
sors, vibration dampers, underwater sound projectors,
and surface control systems. However, the most com-
mon actuator materials currently in use have several
drawbacks. Shape memory materials capable of giving
high strains are actuated by heating or cooling, a rela-
tively slow and inefficient process that produces little
work [5]. Terfenol-D gives a strain of about 0.2% in
a magnetic field of a few thousand Oe, but rare earth
metals are expensive [6]. PZT gives a strain of about
0.1% in an electric field of several hundred V/cm. While
this material is an insulator that can be used at higher
frequencies than metallic Terfenol-D, PZT is an oxide
and thus brittle [7]. Features similar to the one observed
in Ni,MnGa have been reported in other alloys, such
as Ni-Mn-Al, Fe-Pd and Fe;Pt. However, practical ap-
plications of these alloys are limited because of sev-
eral problems, such as their extreme brittleness in the
polycrystalline state and the high cost of constituent
elements [8-10].

Recently, some new groups of magnetic shape mem-
ory alloys in Co-Ni-Al, Co-Ni-Ga, Ni-Fe-Ga and Ni-
Mn-Fe-Ga system have been developed [11-14]. The
present studies concentrated on the basic magnetic
properties, martensitic transformation of single crystal
or as-cast alloys, and few reports on how to prepare bulk
practical engineering alloys were found. Unidirectional
solidification technique is a promising crystal growth
method to prepare new materials and improve the per-
formance of traditional materials [15]. In the article, we
report on an experiment in the unidirectional growth of
Nis; oMnyg oFey3,0Gajs.g magnetic shape memory al-
loy using a self-design super-high temperature gradient
unidirectional solidification apparatus, and the orienta-
tion of martensitic variants along the crystal growth
direction is investigated.
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Nis; s Mnyg oFeq3.0Gays g master rods with the dimen-
sions of 7 mm x 120 mm were prepared by the in-
duction melting method using high purity elements in
argon atmosphere, the method has been described else-
where [16]. The master rod is then contained in a high
purity and thin wall Al,O3 crucible, of internal diame-
ter 7.1 mm and length 150 mm, and fixed in the middle
of a pancake induction coil. High purity argon gas was
backfilled into the chamber three times after the vac-
uum system was evacuated to 2 x 1072 Pa, and the high
purity argon atmosphere in the chamber was 0.08 MPa.
An approximately 5 mm long molten zone was formed
by heating with the pancake coil driven by a 175 KHz
current. After the zone melted fully, the Al,O3 crucible
was lowered with a velocity of 6.0 um/s. The tempera-
ture gradient of liquid/solid interface was maintained at
about 800 K/cm, the temperature of the molten zone was
monitored by an infrared pyrometer. The sample was
quenched into Ga-In-Sn liquid metal. The Schematic
diagram of this super-high temperature gradient uni-
directional solidification apparatus is given in Fig. 1.
The unidirectional sample obtained was sealed in a
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Figure 1 Schematic diagram of super-high temperature gradient uni-
directional solidification apparatus. 1-specimen 2-induction coil 3-
insulator 4-cooling water 5-crucible 6-melting zone 7-liquid metal.
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Figure 2 Macrostructure of unidirectional NiMnFeGa alloy.

vacuum quartz capsule and heat treated at 1073 K for
96 h in order to homogenize and produce the ordered
crystal structure. After heat treatment, the capsule was
quenched into ice water.

Specimens were cut along the crystal growth direc-
tion and microstructure observation was carried out us-
ing a Neoplot-1 optical microscope. Specimens were
etched with 4% nitric acid solution. The phase transfor-
mation temperatures were measured by a Perkin-Elmer
differential scanning calorimeter with heating and cool-
ing rates of 20 K/min.

Fig. 2 is the macrostructure of a unidirectional sam-
ple and Fig. 3 is the microstructures of the NiMn-

FeGa alloy. For solidification in normal conditions,
we observed equiaxed grains with randomly aligned
martensitic variants, with the y phase distributed in
the matrix (Fig. 3a). For solidification under unidirec-
tional conditions, along the crystal growth direction
the microstructure exhibited an obvious columnar grain
structure with axially aligned martensitic variants, and
the y phase also changed into discontinuous ribbons
(Fig. 3b). When the crystal grew into the steady growth
zone, the microstructure consisted of columnar grains
completely (Fig. 3c and d) and martensitic variants
inside the grains were parallel to the crystal growth
direction. The y phase was refined and distributed ho-
mogeneously (Fig. 3e). The microstructural character-
istics of cross section resembled that of longitudinal
section (Fig. 3f).

Solidification in a magnetic field is a novel pro-
cess which can produce oriented materials. Due to
the magnetocrystalline anisotropy, grains orient during

Figure 3 Microstructures of NiMnFeGa alloy along the crystal growth direction: (a), (b), (c) and (d) are the longitudinal microstructures of A, B, C
and D marked in Fig. 2e is the enlarged view of rectangle frame marked in Fig. 3d, f is the microstructure of cross section D.
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Figure 4 DSC curve of NiMnFeGa alloy.

solidification with their easy magnetization axis along
the direction of the applied magnetic field [17]. Legrand
[18] proposed the solidification of molten alloys in a
static magnetic field as a new way of orienting poly-
crystalline materials and prepared SmyCo;7 compound
with easy magnetization axis parallel to the direction of
the magnetic field successfully. In this work, when the
pancake induction coil heated the alloy, it is worth of
nothing that a dynamic high-frequency AC magnetic
field parallel to the crystal growth direction was pro-
duced. The temperature gradient of the solid/liquid in-
terface was as high as 800 K/cm and the axial magnetic
field strengthened the vertical convective motion of the
melt, promoting a tendency to form columnar grains.
On the other hand, the temperature of liquid metal near
the solid/liquid interface was approximately 280 K, the
axial magnetic filed strongly affected the orientation
of the easy magnetization axis of martensitic variants
inside the columnar grains, even the orientation of y
phase in the primary growth stage (Fig. 3b). However,
the interpretation of the orientation of martensitic vari-
ants under high-frequency AC magnetic field remains
open and more experiments and theoretical considera-
tions are needed.

Fig. 4 shows DSC curve of the NiMnFeGa alloy.
During cooling, an exothermic peak was observed in the
DSC curve originating from a thermoelastic martensitic
transformation, the martensite starting temperature Mj
and finishing temperature M; are 394.3 and 372.3 K.
Inversely, during heating, an endothermic peak was

observed in the DSC curve originating from the re-
transformation and the austensite starting temperature
A and finishing temperature A¢ are 391 and 420 K,
respectively.
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