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In the present work, high undercooling rapid solidification technique is applied to the directional crystal
growth of ternary Ni-Fe-Ga shape memory alloys (SMAs). Experimental results show that the phase
selection of undercooled melts strongly depends on the triggering mode and nucleation undercooling.
With the planar triggering nucleation at the undercooling of 160K from the bottom of alloy melt, a
directionally solidified sample with a preferred (2 0 0) orientation of y phase is obtained. When the point
triggering mode is employed at 180K, y phase is suppressed completely and the directionally solidified
sample demonstrates almost identical phase transformation temperatures.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Shape memory alloys (SMAs) are used in a wide range of applica-
tions including actuators, sensors, vibration dampers, underwater
sound projectors and surface control systems [1,2]. In traditional
SMAs, which are paramagnetic, the martensitic transformation
underlying the shape memory effect (SME) is induced by means of
changes in either temperature or stress or both. Traditional SMAs,
such as NiTi, Cu- and Fe-based alloys, are capable of providing high
strains, but they are actuated by heating or cooling, which is rel-
atively slow [3-6]. On the other hand, the same transformation in
ferromagnetic shape memory alloys (FSMAs) can be triggered not
only by changes in temperature and stress, but also by changes
in the applied magnetic field. Compared with traditional SMAs
driven by temperature, FSMAs show large output strains, a high
impetus and short response times (below 1ms) induced by the
magnetic field and therefore, it is expected that FSMAs would have
wider applicability. So far, among many FSMAs such as Ni-Mn-Ga,
Fe-Pt, Co-Ni and Fe-Ni-Co-Ti, Heusler alloys are the most promis-
ing demonstrating up to 9.5% magnetic-field-induced strain (MFIS)
in an applied field [7-9]. Subsequently, some new Heusler alloys,
such as Ni-Fe-Ga, Ni-Mn-Fe-Ga, Co-Ni-Ga and Co-Ni-Al were
explored. These Heusler alloys, with a reversible martensitic trans-
formation, also possess the capability of magnetic-field-induced
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strain which can also be used to produce thermal SMAs with a
narrow hysterisis (less than 10K) [10-14].

For Heusler FSMAs, the conventional synthesis is arc-melting
followed by annealing at a specific temperature to achieve a struc-
tural transition from B2 to L2;. It has been thought to be an effective
way to improve the properties by fabricating materials with pre-
ferred orientations because of strong anisotropy for those kinds of
functional materials. Some work on the fabrication of directional
materials has been conducted [15-17]. The main problem is the
difficulty to control the composition homogeneity along the rod
axis. Recently a new approach through high undercooling rapid
solidification technique has been proposed and applied success-
fully in Fe—Ga and Co-Ni-Ga materials [18,19]. In the present work,
directional solidification of ternary Ni-Fe-Ga alloys are performed
with the application of high undercooling technique and the phase
selection characteristics of directionally solidified Ni-Fe-Ga alloy
under two different triggering nucleation modes are investigated
to provide more information for the development of this innovative
materials preparation technique.

2. Experimental procedures

Nisg3Fe17Gazs7 (at.%) ingot was prepared using conventional arc melting from
Ni, Fe, Ga with purities of 99.99 wt.% under argon atmosphere. The ingot was then
injected into a cylindrical chilled copper mold to fabricate a rod with a dimension of
7 mm in diameter and 80 mm in length, which is cut in half for the following under-
cooling experiments. The schematic set-up of high undercooling directional crystal
growth is shown in Fig. 1. Firstly, the alloy rod was put into the quartz tube (7 mm
in diameter and 50 mm in height) with inorganic glass purifier covered on the sur-
face. The inorganic glass (50 wt.%B;03 +30 wt.%Na,Si03 + 20 wt.%Na;B407) used as
denucleating agent [18]. The alloy was induction melted and the glass purifier coated
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Fig. 1. Schematic diagram of high undercooling directional crystal growth set-up.

the surface of the sample to purify the alloy melt. The temperature was monitored
through an infrared sensing system with an absolute accuracy better than +10Kand
aresponse time less than 5 ms. Once the undercooling reached the preset value, the
quartz tube dropped down to contact the Ga-In cooling media quickly (the melting
point of 75%Ga25%In (wt.%) used in the present study is about 289K) and nucle-
ation was triggered. The alloy melting point was measured in a differential thermal
analysis (DTA1600) to further calibrate the temperature of cooling curves. In the
present work, the contact surface of quartz tube bottom (black arrow pointing up
in Fig. 1) was designed to two different shapes, one is planar and the other is spher-
ical to simulate different nucleation modes, planar triggering and point triggering,
respectively. The directionally solidified samples obtained (7 mm in diameter and
~35mm in height) were annealed at 773 K for 30 min.

The orientation along the growth direction of directionally solidified sam-
ples was characterized by X-ray diffraction (DLMAX-2550) using CuKo radiation.
Microstructural observation was conducted using an optical microscope and a scan-
ning electron microscope (JSM-6700F). Differential scanning calorimetry (NETZSCH
DSC 204 F1) measurements were carried out to examine the characteristic temper-
atures of martensitic transformation with heating/cooling rates of 10 K/min.

3. Results and discussion

When the NisgsFe17Gass7 alloy melt was undercooled to
the nucleation temperature, Ty, nucleation abruptly and growth
occurred. The temperature would rise quickly to the recalescence
temperature, Tg, due to the latent heat released by the primary
solidified solid phase. After this recalescence, the sample cooled
down slowly. The melting point of Nisg3Fe17Gaye 7 alloy is about

Crystal growth direction

Fig. 2. Macrostructures of directionally solidified Nisg3Fe;7Gazs7 sample I, planar
triggering at the undercooling of 160K (a) and sample II, point triggering at 180K
(b).

Fig. 3. Microstructure of directionally solidified sample I.

1532 K (DTA result not shown here). Fig. 2 gives the macrostruc-
tures of directionally solidified samples obtained under different
conditions. The upper one is prepared with planar triggering mode
from the bottom of melt under the undercooling of 160 K (the nucle-
ation temperature of the alloy is 1372 K). The lower one is obtained
with point triggering at 180K (Ty = 1352 K). One can observe clear
features of directional growth from left to right in Fig. 2 (hereinafter
referred to as “sample I” and “sample II”, respectively).

In case of sample I, the microstructure is presented in Fig. 3
where the sample is taken along the growth direction. Black y phase
grows in the form of dendrites paralleled to the rod axis and some y
particles distributed in the white matrix, which is confirmed to be
martensitic phase with a tetragonal structure at room temperature
transformed from high temperature austenite phase based on the
XRD pattern (Fig. 4). The XRD pattern of arc-melted master alloy
indicates that only one weak (2 00) peak of y phase is detected and
the master alloy is mainly composed of martensitic phase. How-
ever, a strong (200) orientation of y phase appears at the initial
directional solidification stage (location A marked in Fig. 2a) and
when the crystal grows to the location B, the orientation becomes
weak although y phase is still the main skeleton phase.

In case of sample II, the macrostructure of nucleation site taken
from the bottom reveals a few large grains formed with the nucle-
ation occurring (Fig. 5a). Fig. 5b is the microstructure of sample
Il with typical plate-like martensitic phase, no visible y phase is
found. DSC charts from locations C and D marked in Fig. 2b demon-
strate almost identical phase transformation temperatures (Fig. 6).
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Fig. 4. XRD patterns of master alloy and directionally solidified sample I from loca-
tions A and B marked in Fig. 2a.
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Nucleation site

Fig. 5. Macrostructure of nucleation site (a) and microstructure (b) of directionally solidified sample II.
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Fig.6. DSC charts of master alloy and directionally solidified sample Il from locations
C and D marked in Fig. 2b.

Compared with the arc-melted master alloy, the intermartensitic
transformation that occurs in the vicinity of 370 K disappears in the
undercooled directional solidified sample II. However, the marten-
sitic transformation temperatures almost coincides with that of
master alloy implying the compositions do not change before and
after high undercooling cycles. Meanwhile, considering the trans-
formation temperatures are highly sensitive to the compositions,
it is concluded that the compositions are very homogeneous along
the rod axis.

Generally speaking, the difference of Gibbs energy caused by
high undercooling near the solid/liquid interface acts as the driv-
ing force to push the crystal grow quickly for undercooled melt.
Once the crystal begins to grow, it is inevitable to release latent
heat, which would result in a continuous decrease of interface
undercooling. In other words, the driving force decreases with the
occurrence of crystal growth and at the end stage, the driving force
is not enough, thus other phases or grains with other orientations
may appear. This is why the orientation of y phase weakens and
more austenite forms at the end stage for the sample I. On the
other hand, it is also reasonable to conclude that the latent heat
would remelt part of y primary dendritic phase and result in the
formation of some interdendritic y particles. With the completion
of rapid solidification, residual austenitic phase begins to solidify
between the primary y dendritic skeletons.

However, one cannot observe y phase in the sample I which can
be explained by the absence of “quenching effect”. Even though
sample I nucleates at the nominal thermodynamic undercooling
of 160K, a large dynamic undercooling may be introduced by

the application of planar triggering, that is so called “quenching
effect”, which would lead to the effective undercooling higher than
160 K. With the contribution of quenching effect, y phase becomes
the primary phase formed during the rapid solidification instead
of austenitic phase. However, in the case of sample II, the point
triggering does not introduce serious dynamic undercooling. Con-
sequently, although the nucleation undercooling of 180 K is slightly
higher than that of sample I (160K), y phase is still suppressed
completely and a fully austenite is obtained.

As discussed above, the interface undercooling decreases con-
tinuously with the crystal growth because of the release of latent
heat, however, the DSC results obtained at different locations from
sample II reveals that the nucleation undercooling does not have
any effect on the transformation temperatures after annealing at
773K for 30 min, this is in agreement with our previous report
[20]. Li et al. [19] fabricated Co-Ni-Ga unidirectional crystal using
similar technique and found that the transformation temperatures
enhanced for the undercooled single crystal and they ascribed to
the large internal stress caused by the nature of rapid solidification.
The appearance of some small black cavities in sample II (Fig. 5b)
also supports this point. Therefore, from the viewpoint of engi-
neering applications, the undercooled directionally solidified SMA
materials need to release the residual internal stress in order to
gain homogeneous phase transformation temperatures along the
rod axis.

4. Conclusions

In summary, high undercooling rapid solidification technique is
an effective and feasible approach to fabricate directional Ni-Fe-Ga
shape memory alloys. However, the phase selection of undercooled
melts strongly depends on the nucleation triggering mode and
nucleation undercooling. Further work is required to be done to
clarify the effects of those two factors for the development of this
innovative materials preparation technique.
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