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The effect of melt undercooling on the vy phase is investigated in a two-phase Co,NiGa magnetic shape
memory alloy by employing the method of glass fluxing combined with superheating cycling. A maximum
bulk undercooling of 230K is achieved. Microstructural evolution of the Co,NiGa alloy is investigated by
optical microscopy with respect to different degrees of undercooling. Over the whole range of under-
cooling, it is found that both the size and the volume fraction of the -y phase are drastically influenced by
undercooling. Especially, when the undercooling is in the range of 190-230K, the alloy has an obvious

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

As a new ferromagnetic shape memory alloy (FSMA), Co-Ni-Ga
has recently attracted a great deal of interest. Compared with
Ni-Mn-Ga alloys, which tend to be single-phase, Co—Ni-Ga alloys
show relatively higher ductility due to the secondary-phase (fcc
v-phase) presence [1]. Additionally, Co-Ni-Ga alloys have rela-
tively high Curie temperature (T.) [2]. As to potential application,
a two-way shape memory effect was reported in single-crystalline
Co-Ni-Ga alloys [3]. It has been widely recognized that the coarse
matrix 3 phase (bcc structure) and the fine y phase at grain
boundaries are of typical microstructural features [1,4]. Since the
morphology of the y phase plays an important role in influenc-
ing alloy properties, to control the y phase morphology is essential
for the development of the new FSMAs. Approaches of controlling
the size, shape and distribution of the y phase can be realized by
tailoring the parameters in solidification or heat treatment. Since
the solidified microstructure is crucial in determining the final
morphology of the y phase, controllable solidification, e.g. rapid
undercooling solidification, is therefore utilized when the evolution
of microstructure in Co-Ni-Ga alloys is probed into.

Rapid solidification of undercooled alloy melts is an attractive
subject in both structural and functional material studies [5]. The
structural evolution and phase selection of undercooled melts have
been widely investigated in Ni-Cu alloys [6,7], superalloys (such
as DD3 alloys) [8,9] and Fe-Ga alloys [10,11]. It is verified that
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if the melts reach a certain undercooling, the alloys tend to pos-
sess a solidification texture and refined grains can be obtained.
Besides, a metastable phase of DO3 responsible for large magne-
tostriction can be induced by a large degree of undercooling [12].
However, few detailed research is distinguished concerning the
effect of undercooling on FSMAs. Our previous work has pointed out
that the martensitic transformation temperature (M) and crystal
structure can be changed in single-phase Co4gNiy7Gay7 under dif-
ferent undercooling conditions [13]. In the current study, we focus
on stoichiometric Co,NiGa with two phases, especially dealing with
the morphology and the size of y phase at different degrees of melt
undercooling.

2. Experimental

Polycrystalline ingots of Co,NiGa alloys were prepared from Co (99.97% purity),
Ni (99.96% purity) and Ga (99.99% purity) by arc-melting under an argon atmo-
sphere. The ingots were melted four times and homogenized in a vacuum heat
treatment furnace at 1273 K for 48 h in order to achieve composition homogeniza-
tion. Samples with the mass in 1.5 g were cut from the ingots for the undercooling
experiments which were performed in an apparatus (Fig. 1). Glass fluxing combined
with superheating cycling was used to achieve a reasonable large undercooling.
The Na;B407 glass was employed as the purifier to suppress nucleation, and high
frequency induction heating under the protection of an argon atmosphere was con-
ducted.

In the undercooling experiment, in order to obtain a large undercooling, the
Co,NiGa sample was superheated to 1773K for 1.5min and then subjected to
superheating-cooling cycle for four times. The cooling curve of the melt was mea-
sured by an infrared pyrometer, which was calibrated with a standard PtRh3o-PtRhg
thermocouple, a relative accuracy of 5K and a response time less than 1 ms.

Metallographic specimens were polished and etched with the solution consist-
ing of 5 g FeCl; + 25 ml HCl + 100 ml H, 0. Microstructure morphology was observed
through a Neophot-1 optical microscope. Composition was determined by energy
dispersion X-ray spectroscopy (EDS). The crystal structure was analyzed by X-ray
diffraction analysis (D/max 2550V XRD) with Cu K, radiation.
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Fig. 1. Sketch of the apparatus for undercooling experiments. (1) Vacuum cham-
ber; (2) up-down withdrawing system; (3) two-double silica crucible; (4) SIT high
frequency power supply; (5) Bear frame; (6) fluxing glass; (7) induction coils;
(8) sample; (9) infrared thermodetector; (10) signal processing unit; (11) grapher
recording meter.

3. Results and discussion

The maximum undercooling for Co,NiGa alloys reached 230K.
Fig. 2 shows a typical cooling curve of undercooled Co;NiGa (the
degree of undercooling, AT=230K) alloy melts. By the combination
of glass purification and superheating cycling, possible nuclear par-
ticles were removed and passivated, thus purification was achieved
in the melts. When the melt was cooled to the nucleation temper-
ature (Ty), the sample would abruptly nucleate and solidify due
to any disturbance from the crystal surface. Because of the latent
heat releasing from the solidified phase, the system temperature
quickly rose to recalescence temperature (Tr). After that, the spec-
imen started a slow cooling down till room temperature.

The EDS analysis of rapidly solidified samples with different
melt undercooling of 0-230K confirms that no chemical reac-
tion occurred between the alloy melt and the denucleating glass.
Accordingly, the alloy composition remains almost unchanged by
undercooling (Table 1). However, the undercooling process gives
rise to a pronounced change in the microstructure of Co;NiGa
alloys, as is illustrated in Fig. 3. By peritectic reaction, the -y phase
forms as a coarse dendrite in casting (Fig. 3a) but as an equiaxed
grain in undercooling (Fig. 3b-f). Similar to what was found in
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Fig. 2. Typical cooling curve of undercooled Co,NiGa alloys melts with AT=230K.
ATg,, superheating temperature; Tp, liquidus temperature; Tg, recalescence tem-
perature; Ty, nucleation temperature.

Table 1
Chemical composition of Co,NiGa alloys measured by EDX.
Alloy Chemical composition (at.%) (+0.5%)
Co Ni Ga
As-cast 49.9 25.0 25.1
AT=230K 50.0 25.2 24.8

undercooled NiggFe175Gays 5 alloys by our previous work [14], as
the degree of undercooling increases, the size of typical vy phase
is substantially refined, the distribution of particles becomes rela-
tively homogeneous, and the volume fraction of -y phase gradually
increases (Fig. 4). When the volume fraction of y phase increases by
large undercooling, for the 3 phase, the Ga content increases while
the Co and Ni contents decrease (Table 2).

The basic difference between equilibrium solidification and
large undercooling solidification lies in the temperature gradient
(GL) at the solid/liquid interface. For equilibrium solidification,
GL>0, and the latent heat of primary solid phase is released by
the solid, whereas for the high undercooling solidification, G| <0,
the latent heat can be absorbed by both primary dendrites and
undercooled melt [6,7]. The solidification process of undercooled
CoyNiGa alloy is as follows: initially, when the alloy is undercooled
below its equilibrium liquidus temperature, high driving force for
crystallization occurs, and any disturbance from the crystal surface
would induce the nucleation abruptly [15] with the y dendrites
forming at the nucleation site and rapidly propagating through the
melt. The abrupt release of fusion heat during the dendrite growth
leads to rapid recalescence, and this is similar to the annealing
processing of solidified crystals. Finally, peritectic reaction with
solidification takes place between the residual interdendritic liquid
and the y phase at low melt undercooling in post-recalescence. Pre-
vious reports suggest that the solidification of undercooled melts
is also initiated by heterogeneous surface nucleation. According to
classical nucleation theory [16], the activation energy AG* for the
formation of a critical nucleus is given by

_ 16m0°

AG" =
3 AG2

f(9) (1)

where o is the interfacial energy of the solid-liquid interface, f(0)
the catalytic potency factor for heterogeneous nucleation, and AGy
the Gibbs free energy difference for phase formation. AGy is calcu-
lated by [17]
AS¢ TL
AGy = AS; AT - s {AT—Tln (T)} )
where AS; is the entropy of fusion, T the system temperature, and
Ty the liquidus temperature. The steady state nucleation rate, I, can
be expressed as [16]
kgTENL AG xf(0)
— _ S 3

3n(T)ap3 X kgT 3
where Kz is the Boltzmann constant, & the potential nucleation sites
fraction, N5 the Avogadro’s number, ay the interatomic distance,
and 7n(T) the temperature-dependent viscosity of the undercooled

Table 2
Chemical composition of the 3 and y phases in Co,NiGa alloys.
Alloy Chemical composition (at.%) (+£0.5%)
Co Ni Ga
As-cast 8 phase 424 279 29.7
-y phase 56.3 22.7 21.0
AT=230K {3 phase 41.8 274 30.8
-y phase 55.3 23.7 21.0
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Fig. 3. Microstructure evolution of Co,NiGa alloys with melt undercooling AT=0K (a), 33K (b), 77K (c), 121K (d), 190K (e), and 230K (f).

melt. The temperature-dependent viscosity can be approximated Based on Egs. (1)-(4) above, the nucleation rate grows with

by the Vogel-Fulcher-Tammann equation increasing undercooling and causes decreasing size of the y phase
in Co,NiGa alloys.

n(T) = no exp (T — To) (4) With increasing the degree of undercooling, the volume frac-

tion of -y phase increases, which should affect the M; of Co;NiGa
where 7 is the viscosity of alloy in melting temperature and T the

ideal glass transition temperature (~2/3Tp).
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Fig. 4. Grain size and volume fraction of the y phase as a function of the melt
undercooling of Co;NiGa alloys. Fig. 5. XRD patterns of as-cast and undercooled Co,NiGa alloys.
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alloys. However, the martensitic transformation was not detected
in undercooled Co;NiGa alloys (at least in the DSC measurement).
The reason is probably due to the presence of the large amount
of the -y phase in Co,NiGa alloys, which constrains the martensitic
transformation of the matrix. This phenomenon was also observed
in other MSM alloys, e.g. Ni-Fe-Ga-Co [18].

Fig. 5 shows the XRD patterns of as-cast and undercooled
Co,NiGa alloys. Compared with the as-cast sample, the peak inten-
sityof(111)yand(110)martensite(M)inthe undercooled sample
is much higher than that of the other peaks, and this indicates
preferred orientationin(111)+yand(110)M. In this sense, under-
cooled directional alloys with preferred orientation and excellent
properties can be expected in the future by exciting the Co,NiGa
melt at approximately 230 K undercooling.

4. Conclusions

(1) By using glass fluxing combined with superheating cycling
method, the Co,NiGa magnetic shape memory alloy achieves
230K maximum undercooling with no composition changed.

(2) The grain size and the volume fraction of the vy phase in
as-solidified Co;NiGa alloys can be controlled by melt under-
cooling. With the increasing of undercooling, the grain size
decreases, their distribution becomes homogeneous, and their
volume fraction grows. Meanwhile, the undercooled alloy
shows an obvious preferred orientation.

(3) The refinement of the vy phase in Co;NiGa alloys with melt
undercooling can be explained within the framework of classi-
cal nucleation theory.
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