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Solidification of a Liquid Sphere

under Weightlessness

As a sphere, initially fully melted and then cooled over the
whole surface, transforms into a solid state, the stresses
develop there due to spatial inhomogeneities of temperature
field and admixture concentration. Considerable stresses
may also develop due to the density variation upon crystal-
ization. The aim of the present paper is to analyze a.
spherically symmetric process of crystallization of melted
weightless sphere, cooled outwardly, and to investigate the
stability of this process.

A mathematical model [1] is formulated, which describes
the state of the material in a solid phase by the system of
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equations of isotropic quasi-static thermoelastoplasticity
with two unknown boundaries. A convective motion in a
liquid core is not taken into account. The heat equations
for liquid and solid phases are conjugated via the Stefan
type conditions, obtained in [1] from the general strong-dis-
continuity condition. This condition takes into account the
work of surface forces in the energy balance at the crystal-
lization front.

A spherically symmetric process was calculated numeri-
cally for different regimes of cooling of the external surface
r = R(£) [1-13]. It has been shown that as the crystallization
front r = S(r) moves towards the sphere center, pressure in
the liquid phase increases, and this results in the interface
velocity decrease. For metals and semiconducting materials,
the time of full solidification increases by a factor of 2 to 4
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Fig. 1. Time dependence of a relative solid shell thickness
7 = (R = S) R (upper half) and time dependence of the crystalliza-
tion front velocity dS|dt for solidification of Si sphere; drawn line:
thermoelastic model, dashed line: Stefan classical thermal model

as compared to the value calculated from the thermal
Stefan problem. Fig. 1 illustrates the time dependence of a
relative solid shell thickness y = (R — S)/R and the crystal-
lization front velocity dS/dr for solidification of Si sphere.
When ¢ =0 the radius of the sphere is Ry =1cm, the
temperature on the external surface is equal to the crystal-
lization temperature T,. The external surface is cooled with
constant rate equal to 1 K/min. As is seen, in the thérmo-
elastic model the time dependence of crystallization front
velocity qualitatively varies as compared to the case of the
Stefan classical thermal problem (dashed line). In the pres-
ence of alloying additives, the boundary layers appear near
the moving crystallization front [2, 3). The admixture stor-
age takes place in a liquid phase thus decreasing the veloc-
ity of the front.

As soon as shear stresses reach the yield limit, there
appears the region of plastic deformations in a solid phase.
The stresses near the front are maximum. Therefore, with
increasing t the interface C(z) between the elastic and plastic
regions moves from the crystallization front S(¢) towards
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Fig. 2. Stress distribution (v, 6,) along the radius of a solid shell; t,:
the solid phase is fully in an elastic state, t,: some part of the solid
phase is in an elastic state, the remaining part is in a plastic state, t5:
the solid phase is fully in a plastic state
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the external boundary of the sphere R(z). A typical stress
distribution o,, ¢, along the radius of a solid shell
S(2) <r < R(1) is shown in fig. 2 for three moments of time,
1), t;, and ;. At the moment ¢, the solid phase is fully in an
elastic state. When ¢ = t,, some part of the solid phase is in
an elastic state and the remaining part is in a plastic one. At
the moment 1, the solid phase is fully i:: a plastic state.

The stability of the basic spherically symmetric solution
is studied relative to quasi-stationary axisymmetric pertur-
bations. The regime of cooling of the external surface
remains to be spherical due to capillary forces. The main
problem is to determine whether the process will be spheri-
cally symmetric up to a full solidification or a spherical
form of the growing solid shell may be disturbed. If at some
moment of time, there appear axisymmetric solutions along
with a spherically symmetric one of the thermoelastoplastic
problem, the disturbances may increase with time due to
the increase in the pressure drop on the boundaries of the
solid shell. In this case, the stability loss of the growing
solid phase takes place.

The study of elastic stability shows that for a relative
shell thickness y = 0.2, there appear nontrivial axisymmet-
ric fifth-order solutions, and for y =0.36 the solutions are
axisymmetrical third-order ones. This result is valid for
different specimens at the cooling rates being not higher
than 1 K/s. The calculations were made for Si, Ge, Cu, Ag
for a 1 cm initial radius of a sphere. Analogous results were
obtained with increasing an initial radius of a specimen. If
the cooling rate of a sphere is higher than 1K/s, there
develops the instability with respect to perturbations of the
ninth-order (for y = 0.05). The analogous results were ob-
tained by the study of the stability of elastoplastic growing
solid phase. At the moment of a full transformation into a
plastic state, the instability develops relative to the pertur-
bations whose order is higher than some value N,,,. The
latter depends on the thickness of a solid phase; its value is
higher, the less the thickness of the solid shell. The latter
result is in good agreement with the experimental data,
presented in [4], and is likely to be indicative of the fact that
the whole solid phase transforms into a plastic state almost
as soon as the crystallization process starts.
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