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[ Abstract] A model has been developed for the calculation of the microstructural evolution in a rapidly directionally so-

lidified immiscible alloy. Numerical solutions have been performed for AFPb immiscible alloys. The results demonstrate

that at a higher solidification velocity a constitutional supercooling region appears in front of the solid/ liquid interface and

the liquidliquid decomposition takes place in this region. A higher solidification velocity leads to a higher nucleation rate

and, therefore, a higher number density of the minority phase droplets. As a result, the average radius of droplets in the

melt at the solid/ liquid interface decreases with the solidification velocity.
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1 INTRODUCTION

In order to take the maximum advantage of im-
miscible alloys with a phase diagram as depicted in
Fig. 1 for proposed applications, it is desirable to pro-
duce aligned fibrous or dispersed microstructures that
contain a high volume fraction of the hypermonotectic
immiscible phase. Directional solidification experi
ments done before showed that although it should,
theoretically, be possible to obtain an aligned fibrous
microstructure similar in appearance to the structure
formed for monotectic composition by establishing
steady-state growth conditions using the proper ther
makgradient-to-grow th-rate  ratio ( G/R )M, it
seems difficult to succeed in doing so. It was found
that the composition of the melt adjusts itself to the
monotectic one very quickly as a hypermonotectic
sample is placed in a vertical temperature gradient be-
cause of the convective instability and, therefore, it is
difficult to obtain a composite microstructure!>?'. Tt
should be mentioned that the experiments usually
were carried out by using low growth velocities to
achieve a high G/ R ratio which is believed to be ben-
eficial to the stabilization of a planar solidification in-
terface and couple growth. When solidified at a high-
er solidification rate constitutional supercooling may
appear in front of the solidification interface and,
therefore, liquid-liquid decomposition takes place in
this region. If the solidification velocity is high e
nough, the spatial separation of the two liquid phases
may be restrained and a well dispersed structure can

be obtained. The experiments of the melt spun AFIn

]

alloy has proved this'¥. But till now no theoretical

works have been done on the microstructure evolution

in a rapidly directional solidified immiscible alloy. In
this paper we present a numerical model describing
the microstructure evolution in a rapidly directionally
solidified immiscible alloy by taking into account the
common action of nucleation, diffusional growth and
droplet motion in front of the solidification interface.
The model will be used to predict the solidification
process of hypermonotectic AFPb alloys.
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Fig. 1 Schematic phase diagram of alloy
with liquid miscibility gap
(usis downward and wy is upward,

us amd uy see Eqn. (1))

2 THEORETICAL MODEL

Supposing a constitutional supercooling region
exists in advance of the solidification interface, the
nucleation of the minority phase droplets may take
place in this region. The nucleated droplets grow by
the diffusion of solute in the matrix. They can also
settle due to the gravity (Stokes motion) or migrate
due to a temperature gradient ( Marangoni migra
tion) . The author describe the microstructure evolu-
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tion of a polydispersed system of droplets by defining
a droplet radius distribution function f (R, z ). f( R,
z)dR is the number of droplets per unit volume at
position z in a size class R, R+ dR. This function
obeys a continuity equation as given below under the
common action of the nucleation, the diffusional
growth and the motion of droplets:
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where wus(R, z) and um( R, z) are the Stokes and

the Marangoni velocities of droplets, respectively, [/
(R, z ) is the nucleation rate which can be predicted
with the classical theory of the homogeneous nucle-

ation'>” 71 v is the diffusional grow th rate of droplets

(for details see Ref. [5] and Ref. [ 6]). The author
neglect in this approximation the collision and coagu-
lation of droplets.

In the two liquid phase region z¢/1.< z< ZL+ 1L,

the solute transfers both through the diffusion con-
trolled process and the motion of droplets. The stable
state concentration field obeys a partial differential e
quation:
as
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where S(z)= C,(z)- C, «is the supersatura-
tion with C,, (z ) being the mean field concentration
in the matrix liquid and C,,, « the equilibrium compo-
sition at a flat interface boundary, Cg(z) is the con-
centration of the liquid within the droplet, Cy is the
initial composition of the alloy.

Coupling a given temperature profile and the
concentration field obtained by solving Eqn. (2) with
the phase diagram, the droplet distribution function
in the melt is determined via a solution of Eqn. (1).

3 NUMERICAL METHOD

The numerical method used in this analysis is
based on the finite volume method ®. Calculations
are performed for hypermonotectic AFPb alloys which
are of special importance in connection with advanced

1 To be accu-

bearings for automotive applications
rate the author use a phase diagram calculated directly
from the thermodynamic data given by Yu et al''".
The interface tension between the droplet and the
(110, 12)/ m* at the monotectic

reaction temperature T = 932. 6K and it was related

matrix was taken as

with temperature by o( T)= 0y(1- T/ T,) L2l =5

with T.= 1695.4K being the critical temperature
and Oy a constant that can be determined from the
value of the interfacial tension at the monotectic tem-
perature. T he diffusion coefficient of Pb in the matrix
is estimated as 5% 10" m?*/ s at the monotectic reac-
tion temperature. It was related with temperature by
D(T)= DoT*”'. This temperature dependence of
the diffusion coefficient might look strange comparing
with the often used Arrheniustype law. For metallic
melts, however, there is an increasing amount of data
showing that the simple power law is valid. It is at
least a good approximation in the temperature range
under consideration for immiscible alloys. Recent re-
sults confirm this relation for AFPb and AFIn al-
loys[ I,

In this calculation the author assume that at the
solid/ liquid interface the local monotectic reaction
process redistributes the solute in the liquid by form-
ing a lot of very fine droplets which do not interact
with the droplets stemming from the liquid-liquid de-
composition in the miscibility gap. The droplets of
the monotectic reaction are not counted in this calcu-
lation.

4 NUMERICAL RESULTS AND DISCUSSION

4.1 Comparison with analytical solution

Assuming that an initially single phase hyper-
monotectic alloy melt is quenched instantaneously to a
temperature below the binodal line and that the di-
mensionless supersaturation of solute in the matrix S
= Cpn— Cn, o is constant during the phase transfor
mation, then the nucleation rate is time independent
and any nucleus created has just the critical radius
R* . Eqn. (1) can be solved analytically supposing
that the effect of the droplet curvature on the solubili-
ty of solute in the matrix be negligible and that the
droplets move only according to the well known
Stokes motion.

f = IR/DS,
if
Ruw S[4DS(H - z)/Ks]Y*,
else
f=0 (3)
where Ks= 2(P'- pYy(ni- m")g/3M" 20"+

30%). P'and P" are the viscosities of the droplet and
the matrix, respectively, T and T are the densities
and g is the gravity acceleration, H is the height of
the sample.

Supposing an Al+ 5% Pb sample of 10mm in
height is quenched from a temperature above the bin-
odal line to 797 C, the steady state distribution of
droplet radius at the position z = 8 mm is shown in
Fig. 2 according to Eqn.(3). The same problem is
solved numerically with the method outlined above.
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The result is also shown in Fig. 2. The agreement is
excellent. There is, however, one important differ
ence. The analytical solution of Eqn. (3) is exact tri-
angle dropping from its maximum value to zero at the
biggest droplet radius, while the numerical solution
yields a distribution curve which is smeared around
this maximum value and is a continuous function of
the droplet radius rather than a step function. This is
the natural result of the numerical method reflecting
the continuous distribution of droplet size.
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Fig. 2 Droplet size distribution function for
AF5% Pb alloy quenched from 1000 C to 797 C
(Solid line represents prediction of analytical solution
of Eqn. (1) and dotted line numerical solution)

4.2 Numerical results and discussion

Supposing an Al+ 5% Pb alloy directionally so-
lidify in a temperature gradient of 400 K/cm at a rate
of 28 mm/s. Fig. 3 shows the upper consolute tem-
perature of the melt ahead of the solidification inter
face and the temperature profile in the melt together
with the nucleation rate of the minority phase
droplets. It indicates that a constitutional supercool-
ing region does

appear in advance of the

interface. Fig. 4 shows the nucleation of Pbrich
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Fig.3 Temperature profile ( dotted line), up
consolute temperature ( dashed line) and nucleation
rate (solid line) in front of solid/ liquid interface
when Al+ 5% Pb alloy solidified at velocity of
28 mm/ s in temperature gradient of 400 K/ cm
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Fig. 4 Average droplet radius (solid lines) and
number densities of drops ( dashed lines) in front of
solidification interface when Al+ 5% Pb alloy
solidified at different velocities in temperature

gradient of 400 K/ cm

phase droplets takes place in a region around the su-
persaturation peak. The nucleated drops grow as they
move towards the solidification interface and, there
fore, the average droplet radius increases with ap-
proaching the solid/ liquid interface, and the number
density of droplets is also shown in Fig. 4. It also in-
creases with approaching the solid/ liquid interface due
to the com mon actions of the Marangoni and Stokes
motion of droplets (Fig. 5).
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Fig. 5 Stokes and Marangoni velocities of local
average size drops in front of solidification
interface when Al+ 5% Pb alloy solidified

at velocity of 28 mm/s in temperature

gradient of 400 K/ cm

Fig. 6 shows the results calculated for different
solidification velocities. Numerical results show that a
higher solidification rate leads to a larger supersatura-
tion and, therefore, a higher nucleation rate. As the
result, the number density of droplets increases and
the average droplet radius decreases with increasing
solidification velocity (Fig. 4).

S CONCLUSION

A numerical model has been presented describing
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