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Abstract: The undercooled solidification of (Cog,Sn,),,, . Nb (x=0, 0.4, 0.6, 0.8, at% ) single phase alloys was performed to

investigate the changes of Co,Sn, phase growth morphology. Results show that the Co,Sn, phase grows with fractal seaweed

morphology at small undercooling (x=0, 0.4), and transits to dendrite as the content of added Nb increases to 0.6at%, and then returns

to fractal scaweed (x=0.8) as a response to the changes in interfacial energy anisotropy and kinetic anisotropy. With the increase in

undercooling, the growth morphology of Co,Sn, phase in (Co,,Sn,),, ,Nb, , alloys returns from dendrite back to factual seaweed at

undercooling larger than 28 K and then transits to compact seaweed at undercooling more than 143 K. The minor Nb addition slightly

increases the growth velocity of Co,Sn, phase at low and intermediate undercooling but obviously decreases the growth velocity at

large undercooling. The sharp increase in the growth velocity is corresponding to the transition of Co,Sn, phase growth morphology

from fractal seaweed to compact seaweed.
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Solidification of alloy melts involves the selection of
crystal growth pattern, which has a significant effect on the
mechanical properties of materials”" . In the directional
solidification of Al-4.5wt% Cu alloy, Wang et al™ found that
the ductility and toughness of specimen with a seaweed
pattern are approximately 91% and 87% higher than those of
specimen with a dendritic pattern, respectively. The interfacial
energy and its anisotropy play important roles in governing
the morphology of crystal growth from the alloy melts” .
Dendritic microstructures are commonly observed in most
alloys due to the large interfacial energy anisotropy™®.
Seaweed is another important crystal growth pattern besides
dendrite. In the directional solidification of alloy melts,
seaweed growth occurs when the preferred crystallographic
direction is substantially different from the thermal gradient

7-8]

direction” ™, and during undercooled solidification, seaweed

P19 Recently, it is

usually grows at a larger undercooling
found that the evolution of microstructure is related to the
concentration dependence of interfacial energy anisotropy. In

the directional solidification of Al-Zn alloys, Haxhimali
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et al""! observed that additions of Zn to Al result in a transition
from <100> to <110> growth with increasing Zn concentra-
tion, with the seaweed morphology at intermediate composi-
tions. Wang et al"? studied the solidification behavior of Al-
Sm alloys by laser melting, and they also found a similar
transition of crystal growth morphology as Sm content
increases, and observed the seaweed structure at approxi-
mately 2.2at% Sm. Castle et al*'* found that minor additions
of Ni to Cu melts reduce the undercooling of the Cu melts at
which the growth pattern transits from dendritic to seaweed.
Despite aforementioned researches, our understanding
about the seaweed growth morphology of crystal in metallic
alloy melts is still limited. The Co-Sn alloy is different from
most of other binary alloys as it solidifies with a seaweed

191 and directional solidifica-

morphology in undercooling'
tion"”"¥. In the previous work, the evolution of crystal growth
morphology of eutectic and hypereutectic alloy melt was
studied, and seaweed growth was observed due to the weak
interfacial energy anisotropy of matrix phase f-Co,Sn,. Accor-

ding to the Co-Sn binary phase diagram, Co,Sn, is an
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intermetallic compound with a slight solid solubility of Co
element, so its nominal composition was selected as the
concentration of experimental alloy. In the present study, the
solidification behavior of the single Co,Sn, phase in
undercooled Co,,Sn,, alloys was investigated, and the ternary
element Nb was added to further understand the concentration
dependence of crystal growth morphology.

1 Experiment

In the present study, 0.4at%, 0.6at% and 0.8at% of Nb were
added to the base Co,Sn,, single phase alloy to investigate the
crystal growth morphology evolution. The samples were
alloyed from high purity Co (99.99wt%), Sn (99.999wt%) and
Nb (99.99wt% ), each about 5 g, and then prepared by
induction melting furnace under the protection of high purity
argon. In the process of undercooling experiment, the alloy
ingot was placed into a quartz glass crucible, and put in a
vacuum chamber back-filled with ultrapure argon, then
subjected to cyclic induction superheating and cooling under
the protection of glass purifier that was made of 50% B,O,,
30% Na,Si0, and 20% Na,B,0, until the desired undercooling
was obtained. The thermal history during solidification of
each sample was monitored by an infrared pyrometer with a
relative accuracy of 1 K and a response time of 1 ms"
(Fig. 1a). The as-cast samples were used for surface micro-
structure analysis without any treatment. The surfaces were
observed by a scanning electron microscope (SEM) and a
Leica optical microscope (OM). The composition of micro-
structure was measured by energy dispersive X-ray (EDX)
analysis. The phase structure analysis of the sample was
performed by X-ray diffractometry (XRD) using a scanning
step of 4° from 26=20°-80°. To explore the melting and
solidification process, specimens of about 30 mg were cut
from the solidified alloy ingots and analyzed in a differential
scanning calorimetry (DSC) under a flow of highly-purified
argon.

The growth velocity of Co,Sn, phase in undercooled
(CoySn,,) 0. Nb, (x=0, 0.6) alloys was measured by dual probe
method (Fig.1b). Firstly, the cylindrical ingots with a length of
45 mm and a diameter of 7 mm were prepared, and then two
probes were placed along the length direction of the ingots
with a distance of 30 mm. When the desired undercooling was
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v
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obtained, trigger nucleation was carried out on the top of the
ingots using a ALO, needle. The growth velocity was
calculated by dividing the distance difference from the
triggering point to the respective viewpoints of the two probes
by the time interval for the temperature recalescence front to
enter the viewpoint of the two probes (Fig.1b).

2 Results and Discussion

2.1 Growth behavior of Co,Sn, with different Nb additions

During the rapid solidification process of bulk undercooled
alloy melts, the crystal grows rapidly, and the latent heat of
crystallization is released instantly to form temperature
recalescence, which will result in the partial remelting of the
solidified phase, so that the initial growth
morphology of the primarily solidified phase will be
destroyed
solidification of some eutectic alloys, such remelting is the

primarily

inside the sample. During the undercooled
main reason for the formation of anomalous eutectic'”. The
surface of the solidified sample is contacted with the cold
crucible wall, the latent heat of crystallization can be quickly
dissipated to a large extent, the temperature recalescence can
be suppressed, and thus a relatively entire morphology of
rapidly
temperature. Based on the above considerations, the surface
rather than the section of the sample was observed by the
SEM to investigate the changes of crystal growth morphology

under different undercooling conditions. Fig. 2 shows the

solidified phase can be maintained to room

surface microstructures of (CoySn,,),,,.Nb, alloy solidified at
undercooling of about 5 K.

As shown in Fig.2a, the primary Co,Sn, phase grows with
seaweed pattern when the base CoSn,, is solidified at an
undercooling of 5 K. The crystal grows through alternating tip
splitting and exhibits no obvious preferences in the growth
direction. The two branches after tip splitting have
competitive growth with each other. One of the branches
outgrows the other and starts to increase its tip radius until it
splits again, whereas the other branch decelerates and
eventually stops growing. With the addition of 0.4at% Nb,
there are some discontinuous straight trunks, and the side
branches still present seaweed morphology (Fig. 2b). The
microstructure changes to dendrite when the added Nb content

increases to 0.6at% to generate the complete main trunks and
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v

1-quartz glass crucible; 2-refractory base; 3-glass purifier; 4-alloy; 5-infrared pyrometer; 6-induction coil

Fig.1

Schematic diagram of the undercooling experiment (a) and growth velocity measurement by dual probe method (b)



3412 Kang Jilong et al. / Rare Metal Materials and Engineering, 2023, 52(10):3410-3416

Fig.2  Surface microstructures of Co,,Sn,, single phase alloy with different Nb additions solidified at an undercooling of about 5 K: (a) Oat%,

(b) 0.4t%, (c) 0.6at%, and (d) 0.8at%

abundant side branches have grown from it (Fig. 2c). With
further increasing the added Nb content to 0.8at% , the
seaweed growth of the Co,Sn, phase is observed again
(Fig.2d).

Fig. 3 gives XRD patterns of the (Co,Sn,,),,. . Nb, alloy.
There are two phases identified in all microstructures: f -
Co,Sn, and a-Co,Sn,, in which the a-Co,Sn, is the partial
solid-state phase transformation products of f-Co,Sn, during
cooling process after solidification. The growth morphology
of crystals in the microstructure is mainly determined by /-
Co,Sn,, and two of them cannot be distinguished in the SEM
observation. Fig. 4 shows the results of DSC analysis of
(CoySny,) 0. Nb, alloys at a heating rate of 20 K/min. The
specimens used in the experiment were cut from the master
ingots which were solidified under small undercooling, and it
is considered to be an equilibrium structure. In DSC curves,
there is only one endothermic or exothermic peak on the
heating and cooling curve, so it is considered to be a single

" + pCo,Sn.
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Fig.3  XRD patterns of (Co,,Sn,,),,,.Nb_ alloy
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Fig.4 DSC curves of Co,,Sn,, (a) and (CoySn,),, ,Nb, (b) alloys at
a heating rate of 20 K/min

phase alloy. The addition of Nb does not result in the
formation of new phase, and only changes the growth
behavior of Co,Sn, phase.

The strength of interfacial energy anisotropy is an important
factor affecting the crystal growth morphology during
solidification. In undercooled solidification, the stronger
interfacial energy anisotropy will lead to dendritic growth of
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crystal. Instead, the crystal adopts a seaweed morphology.
However, it is difficult to directly measure the interfacial
energy anisotropy in experiments, so we calculated the surface
energy of Co,Sn, phase and its anisotropy parameter
according to the empirical electron theory of solids and
1 in the present study. As for hcp structure, the
surface energy of a particular (hkil) crystallographic plane
relative to the close-packed basal plane (0001) can be
expressed as:

) (hkil) (0001)
Yoo A%k, ) SLE, M)

y( 0001)

molecules

where A4 is a constant related to the crystal plane, a and ¢ are
the lattice constants, /, is the number of equivalent dangling
bonds on the given crystal plane, and E, is the bond energy
between the atoms. The anisotropy strength between (hkil)
plane and the (0001) basal plane is:
— Vmiry~ Pcooor)

2, (@)
where y,is the average value of y,,.,, and y i,

The calculated maximum anisotropy strength of hexagonal
Co,Sn, phase is between (1010) plane and (0001) plane, and
the value is only 0.204. Compared to the surface energy
anisotropy of other metals, the value is 0.252 for Al phase™"
and 0.376 for Zn™ phase whose solids grow with dendritic
morphology in their alloy melts. Hence, the hexagonal Co,Sn,
phase has relatively low interfacial energy anisotropy, so that
the crystal should grows with seaweed morphology in the

135 as shown in

undercooled solidification of Co-Sn alloys
Fig.2a.

Because the mixing enthalpy of Nb-Co and Nb-Sn is —25
and — 1 kJ/mol, respectively, the value of Nb-Co is more
negative than Nb-Sn”, in the undercooled solidification of
(CoxSnyy) 00 Nb, alloy melts, and the added Nb atoms are
incorporated into the solid Co,Sn, phase to form Co,(Sn,Nb),.
However, the atomic radius of Sn is 0.162 nm, 0.143 nm
larger than the atomic radius of Nb, indicating that the Co,Sn,
lattice will shrink as Nb substitute for Sn, and resulting in the
decrease in the c/a ratio. According to Eq. (1) and Eq.(2), it
can be obtained that the surface energy ratio between (hkil)
and (0001) for Co,(Sn,Nb), is larger than that for Co,Sn,. The
surface energy anisotropy of Co,Sn, phase increases with the
addition of Nb, so the growth morphology of Co,Sn, transits
to dendrite with the addition of 0.6at% Nb (Fig.2c).

With the addition of Nb to Co,,Sn,, alloy, the concentration
of Nb in the solid Co,Sn, also increases. The entropy of this
phase rises. On the basis of DSC analysis (Fig. 4), when
0.8at% Nb is added, the enthalpy of fusion of Co,Sn,
decreases from 95325 J/mol to 79845 J/mol. Therefore, the
entropy of fusion of Co,Sn, decreases, which will cause a
rough solid/liquid interface, and thus weakens the atomic
attachment kinetic anisotropy”. This will partially offset
the stabilization effect of the interfacial energy anisotropy on
the branching tip. As a result, the growth morphology of
Co,Sn, phase returns back to the seaweed pattern in the
(CogSn,y)e,Nb,, alloy. This experimental result is qualita-

tively consistent with the findings of Castle et al*"'¥! about the
undercooled solidification of Cu-Ni alloys. They found that
with the increase in solute content, the critical undercooling
for the crystal growth morphology changes from dendrite to
seaweed decreases. In this respect, the Nb content in the alloy
melts increases slightly from 0.6at% to 0.8at% , which is
conducive to the seaweed growth.

2.2 Growth velocity of Co,Sn, phase

Fig.5 gives the growth velocity of Co,Sn, phase in Co,,Sn,,
and (Co,Sn,), Nb,, alloys under various undercooling
conditions. In the range of experimental undercooling, the
growth velocity (V) of Co,Sn, phases increases with
undercooling (AT). A power law trend is fitted to the data sets
and expressed as: V oc AT¢, where e is the exponent of
undercooling. As for Co,Sn,, and (Co,,Sn,,),, Nb, , alloys, the
crystal growth velocity increases slowly up to 129 and 143 K
undercooling, with the exponent of 2.14 and 1.71,
respectively, and then rapidly, thereafter a
breakdown in this trend is observed. The values of exponent
increase to 5.31 and 5.74. This change of Co,Sn, phase growth
velocity under the critical undercooling corresponds to its
growth morphology transition from fractal to compact

increases

seaweed, as shown in Fig.6 and Fig.7. On closer inspection,
the addition of 0.6at% Nb to CoSn,, alloy results in an
increase in the growth velocity of Co,Sn, phases when the
solidified undercooling is less than 116 K, but the growth
velocity decreases at higher undercooling.

The redistribution coefficient of Nb in the Co,Sn, phase is
0.44, less 13,
solidification, Nb atoms will be rejected by the growing
Co,Sn, phase and pile up ahead of the solid/liquid interface to
form a constitutional undercooling zone, which slows down

than  unity' Therefore, in undercooled

the growth velocity of Co,Sn, phase when the undercooling is
larger than 116 K. However, a small amount of Nb will make
the growing tip of Co,Sn, phase decrease to dissipate the
enriched Nb efficiently. As a result, the growth of Co,Sn,
phase in (Co,Sn,,),, Nb,, alloys should be accelerated at the
undercooling less than 116 K because the effect on sharpening
the tip radius of Co,Sn, by the minor Nb addition is more
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Fig.5 Measured crystal growth velocity of Co,Sn, phase with

undercooling in rapid solidification of (Co,,Sn,),,, Nb, alloy
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significant, as shown in Fig.5. This effect of a small amount
solute element on crystal growth velocity is common in the
solidification of pure metals™. During the crystal growth of
single Co,Sn, phase in Co,Sn,, alloy melts, a few solute
atoms will be rejected by growing solid, and there is no
mutual diffusion of atoms in eutectic growth, so the crystal
growth velocity is larger than that of the hypereutectic and
eutectic alloys!".

2.3 Morphology evolution of Co,Sn, phase with under-

cooling

Fig. 6 shows the SEM surface microstructures of the base
Co,Sn,, alloy samples after solidification at different
undercooling. The Co,Sn, phase grows with seaweed
morphology under all experimental undercooling conditions,
but its characteristic scale is related to solidification
undercooling. The calculated fractal dimensions of the
Bl are about 1.70 when
the solidification undercooling is below 129 K, meaning that
the growth microstructure is fractal seaweed (Fig.6a and 6b).
While the calculated fractal dimension of the microstructures
solidified at a larger undercooling is very near to 2, indicating
that the growth morphology of the Co,Sn, phase changes to
compact seaweed pattern. In the compact growth of Co,Sn,
phase, the two branches after tip-splitting grow relatively
independently, the branch becomes very short, which are
symmetrically distributed behind the tips (Fig.6¢c and 6d), and

result in a dense structure.

structures by the box counting method

Fig. 7 gives the surface microstructures of the
(CoySn,)e,Nb,  alloy melts solidified at different under-
cooling. When the alloy melts are solidified at a small under-
cooling, the Co,Sn, phase grows with dendritic pattern and
features straight dendrite arms, and the secondary, or even the
tertiary arms, outgrow from the trunk (Fig. 7a). When the
undercooling is larger than 28 K, the crystal grows with

100 pm

Fig.6

continuous alternating tip splitting, so the growth morphology
of Co,Sn, phase changes to the fractal seaweed (Fig.7b and
7¢). As the undercooling increases to more than 143 K, the
Co,Sn, phase grows with the compact seaweed (Fig. 7d and
7e). Therefore, the addition of 0.6at% Nb to CoSn,, alloy
results in an increase in the critical undercooling for the
Co,Sn, phase growth morphology transition from fractal to
compact seaweed.

The effect of undercooling on the growth morphology of
Co,Sn, phase is related to crystal growth kinetics. The crystal
growth velocity is faster with the increase in undercooling, as
shown in Fig.5. The atoms in the liquid phase deposit to the
solid phase in a freer manner, resulting in a rougher solid/
liquid interface in atomic-level at large undercooling.

Hence, the effect of interfacial energy anisotropy on
branching the interface is partially offset, and the effective
dynamic
weakened™, which promotes the formation of fractal seaweed
at the undercooling larger than 28 K for (CoSn,),, Nb,,
alloy. In addition, to adapt to the increase in crystal growth
velocity with undercooling, there is a decrease in the interface
tip radius, so the corresponding possibility for the tip splitting
will decrease. What’s more, the perturbations that initially
branches the interface will leave the tip region more quickly at
large growth velocity, which facilitates the stabilization of the
interface tip also. Therefore, it tends to branch deviating from
the exact tip, and forms side branch. Hence the growth
morphology of Co,Sn, phase transits from fractal seaweed to
compact seaweed above the undercooling of 129 K in Co,,Sn,,
alloy. The added 0.6at% Nb to Co,Sn,, alloy decreases the
growth velocity of Co,Sn, at a large undercooling, as shown in
Fig. 5, so the critical undercooling of crystal growth
morphology transformation will be increased to 143 K in
(CogySnyg)e ,Nby ; alloy.

anisotropy in undercooled solidification is

100 um

SEM surface micrographs of the Co,,Sn,, alloys solidified at different undercooling: (a) 25 K, (b) 122 K, (c) 129 K, and (d) 213 K
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Fig.7 SEM surface micrographs of (Co,,Sn,),, ,Nb, ; alloy solidified at different undercooling: (a) 23 K, (b) 28 K, (c) 138 K, (d) 143 K, and

(e) 207K

3 Conclusions

1) When Nb content is 0.6at% , the seaweed growth
morphology of Co,Sn, phase changes to
morphology, and returns back to seaweed with an addition of
0.8at% Nb. The addition of Nb enhances the interfacial energy
anisotropy and weakens the kinetic anisotropy, resulting in the
changes of growth morphology.

2) In undercooled solidification of (Co,,Sn,)),, ,Nb,, alloys,
with the increase in undercooling, the growth morphology of
Co,Sn, phase successively transits from dendrite, factual
seaweed then to compact seaweed. Compared to CogSn,,

dendritic

alloy, the added 0.6at% Nb increases the critical undercooling
for the Co,Sn, phase transformation from fractal to compact
seaweed.

3) The addition of 0.6at% Nb to Co,,Sn,, alloy results in an
increase in the growth velocity of Co,Sn, phases when the
solidified undercooling is less than 116 K, but the growth
velocity obviously decreases at larger undercooling. The sharp
increase in the growth velocity is corresponding to the
transition of Co,Sn, phase growth morphology from fractal
seaweed to compact seaweed.
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