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A metallographic investigation of as-cast LM-13 alumirium-silicon alloy, solidified at different
cooling rates (using permanent moulds or a single-roll melt spinner), is presented with special
reference to the modification of eutectic silicon and the refinement of primary aluminium. The
refinement of microstructure with the increase in cooling rate is mainly attributed to the limited
growth kinetics of the nucleated phase during solidification. The rapidly solidified ribbon was
heat-treated in order to determine the microstructural stability at high temperature. The tensile
strength, percentage elongation and hardness values of as-solidified and heat-treated samples
correlate well with the changes in the microstructure observed.

1. Introduction

Of all aluminium alloys aluminium-—silicon alloys
have been studied in detail due to their excellent com-
bination of properties such as fluidity, low coefficient
of thermal expansion and high wear resistance. Because
of these, Al-Si alloys are finding a large number of
applications in the automobile industries, e.g. for
pistons, cylinder blocks and liners.

The silicon particles in the aluminium matrix gen-
erally grow in the form of needles, platelets or as large
cuboids, depending upon the composition of the
alloys, leading to an impairment of mechanical and
other properties. Thus in order to improve the proper-
ties of as-cast alloys, the modification or refinement of
silicon is usually done by adding foreign elements or
compounds [1—4] to the melt. The growth of silicon
can also be controlled by imposing external forces, for
instance vibration [5], or by changing the casting con-
ditions, notably by chill casting [6] or by rapid solidi-
fication processing. Structural changes through rapid
solidification have been of great interest in the last
fifteen years [7—18]. Precipitation [7, 10, 15} and kinetics
of precipitation [10] of silicon in splat-quenched and
melt-spun ribbon have been studied extensively. Pre-
vious work on splat-quenched Al—7 wt % Si alloy [19]
which was canned and extruded, has shown improve-
ments in yield strength and ductility.

In the present investigation, LM-13 Al-Si alloy has
been rapidly solidified and its microstructural features
are characterized. Comparison has also been made
with the structures obtained at different cooling rates.
The mechanical properties of as-solidified and heat-
treated samples of rapidly solidified alloy are also
reported.

2. Experimental procedure

Al-Si alloy LM-13 (composition: 11 to 13wt % Si,
1wt% Cu, 1.5wt% Ni, 0.5wt% Fe, 0.5wt% Mn
and the rest aluminium) was rapidly solidified from
the melt using a single-roll melt-spinning unit. The
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melt impinged on the substrate, flattened and solidified
as a ribbon. The details of the process are given else-
where [20]. The ribbon was 42 mm wide and its thick-
ness varied from 180 to 220 um. In addition, LM-13
alloy melt was cast in a rectangular mould of size
40mm x 14mm x 20mm and in a cast-iron mould
of 18mm internal diameter. For metallographic
observation samples were cold-mounted, mechan-
ically polished, etched with Keller’s reagent and obser-
ved by optical and scanning electron microscopy
(SEM). The silicon particle size and secondary den-
drite arm spacing were measured using quantitative
metallographic techniques. For SEM observation,
samples were deeply etched and coated with a thin
layer of silver to avoid the charging effect. X-ray dif-
fraction analysis was carried out using CuKu radiation
with a view to identifying the elements present in the
rapidly solidified ribbon. Tensile samples of 25mm
gauge length were prepared from the rapidly solidified
ribbons and tested in an Instron machine with a cross-
head speed of 2mmmin ', The load-elongation values
were recorded from the chart. Microhardness measure-
ments were performed on the metallographically
prepared samples using a load of 10Pa. At least five
readings were taken on each sample and the average
value with the scatter was plotted.

3. Results and discussion

Metallographic examination of the solidification
structure of as-cast LM-13 alloy, cast in a cast-iron
mould, shows «-aluminium dendrites with eutectic
silicon in the interdendritic region. The average den-
drite arm spacing (DAS), i.e. centre-to-centre distance
between two neighbouring dendrites, was found to be
~ 12 ym. Tt is generally known that the eutectic silicon
grows anisotropically by a twin-plane re-entrant edge
mechanism (TPRE) in the {21 1) direction, growing
straight for some distance and then branching off or
changing its direction through a large angle by multiple
twinning [21]. Figs 1 and 2 show the optical and SEM
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Figure 1 Optical micrograph of melt-spun ribbon.

micrographs, respectively, of melt-spun ribbon. Optical
micrograph shows very fine x-aluminium dendrites
(DAS = 1 um) and eutectic silicon in the interden-
dritic region (black patches), which is clearly revealed
in an SEM micrograph, Fig. 2. X-ray diffraction
studies of this microstructure show sharp peaks cor-
responding to (11 1) and (220) planes of silicon and
(111) of aluminium; other elements present in LM-13
alloy, e.g. copper, magnesium and nickel, have not
been detected by X-ray analysis. This may be because
these alloying elements, which are present in small
quantities below 2%, have gone into the solid solution
due to rapid solidification processing.

The cooling rates of as-solidified alloys were esti-
mated from the master diagram, Fig. 3, correlating
the dendrite arm spacing and cooling rate for alu-
minium and its alloys [22, 23]. In the present case the
cooling rates were of the order of 10°(° C)sec ™' in the
rapidly solidified ribbons and 10(°C)sec™' in the
permanent-mould castings.

Another notable effect of rapid solidification, as
seen in Fig. 2, is the change in the growth morphology
of eutectic silicon to a more or less spheroidal shape,
from the plate-like shape as observed in permanent-
mould casting. The size of silicon was found to be of
the order of 1 um. Fig. 4 shows an SEM micrograph
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Figure 3 Dendrite arm spacing as a function of cooling rate for
aluminium and aluminium alloys: (®) rapidly solidified LM-13, (a)
permanent-mould cast (cast-iron).

of LM-13 alloy cast in a copper mould of sample
thickness 1 mm. This figure clearly reveals the semi-
isotropic growth of silicon crystals in the aluminium
matrix. With a further increase in the casting thickness
to Smm (decrease in cooling rate) the structure, as
seen in Fig. 5, shows branched fibrous eutectic silicon.
Hence the most significant structural changes as a
result of rapid solidification are a decrease in the
secondary dendrite arm spacing of the primary alu-
minium phase and a change in the morphology of
eutectic silicon.

The refinement of primary aluminium dendrites
depends on how fast the heat can be dissipated from
the melt during solidification, so that after nucleation
there is less time available for growth of the nucleated
phase. In rapid quenching, the alloy melt is generally
undercooled to a temperature well below the solidus
line, and nucleation begins essentially at a lower tem-
perature. This results in an increase of nucleation
events, and rapid extraction of heat from the melt
reduces the time available for growth thereby restrict-
ing the growth of the nucleated phase. However, the
alteration of growth morphology of silicon crystals
from anisotropic (solidification in cast-iron mould) to
more or less isotropic (rapid rate of solidification) may
be attributed to a transition from a faceted to a non-
faceted growth mode. Generally, faceted and non-
faceted growths are dictated by the Jackson a-factor

Figure 2 SEM micrograph, showing modified eutectic silicon after
rapid solidification processing.
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Figure 4 SEM micrograph of LM-13 alloy cast in a copper mould
(sample thickness 1 mm).



Figure 5 SEM micrograph of LM-13 alloy cast in a copper mould
(sample thickness 5 mm).

[24], and silicon occupies an intermediate vaiue of
« = 2 to 5. It is suggested that as undercooling
during solidification increases, the anisotropy of
growth rate between different crystallographic direc-
tions decreases. It has been observed in the present
study that when LM-13 alloy is solidified in a copper
mould of sample thickness 1 mm and 5 mm, where the
solidification rate is lower than in the melt-spun ribbon,
the silicon crystals grow as semi-isotropic and fibrous,
respectively. It is reasonable to conjecture from the
above facts that the faceting tendency of silicon could

be reduced by increasing the cooling rate and conse-
quently the undercooling.

The mechanical properties of the rapidly solidified
LM-13 alloy after heat treatment mainly depend on
the microstructural stability. To make an assessment,
melt-spun LM-13 alloy ribbon was annealed at dif-
ferent temperatures for 1h. The structures were
examined under an optical microscope at room tem-
perature. Figs 6a to ¢ show the microstructures of
rapidly solidified LM-13 alloy ribbon aged at 525, 625
and 725K for 1h. It is seen that a coarsening of
second-phase silicon particles occurs with the increase
in annealing temperature. In order to gain further
information on the coarsening tendency of the eutectic
silicon one sample was annealed at 725K for 17h
(Fig. 6d). The microstructure clearly reveals silicon
particles in spherical form and randomly distributed
in the aluminium matrix. The silicon particles were
found to be of 3 to 5 um size. The interparticles spacing
is shown in the form of a histogram in Fig. 7.

Fig. 8 shows the ultimate tensile strength and
elongation of as-rapidly-solidified and heat-treated
LM-13 alloy. For comparison the strength and
clongation of LM-13 alloy cast in permanent moulds
are also included. It is seen that the strength of
rapidly solidified alloy has increased to 260 MPa
from that of 180 MPa for cast alloy. The ductility
has also increased. The improvement in strength and
ductility is mainly attributed to (a) a decrease in inter-

Figure 6 Microstructure of heat-treated rapidly solidified LM-13 alloy: (a) 525K, 1h; (b) 625K, 1h; (c) 725K, 1 h; (d) 725K, 17h.
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Figure 7 Frequency distribution of interparticle spacing (annealed
for 17h at 723K).

Figure 8§ (0) Ultimate tensile strength and (m) 400
elongation with increasing annealing temperature
of rapidly solidified LM-13 alloy; (®) elongation
and (a) UTS for samples cast in a permanent
mould. 300
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dendritic spacing and (b) a modification of the silicon
morphology.

The decrease in strength of rapidly solidified alloy
with increase in the annealing temperature, as seen in
Fig. 8 is mainly due to the coarsening of silicon par-
ticles. This effect is conspicuous in the samples that
had been annealed for 17h at 723K (Fig. 6d). The
variation in microhardness with annealing tempera-
ture, shown in Fig. 9, also behaves in the same way as
the strength. Thus the decrease in strength and hard-
ness of rapidly solidified LM-13 alloy with temperature
is mainly attributed to a coarsening of the micro-
structure.

4. Conclusions

1. LM-13 alloy was rapidly solidified from the melt
in the form of a ribbon at a codling rate of about
10°(°C)sec™ .

2. The secondary dendrite arm spacing of the alu-
minium phase in the rapidly solidified structure was
found to be of the order of 1 um. Scanning electron
microscopy reveals that the growth morphology of
eutectic silicon has changed from plate-like in conven-
tional die casting to spheroidal by rapid solidification
processing.
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Figure 9 Microhardness values with increasing anneal-
ing temperature of rapidly solidified LM-13 alloy; (a)
permanent-mould cast.



3. The rapidly solidified alloy shows improvements
in tensile strength, ductility and hardness compared to
the alloy cast in a permanent mould. This is mainly
attributed to the refinement of the microstructure.

4. The coarsening of the structure has occurred as a
result of ageing, and this resulted in a decrease in the
tensile strength and hardness.
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