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Structure of rapidly solidified
aluminium-silicon alloys

S. K. BOSE, R. KUMAR

National Metallurgical Laboratory, Jamshedpur 7, India

This paper present results obtained on rapid solidification of aluminium-silicon alloys
from the liquid state. It shows that the limit of primary solid solubility is extended

aimost to the eutectic composition and that the large supersaturation is relieved on
raising the annealing temperature to the range 110 to 450°C. This conclusion is based on
measurements of lattice parameter and is also supported by corresponding changes

in hardness and metallographic features.

1. Introduction

During the last decade, considerable experi-
mental interest has been shown in the formation
of metastable phases by rapid solidification from
the liquid state [1]. From the structural stand-
point, the results on various alloy systems [2-5]
indicate the extension of the limits of primary
solid solubility and/or formation of non-equili-
brium intermetallic phases. Metaliographic
features of rapid solidification have also been
studied [6]. The aluminium-silicon system has
been chosen essentially because it forms the
basis of a large number of industrial alloys and
also because some information is available with
regard to the distribution of silicon in the liquid
state [7, 81].

2. Experimental techniques

Four aluminium-silicon alloys containing 5.8,
10.0, 12.6 and 18.4 at. % Si were prepared from
99.8% Al and Si of 999% purity. Rapidly
solidified thin films of thickness varying between
0.1 and 0.15 mm were prepared by ejecting a
fine stream of liquid alloy from an orifice in a
graphite crucible axially centrifuging at 1400
rpm. and at 920°C onto a double-walled
copper drum kept at 0°C. Experimental details
of this technique have been described elsewhere
[9]. The films thus obtained were metallo-
graphically examined in the etched and unetched
conditions using Keller’s reagent. X-ray and
microhardness techniques were also used to
study the nature of the alloys in the as-solidified
condition, and after annealing in vacuum in the
temperature range 110 to 450°C. Debye-
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Scherrer photographs of selected cylindrical
specimens were taken in a camera of 11.4 cm
diameter using filtered CuKa radiation. These
cylindrical specimens were extracted from selec-
ted regions of the rapidly solidified thin films
and Nelson and Riley’s extrapolation function
was used to determine the lattice parameter.
The microhardness of mounted specimens was
also measured; for each alloy, an average of ten
readings were taken.

3. Results and observations

Fig. 1 shows the variation of the lattice parameter
and microhardness as a function of the silicon
content of the alloys. The lattice parameter
continuously decreases and the microhardness

4.050
¢ 1
4049
4:048 -1 30 &
)
= 120 £
& 4.047 HARDNESS 2
o
% l - 1o 2
- w
-4 z
< . a
X 4-046 - K
S 3
= - %0 ¢
< 4:045 |- v
- _ 80 =
4.044 { 70
o 5 10 Is 20

atofe si

Figure 1 Lattice parameter and microhardness values of
rapidly solidified thin films of A1-Si alloys.
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Figure 2 Cast structures of rapidly solidified alloys:
Al-10.0 at. % Si, x 350; (e) Al-12.6 at.% Si, x 350; (d) conventionally cast structure of Al-12.6 at.%; Si
alloy, x 350; (g) cast structure of rapidly solidified Al-18.4 at. % Si alloy, x 350; (h} Al-12.6 at. %; Si Alloy
showing pre-dendritic regions, x 350.
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correspondingly increases with increase in the
silicon content. Recalling that the equilibrium
phase diagram of the Al-Si system [10] shows
the occurrence of an eutectic at 11.3 at. % Si
and primary solubility decreasing from a maxi-
mum of 1.59 at. 9 at the eutectic temperature
(557°C) to less than 0.1 at. 9 Si at room tem-
perature, the most important structural change
obtained by rapid solidification of the melt is an
increase of the solid solubility of Si in Al to
10.0 4+ 0.5 at. % Si, a six-fold increase over the
maximum value of primary solid solubility under
equilibrium condition.

Metallographic examination of as-solidified
specimens revealed that the morphology of
solidification showed considerable variety and a
few typical microstructures are shown in Fig. 2.
The microstructure of aluminium solidified under
similar conditions 1s shown for comparison. The
following observations can be made from the
micrographs.

(a) The hypoeutectic alloy containing 5.8
at. % Si solidifies in an essentially dendritic
manner (Fig. 2b), which is typical of that of
aluminium (Fig. 2a).

(b) The alloy containing 10 at. % Si solidified
in some regions as a single phase (Fig. 2c) and in
others in a manner typical of an unmodified
eutectic structure exhibiting the formation of
proeutectic primary aluminium (Fig. 2d).

(¢) The microstructure of the hypereutectic
alloy containing 12.6 at. %, Si (Fig. 2e) was
similar to that of the conventionally cast
unmodified Al-Si alloys of similar composition
(Fig. 2f), but the phase distribution is refined as
a result of rapid solidification. Such morphology
is not observed in the case of alloys containing
18.4 at. 9 Si, in which the silicon is distributed
in an extremely fine manner as shown in Fig.
2g. Idiomorphic crystals of Si are also present in
the microstructure but with much reduced
frequency of distribution as compared with that
of the conventionally cast alloys.

(d) Pre-dendritic regions of solidification were
observed in the alloys containing 10.0 and 12.6
at. % Si and are marked with arrows in Fig. 2c;
a typical pre-dendritic region observed in the
alloy containing 12.6 at. % Si is shown in Fig.
2h.

Biloni and Chalmers [11] and Kumar and Bose
had earlier shown that solidification under rapid
rates of heat extraction could lead to the forma-
tion of what were called “pre-dendritic regions”
of characteristic morphology and these regions

could nucleate dendritic solidification under
favourable conditions.

The decomposition of the metastable super-
saturated solid solution was studied in the
temperature range 110 to 450°C by the use of
(a) lattice parameter, (b) microhardness and (c)
metallographic observations, and the results are
summarized in Fig. 3a and b. Continuous
increase of lattice parameter of the matrix as a
result of holding in the temperature range 110 to
450°C for 30 min is shown in Fig. 3a. It can also
be noted that almost identical values of the
lattice parameter are established within 30 min
of ageing at elevated temperatures as a result of
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Figure 3 Variation in (a) lattice parameter, (b) micro-
hardness, as a function of annealing temperature 30
min isochrones.
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Figure 4 Metallographic structures showing the relief of supersaturation in thin films containing 12.6 at. % Si;
annealed at (a) 250°C, 30 min, (b) 350°C, 30 min, (c) 450°C, 3 h, (d) 450°C, 74 h. All x 350.

relief of supersaturation through precipitation
of silicon. These observations are also corro-
borated by corresponding changes in the micro-
hardness values (Fig. 3b) which gradually
decrease with increase in annealing temperatures.
Metallographic observations shown in Fig. 4a
and b support this contention of the relief of
supersaturation through extensive precipitation
in the matrix for the alloy containing 12.6 at. %
Si when annealed at 250 and 350°C for 30 min.
It is observed that the morphology of the silicon
precipitates in the matrix is mostly spheroidal
(Fig. 4c and d) and not acicular as in the
conventionally cast alloys of similar composition.

4. Discussion

Extension of the limits of primary solid solubility
as a result of rapid solidification is a fairly
general metallurgical phenomenon and has been
observed in a large number of systems [12-16].
Whilst the general pattern of decomposition
observed in these alloys conforms to the general
principles of precipitation, the extension of the
limits of the primary solid solubility observed
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in the Al-Si system deserves some special
comments. Similar results in the Al-Si system
were earlier reported by Itagaki et al [17].
Singh and Kumar [7] showed in a recent investi-
gation that the distribution of Si in hypoeutectic
alloys is different from that in the hypereutectic
alloys in the liquid state. They showed that in the
eutectic and hypoeutectic alloys, Si is present in
association with Al in the form of (Al-Si)
clusters, and in the hypereutectic alloys in the
form of an (Si-Si) cluster. Preferential association
of Si atoms with Al atoms in the eutectic and
hypoeutectic alloys as (Al-Si) clusters may
possibly be responsible for the presence of the
primary phase in the cast structures, so typical
of unmodified alloys. This is because monatomic
Si atoms are not available in the liquid state to
nucleate the solidification of silicon in the binary
eutectic, since the diffusion of Si atom is
hindered by their association with Al atoms,
making nucleation of the Si phase difficult. Rapid
cooling from the liquid state, therefore, extends
the limit of solid solubility up to the eutectic
composition for the same reason. Thus, in
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hypoeutectic and ecutectic alloys, the Al-Si
association hinders Si diffusion sufficiently to
quench in a solid solution, and in the hyper
eutectic alloys the atoms are free enough to allow
the nucleation of the two phases.

5. Conclusions

This investigation shows that the limit of
primary solid solubility of silicon in aluminium
can be extended almost to the eutectic com-
position by rapid cooling from the liquid state.
This phenomenon can be attributed to the
preferential association of the atoms of silicon
with those of aluminium in the liquid state for
hypoeutectic and eutectic aluminium-silicon
alloys.
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