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Formation of a separated eutectic in

AIl-Si eutectic alloy

REN ZHONGMING, JIN JUNZE
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Dalian University of Technology, Dalian 116024, People’s Republic of China

The phenomenon of a “separated eutectic’” in Al-Si eutectic alloy unidirectionally solidified
with electromagnetic stirring was investigated. It was found that the eutectic silicon could be
swept away from the solid/tiquid (s/l) interface by the flow, and transferred by the secondary
flow to the wall of the crucible, forming a silicon-rich layer on the periphery of the ingot.

Nomenclature

B Magnetic induction vector

B, Magnetic induction magnitude on the peri-
phery of liquid column

E Electrical field vector

L fo Radial and azimuthal components of elec-

tromagnetic force
Acceleration due to gravity
Height of liquid column
Magnetic field

Current

Rotation rate of the melt
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1. Introduction

During last decade, much research has been carried
out on the solidification of a eutectic alloy with a fluid
flow because of the pronounced influence of the flow
on the solidification. One of the important phe-
nomena found by Quensset et al. [1, 2], Junze et al.
[3], and Wilcox and co-workers [4-6] is the increase
in the lamellar spacing of the eutectic due to the flow.
Quensset et al. [1], and Wilcox et al. [5] also estab-
lished models to describe this phenomenon. More
recently, Shingu et al. [7] found an interesting phe-
nomenon of a “separated eutectic” occurring during
the unidirectional solidification of an Al-Si eutectic
alloy with strong stirring in the melt. The two coupled
phases (silicon and aluminium) were separated by a
distance of the order of a centimetre. In the case of
rotated electromagnetic stirring, a silicon-rich layer
formed on the periphery of the ingot. They attributed
this phenomenon to the strong tendency to produce a
solidification front with the aluminium phase as the
leading phase when the stirring is applied. However,
how it was formed is still unknown.

The aim of the present work was to investigate the
formation of this phenomenon in the case of electro-
magnetic stirring (EMS), and to relate it to the flow
field produced by the stirring. It was found that the
secondary flow played an important role in the
phenomenon.
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P Pressure

¥ Radial coordinate

Fo Radius of liquid column

u,, ug, u, Radial, azimuthal, and axial components

of flow velocity
14 Speed of solidification
Axial coordinate
Magnetic permeability
Viscosity of liquid
Density of liquid
Electrical conductivity
Angular frequency of the current.
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2. Experimental procedure

The experimental apparatus is shown in Fig, 1. The
heating element melted the alloy and controlled the
temperature. The water-cooled block cooled the melt
and moved down at a controllable speed, causing
unidirectional solidification of the alloy. The electro-
magnetic stirrer generated a circulating flow in the
melt, with a rotation rate, N, up to 12revs™ %,

The rotation rate was measured as follows: a gra-
phic paddle was inserted into the melt, which rotated
along with the melt, then the rotation rate of the
paddie axis was measured. This rate was taken as the
rotation rate of the melt.

The alumina crucible was 5 cm i.d. and 20 ¢cm high.
Al-Si eutectic alloy was prepared from pure alumi-
nium (99.7% pure) and pure silicon (98.5% pure).

In the experiment, 700 g alloy was melted in the
crucible and stirred for 0.5 h to homogenize the melt,
then the stirring was controlled and adjusted to a
certain rate; finally, the crucible was moved down at a
certain speed, so that unidirectional solidification
could occur. The macro- and microstructures of the
ingot obtained were examined.

3. Results and discussion
The typical phenomenon of a “separated eutectic” is
shown in Fig. 2. The eutectic silicon separated from
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Figure I Schematic drawing of the experimental apparatus.

the aluminium, and accumulated at the periphery of
the ingot, forming a silicon-rich layer. More strangely,
in the pipe-like ingot, this layer was also formed on
the inner surface of the ingot. This indicated that
the wall of the curcible may have some effect on the
phenomenon.

In order to investigate this phenomenon, a liquid-
quenching experiment was conducted during solidi-
fication. The results are shown in Fig. 3. The upper

Snlu:on layer

Figure 2 The “separated eutectic” phenomenon. (a) Rod specimen,
(b) pipe-like specimen.
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Figure 3 The result of quenching during solidification. Solidi-
fication speed ¥ = 1.7x 10~ * ms~’. Rotation rate of the melt, N
= 7.5 revs ™ '. (a) The macrostructure. (b) The microstructure of the
silicon layer around the s/1 interface.

portion of the ingot was quenched, the lower uni-
directionally solidified. The solid/liquid (s/1) interface
was visible. As can be seen, the silicon-rich layer
extended over the interface into the liquid about 1 cm.
This indicated that the layer was formed in the liquid
ahead of the s/1 interface, that is, before solidification
took place there.

The microstructure of the layer in the above ingot
shows that the layer was composed of large silicon
granules, the size of which were several. ten times
larger than that of the eutectic silicon in the matrix. It
is noticed that the size of the granules was basically the
same throughout the layer, whether in the quenched
portion -or. in the solid portion. Thus quenching had
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Figure 4 The distribution of silicon content along the radius of the
specimen.

little effect on the granules. In contrast, the matrix was
considerably refined by the quenching. Therefore, it is
confirmed that the silicon in the layer was in the solid
state in the melt, and not crystallized from a silicon-
rich liquid during solidification. Only if silicon was in
the solid state did it remain unrefined by the
quenching.

The distribution of the solute along the radial direc-
tion of the ingot demonstrated that its centre part was
hypoeutectic, as shown in Fig. 4. Additionally, the
experimental results of Shingu et al. [7] showed that
the quenched portion was still eutectic. These results
indicated that the silicon granules in the layer came
from the s/l interface. This figure also shows that the
silicon content in the solid portion decreased along the
radial direction of the ingot. At the layer, however, it
increased sharply to near pure silicon content. This
apparently ruled out the possibility of redistribution
or diffusion of solute as the cause of the formation of
the layer, and strongly suggested the transport of
silicon granules from the interface to the wall of the
crucible.

In order to confirm the suggestion, the following
experiment was carried out. A refractory net cylinder
was positioned coaxially in the crucible, and unidirec-
tional solidification was carried out as usual; the
structure of the ingot was then examined. As can be
seen in Fig. 5, a silicon-rich layer was also formed on
the net. This confirmed the transport of granules in the
melt during the formation of the layer.

It is well known that during the solidification of an
Al-Si eutectic, the silicon phase is the leading phase
and protrudes into the liquid. Miwa et al. [8] found
that when vigorous stirring was applied to the melt,
the flow could sweep away the silicon phase from the
interface, forming free granules in the liquid. From this
result, it is easy to understand how these granules may
be transferred elsewhere by the flow, for instance, to the
net, or the wall of the crucible, and be trapped there.

From Fig. 2 it can be seen that neither the centri-
fugal force of the rotated flow nor the electromagnetic
attractive or repulsive force are capable of transferring
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Figure 5 Schematic drawing of the experimental results with a
refractory net coaxially inserted in the crucible.

the granules to the wall of the crucible, because these
forces are one directional.

To gain a full understanding of the transport of the
granules, the flow field was numerically analysed. For
simplicity, the following assumptions are made.

1. The s/1 interface is static, because of its very slow
movement compared with the flow.

2. The temperature, viscosity, density and electrical
conductivity of the melt are constant.

3. The electromagnetic stirrer is infinitely long.

4. The liquid column is so long that its top can be
considered to be a horizontal free surface.

5. Turbulent flow is not considered.

6. The roughness of the crucible wall is ignored.

The Navier—Stokes equation for cylindrical geo-
metry and rotational symmetry is given by the follow-
ing expressions:
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The continuity equation for constant density is
u, Ou, Ou,

r or + 0z

The electromagnetic force f= Jx B. The J and B are
obtained by solving Maxwell equations

VxH = 0 (5)
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V:B =0 (7

The approximate solution of Equations 5-8 is [9] (for
the stirrer with four poles)
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The boundary conditions are
z = 0, on the bottom of the liquid column,

u=u,=uy=0 (l1a)

z = H, on the top surface of the liquid column,
Ou,/0z = u, = Oug/0z =0 (11Db)
r = 0, along the centreline (CL) of the liquid
column, u, = Ou,/or=us=0 (llc
r = rq, on the wall of the crucible,

u=u,=u=0 (11d)

These equations were computed in a finitive difference
method on an NEC-9801 personal computer, with the
result as shown in Fig. 6. In addition to the rotated
flow, there is a secondary flow in the axial and radial
directions. Near the s/I interface, this flow is from the
wall of the crucible to the centreline of the liquid
column, and then back to the wall. This flow is just in
front of the interface, with a velocity comparable to
the tangential one.

From this result, one can learn that the secondary
flow will carry the silicon granules separated from the
interface to the wall of the crucible, as shown in Fig. 7.
There, they may be trapped and accumulate within the
boundary of the flow. In this way, the silicon-rich layer
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Figure 6 Vector diagram of secondary flow (u,, u,). Magnetic induc-
tion B, = 20 mT. Rotation rate of the melt N = 12 revs™".
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Figure 7 Schematic illustration of the formation of the “separated
eutectic”.

is formed. The granules may coarsen to reduce their
surface area.

In this way it is easy to understand the formation of
the inner silicon-rich layer in the pipe-like ingot. The
separated granules would also be carried to the inner
surface of the “pipe” by the secondary flow, and
trapped there. So the inner silicon-rich layer is formed.

4. Conclusion

Under the influence of strong rotating EMS, the
eutectic silicon was swept away and separated from
the s/1 interface, forming free silicon granules; the free
granules were transferred to the wall of the crucible by
the secondary flow. There they were trapped, and they
accumulated and coarsened on the wall. Therefore, a
silicon-rich layer composed of large silicon granules
was formed.
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