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Abstract: In the present work microstructural evolution of A356 Aluminum alloy using an inclined cooling plate
casting process for thixoforming feedstock production is investigated. The resultant microstructure was evaluated and
compared with those of the same alloy produced by the conventional casting process, i.e. directly cast in the same mold
without using an inclined cooling plate. It was found that when alloy melt poured over an inclined cooling plate and
subsequently cast in semisolid condition into a metallic mould resulted in fine rosettes and nearly globular a-Al
primary phase uniformly distributed in an Al +Si eutectic matrix. The effect of the processing parameters such as the
lengths and angles of the inclined cooling plate and their combinations were identified to produce alloy ingot with the
most suitable microstructural constituent for thixoforming process.
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1. INTRODUCTION

Thixoforming is an attractive technology
which offers the ability to produce components
that can meet the stringent requirements for the
automotive industry, by combining the near-net-
shape capabilities of die casting with the
mechanical properties of forging [1-3].

Ingots utilized in the thixoforming processes
have the advantages of lower casting
temperature, homogeneity of the solidified
structures, and good fluidity of semisolid alloys
as pointed out bysome researchers [4-5].

In general, semisolid alloy slurry is produced
by shearing of a solidifying liquid alloy in the
two phase regions, by electromagnetic or
mechanical stirring. However, the equipment is
complicated and the running cost is high. A
disadvantage of thixoforming process has always
been the expensive production of semi-solid
feedstock material and the operation costs
documented by several studies [6-8]. Therefore,
in spite of its potentials, thixoforming has not
enjoyed a wide spread application due to the
rather high production costs, limited choice of
size and the non-uniform structure of ingots
concluded by some reaserach works [1,9] .

Since a simple and convenient process is
favorable for industrial application, many
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scientists have tried to shorten and simplify the
process, and some near-net shape technologies
have been developed. Processes that meet these
are for example the SSR-Process, the SEED-
process, the cooling channel process and the
inclined cooling plate casting process [9-13].The
inclined cooling plate -ICP process is regarded as
a new convenient process for preparing semisolid
alloy [13-16].

The ICP-casting process is oncoming semi-
solid process which employs simple equipment
and involves low running costs [17]. In this
process, molten alloy is poured along a
sufficiently long inclined plate such that the
nucleation together with mixing occurs during
the flow of the liquid, thereby producing a
starting microstructure that is fine-grained and
nearly coarse dendritic-free structure. In the ICP-
casting process, there are several process
parameters such as mould material, mould
temperature, plate length, plate angle, superheat,
pouring temperature etc. which directly influence
the final microstructure of the solidifying slurry
[13, 15,18].

In the present investigation, the ICP -casting
process was employed to produce semisolid cast
ingot of A356 alloy for thixoforming operation.
The effects of angle and length (slope), and their
combinations on the microstructures of the
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experimental alloy were investigated in an effort
to identify the optimum ICP -casting
characteristics.

2. EXPERIMENTAL PROCEDURE

The inclined cooling unit (80cm long and
10cm wide) was prepared from a lcm thick
copper plate. To identify the optimum casting
characteristics contact lengths of (10cm - 60cm,
in 10cm steps) and angles of ( 20°- 70°, in 10°
steps) and their combinations were chosen
respectively for each casting process. Each
experiment on an individual length and angle was
repeated at least three times in order to
investigate the reproducibility of the casting
process. The surface of the plate was coated with
a thin layer of boron nitride in order to avoid
sticking of the molten alloy.

The material used in this study was A356 with
basic composition (Si= 7.25, Mg=0.30, Fe=0.21,
Cu= 0.20, Mn= 0.01, Zn= 0.04 Al = rem, all in
Wt %). DSC tests showed that the liquidus and
the solidus temperature of the experimental alloy
was approximately 615+2°C and 572+2°C
respectively.

The alloy ingot was melted in an induction
furnace set at 700 °C. The melt was then allowed
to cool to the casting temperature set at
620°C.The melt with a low superheat (5 °C above
alloy liquidus) was poured on the surface of the
ICP and was subsequently cast in the semisolid
condition directly into a metallic (stainless steel)
mold. The dimensions of the mold were 30cm in
length, 20cm in width and 10cm in height.
Molten alloy with the same superheat was cast
directly into the same mold without using an ICP
for microstructural comparison (i.e.,
conventionally cast alloy).

The specimens for microscopical observations
were prepared by the standard metallographic
techniques of grinding with SiC abrasive papers
and polishing with a diamond suspension
solution. Microstructural characterization of the
etched samples by standard Keller solution was
accomplished using an optical microscope (Carl
Zeiss) equipped with CLEMEX-
PROFESSIONAL EDITION image analyzer
software.

The microstructral characteristics were
quantified wusing an 1image analyzer in
conjunction with the optical microscope,
following the usual procedures employed for
volume fraction or other measurements of any
specific phase(s) [19-22]. The chemical
composition was determined with inductive
coupled plasma spectroscopy according to
ASTM E 1097-97.

3. RESULTS

The microstructure of the experimental alloy
cast by the ICP process looks significantly
different from that obtained by conventional
casting. Without the ICP - after casting directly
into the mold — the material shows a dendritic
structure with grain size exceeding 200pum. This
microstructure  looks very similar to a
conventional as-cast microstructure. Via the ICP
process the microstructure changes and typically
consists of globular grains sizing less than
100um. The low superheat casting of the alloy
melt removes directional heat conduction from
the melt and prevents the formation of dendrites
within the slurry [19, 20].

A typical optical micrograph of the
conventionally cast A356 alloy is presented in
Fig. 1. The characteristic dendritic feature of the
primary o- Al phase and the interdendritic
network of the eutectic phase which results from
casting into a metal mould with no ICP. Particle

Fig. 1. As cast microstructure of A356.0 alloy.
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Fig. 2. Microstructure of cast alloy over an inclined plate in the 30° constant angle, (a) 30 cm, (b) 40 cm, (¢) 50 cm , and (d)
60 cm lengths.

size measurement of the a-Al primary phase
indicated values ranging from 220+4 pm to
320+4pm. Average dendrite arm spacing of the
primary a-Al dendrites in the as-cast alloy was 96
+4 um.

The microstructures of the alloys cast for
various angles and lengths are shown in Figures
2-5. When the alloy melt cast over the ICP at a
fixed angle of 30° and the lengths of 30, 40, 50,
and 60 cm, into a metal mould at room
temperature, show a relatively fine equiaxed
dendrites (with a few coarse dispersed dendrites)
of the primary a-Al crystals and a few “rosette”
crystals. The resulting microstructure showing
dendritic character at 30 and 40 cm length and
with a small amount of rosette structures at 50
and 60cm length depicted in Fig. 2.

A comparison between Figs. 2a and 2b reveals
that increase in the length up to 40cm leads to

40

reduction in the particle size of the a-primary
phase down to 53+4pum, for 30° angle. The a-Al
primary shape factor increased to 2.2+0.1 at this
condition.

Microstructural comparison of Fig. 2b and 2d
shows that the increase in the length from 40 cm
to 60 cm leads to increase in the o-primary phase
up to 61+4um and the shape factor of the same
phase to 1.6+0.1.

Microstructural constituents of Fig. 2 when
compared with that of Fig.1 reveals that using
angle of 30° cannot -ecliminate dendritic
morphology of the a-primary phase in the ICP
cast structures for all of the plate lengths
employed. It can be assumed that the applied
shear stress on the slurry was not sufficient to
transfer the whole structure to non-dendrites
structure and more uniform distribution of the
morphological feature.
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The microstructures of alloys cast at angles of
40° and 50° for the lengths of 30, 40, 50 and 60
cm are shown in Figs. 3 and 4. A comparison of
microsrural features of Figs. 3 and 4 with that of
Fig. 2 reveals that using ICP with angles of 40°
and 50° leads to the suppression of dendritic
growth, and mixtures of rosettes plus globular
structures are substituted, for 30-60cm lengths.
The proportion of rosette crystals appears to be
larger and the spheroids are finer.

At angle of 40°- 50°, increase in the length up
to 40 cm leads to produce more structural
refinement in the microstructure. The particle
size of the primary o-Al phase reduced to
26+4pm and its shape factor increased to
1.1£0.1, for constant angles of 40°- 50°,
respectively. Fig. 5 shows that increase in the
angle from 50-60deg lead to increase in the
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Fig. 3. Microstructure of cast alloy over an inclined plate in the 40° constant angle, (a) 30 cm, (b) 40 cm, (¢) 50 cm , and (d)
60 cm lengths.

particle size of the primary a-Al phase.

From microstructural comparison shown in
Fig. 3, 4b and 4c it is quite obvious that at angles
of 40°-50° increase in the length from 40 cm to
50 cm cannot further refine the structural
constituents and create more  globular
microstructures. The particle size of the primary
a-Al phase increases and its shape factor
decreases again. Fig.6 shows the average particle
size and aspect ratio with respect to that of the
inclined plate length.

When the effects of the ICP processing
parameters such as the lengths and the angles of
the cooling plate and their combinations are
plotted versus primary particle size (Fig. 7a, b)
and the aspect ratio (Fig.7 c, d), the best results
(optimum condition) is obtained for the cooling
plate employed.
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Fig. 4. Microstructure of cast alloy over an inclined plate in the 50° constant angle, (a) 30 cm, (b) 40 cm, (c) 50 cm, and (d)
60 cm lengths.

100pm 100pm

Fig. 5. Microstructure of cast alloy over an inclined plate in the 60° constant angle, (a) 30 cm, (b) 40 cm, (c) 50 cm , and (d)
60 cm lengths.
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Fig. 6. (a). Average particle size of the a-Al primary solid
phase cast over the ICP, (b). Aspect ratio of the a-Al
primary solid phase cast over the ICP.

Based on the microstructure observations
shown in Figs. 2—5 and the results obtained from
image analyzer software shown in Figs. 6,7, it is
obvious that there is an optimum length and angle
in which the best refined and globular
microstructures are obtainable by the use ICP
casting process. However, it can be seen that the
inclined plate in 50 cm and 50° conditions creates
more  considerable  fine and  globular
microstructure than in other experimental
conditions, in accordance with the previous
observations by [22-25].

It can be observed that large dendrites of the o-
primary phase is substituted by fine and equiaxed
particles (near rounded crystals) far different
from the wusual structure produced by
conventional solidification in practical cooling
conditions. This result shows the efficiency in the
suppression of dendritic formation when the ICP
process is used.

4. DISCUSSION

The most important effects of melt pouring
over the ICP casting process is high heat
conduction as a result of contacting the alloy melt
with the cooling plate, and the shear stress
development in the melt as a result of gravity
force [24 and 27].

When the alloy melt is rolling over the surface
of the inclined plate, the nucleation of a-Al
primary phase starts due to the high heat
conduction. During rolling action of the alloy
melt down the ICP, the shear stress due to gravity
force leads to the detachment of newly formed
primary o-Al phase from the surface or the
breaking of dendrite arms which are growing on
the surface of the inclined plate.

These a-Al particles are dispersed in the alloy
melt flowing downwards and pour into the mold
located at the end of the inclined plate
accompanied to remained melt. The existing a-Al
phases, already present in the melt, act as sources
of nucleation during solidification into the mold
and finally the microstructures contain fine and
globular o-Al phase produce as shown by
comparing Figs. 2-5 and Fig. 1.

As the present results revealed, the angle of
inclined plate had remarkable effects on the size
and morphology of a-Al phase.

Some authors such as [28, 29, 22], concluded
that the formation of three layers during flowing
of the melt over the inclined plate, in which these
distinct layers suffered from different rates of
heat conduction. The layer immediately adjacent
to the surface of the plate (the bottom layer) is a
solid layer containing primary a-Al phase formed
due to intense heat conduction between the melt
and the inclined plate [31-34].

The intermeddle layer is a semisolid
suspended slurry containing the melt and the
dendrite arms which produced due to growing
primary solid phase toward perpendicular
direction of the surface of the inclined plate. The
top layer which is in contact with the air contains
the molten alloy in which the rate of heat
conduction is higher than that in the middle layer.
By increasing the angle of the inclined the plate,
the intensity of shear stress and the rate of shear
strain increase. As a result, more solid particles
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Fig. 7. The combined effect of angle and length on: (a, b) particle size and (c, d) aspect ratio of the primary a-Al phase
poured over a Cu-ICP.

are detached from the bottom layer or are broken
in the middle layer.

Furthermore, thickness of solid layer decreases
due to an increase in the detachment, and the
breaking rate of the formed solid phase decreases
due to an increase in the angle of the inclined
plate. This layer leads to decrease in the rate of
heat conduction occurred between the alloy melt
and the surface of the ICP. Therefore, by
increasing the angle up to 40°, the rate of heat
conduction between the alloy melt and the
surface of the ICP increases as a result of
decrease in the thickness of the solid layer and
higher number of primary a-Al solid phases is
formed into the melt rolling over the surface of
the ICP. Finally, the solid particles in the slurry
accompanied to remained melt were poured into
the mold, and finer and globular microstructure is
produced as shown in Figs. 2 and 3.

By further increase in the angle of ICP from
40° to 60°, duration time of the existing shear
stress and the heat conduction between the alloy
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melt and the surface of ICP decrease.

Therefore, a number of primary a-Al solid
particles and a fraction of solid phase formed in
the flowing melt over the surface of the ICP due
to decrease in the duration time of heat
conduction and exerted shear stress, a majority of
the remaining melt is poured into the mold and
solidified inside the mold.

Because the rate of heat conduction in the
mold is lower than the inclined plate and the
exerted shear stress is eliminated, solidification
starts under lower nucleation and growth rates
conditions.  Finally, the  microstructures
containing coarser solid phase with lower shape
factor are created as shown in Figs. 4-5.

The contact length of the ICP is another critical
parameter that affects the size and morphology of
primary a-Al phase. By increasing the length of
the inclined plate, the duration time of heat
conduction and shear stress increases. Therefore,
the numbers of detached and broken solid phases
increase, and the microstructure containing fine
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and globular primary phases is produced.
Increasing the length of the ICP leads to the
thickening solid layer produced between the melt
and the inclined plate. As a result, the rate of heat
conduction and the rate of cooling the melt
rolling on the surface of the ICP plate decrease
which leads to the decline of the nucleation rate
of primary solid phase. Then, size of primary
solid phase available for the final microstructure
solidified into the mold increases as shown in
Figs. 3b—5b at 40°—60° for a constant length of 40
cm.

5. CONCLUSIONS

1. The primary a-Al dendritic phase in the
microstructure of conventionally cast A356
alloy modified to a fine and non-dendritic
structure when a copper ICP casting
process was employed.

2. Microstructural constituents of the alloy
generated by the ICP were depended on the
angle and length of the inclined plate. The
present results revealed that there was an
optimum length and angle in which
minimum grain size and maximum
sphericity were generated.

3. Optimum globular microstructure with a
uniform distribution of A356 alloy was
achieved with slope angle of 50° and plate
length of 50cm in the present
experimentations.
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