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Solidification microstructures of aluminium silicon alloy (A-356) containing 0, 10, 15 and

20 vol % silicon carbide particles formed during directional solidification from a chill have been
studied and compared with the structures obtained during solidification of the base alloy under
similar mould and chill conditions. Columnar dendritic structure was observed during
solidification of the base alloy at all distances from the chill. In the case of composites, the
presence of silicon carbide particles disturbs the orderly aligned arrangement of dendrites
observed in the base alloy, under similar solidification conditions, except near the chill surface
where a particle-free zone is observed due to probable pushing of particles by the macroscopic
solidification front with cell spacings finer than the particle size. During the entire range of
solidification conditions studied in this work, the silicon carbide particles are pushed by growing
dendrites of a-aluminium into the last freezing eutectic liquid. The observations on pushing of
silicon carbide particles have been examined in relation to existing models on particle pushing by
planar solidification fronts. Even in the regions away from the chill, where silicon carbide particles
are present, there are large regions covering several dendrite arm spacings where there are no
particles representing another form of macrosegregation of particles. It is observed that the
secondary dendrite arm spacings (DAS)of a-aluminium are related to cooling rate by an equation
DAS = b (T)"for the base alloy as well as for the composite. The coefficient b is generally higher
for composites than for base alloy, and it is found to be a function of particle content. The value of
nfor the composite is close to the value of the base alloy and is not significantly influenced by the
presence of particles. Cooling rate, temperature gradients and the rate of advancement of the
solidification front have been experimentally measured for the base alloy as well as for the
composites during unidirectional solidification. The study indicates that the presence of particles
themselves alters the cooling rates, temperature gradients and growth rate of the macroscopic
solidification front under identical thermal surroundings during solidification. The possible
influences of these alterations in growth condition on the solidification microstructure due to the
presence of particles are discussed together with the other possible direct influences of particles
on dendritic growth of aluminium-silicon alloys.

1. Introduction alloy-silicon carbide particle composites strongly

Of the alternate methods available to produce compo-
nents of metal matrix composites (MMCs), casting
processes are attractive because they are economical
and have the capability of producing near net-shaped
parts. In recent years, casting methods have been used
to manufacture a wide range of engineering metal
matrix composite components [1-3], particularly of
aluminium alloy—silicon carbide particle composites
by casting molten metal—ceramic particle composite
slurries [4]. The properties of cast aluminium
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depend on the solidification microstructure which,
in turn, depends upon the melting and casting
procedures. During solidification, cooling rates, tem-
perature gradients, and growth rates have a profound
influence on evolution of microstructural features of
cast composites, including the particle distribution
and the dendritic structure, both of which influence
the properties of cast composites.

It has been experimentally observed that generally
the a-aluminium phase does not nucleate on the sil-
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icon carbide particle surface during solidification of
aluminium alloy-silicon carbide composites. Wetta-
bility of the silicon carbide surface by molten alumi-
nium alloy is considered to be poor. It has been
observed that a-aluminium dendrites which nucleate
away from the particles also push the dispersed par-
ticles during their growth, causing the particles to be
segregated in the interdendritic regions which freeze
during the last stages of solidification [5]. There are
several models in the literature on interactions
between growing planar solid-liquid interfaces and
particles which predict conditions under which the
particles will be pushed.

Limited information is available on the solidifi-
cation structure of fibre- and particle-reinforced alu-
minium alloys [6—8]. Generally, existing knowledge
relates to comparing the microstructural features of
cast structures in base alloys and composites when
they are poured and solidified under identical thermal
conditions. Recently, Rohatgi et al. [5], Suery and
Lajay [9], McCoy and Wawner [10] and Lioyd [11]
have related cast microstructures in Al-SiC com-
posites to solidification phenomena. However, these
studies have not measured the changes in cooling rates
and temperature gradients in the presence of ceramic
particles, and their influence on the evolution of the
microstructure. The correlations between the cooling
rates, temperature gradients, velocity of the solidifi-
cation front, dendrite arm spacing and particle distri-
bution in Al-SiC composite alloys require further
investigation. It is important to understand the influ-
ence of particles on the temperature gradients and
growth rates under identical mould conditions, to-
gether with the direct influence of particles on growing
dendrites. '

The object of this work was to measure the influ-
ence of particles on the cooling rates, temperature
gradients and macroscopic growth rate of the solidifi-
cation front for the composite, and to understand the
observed solidification microstructures in the mono-
lithic aluminium silicon alloy and the base alloy
containing 0-20 vol % silicon carbide during uni-
directional solidification. An attempt has been made
to relate experimentally measured temperature gradi-
ents, rate of bulk movement of solidification front and
cooling rates to dendritic structure including dendrites
arm spacing and particle distribution.

2. Experimental procedure
2.1. Melting
Aluminium alloy silicon carbide composite ingots

supplied by Duralcan were melted in a resistance
furnace. The compositions of the base alloy and the
volume fractions of silicon carbide in different com-
posites investigated in this study are given in Table L
The pouring temperature was measured using
chromel-alumel thermocouples and the measured
temperatures were controlled to-within 10 °C. A blan-
ket of argon gas was used over the crucible through-
out the melting process to minimize oxidation and the
resulting oxide inclusions in the cast composite.

2.2. Directional solidification
The experimental apparatus used for this purpose is
shown in Fig. 1. Directional solidification was ob-
tained by placing water-cooled copper chill at the
bottom of the insulating mould in direct contact with
the liquid metal. Heat was extracted unidirectionally,
perpendicular to the copper chill face in contact with
the melt when the alloy was poured on the copper chill
in the insulating ceramic mould, maintained at a tem-
perature of 585 °C, close to the eutectic temperature of
the alloy. The moulds used in these experiments are
highly insulating moulds made out of aluminosilicate
fibres. In addition, these moulds are heated to 585°C
before pouring the metal. In view of this, it is expected
that there was negligible heat flow in the lateral direc-
tion. Hence, heat is expected to flow unidirectionally,
perpendicular to the chill. The pouring temperature of
the metal was maintained at 720 °C in all the heats.
Four chromel-alumel thermocouples indicated by
TC,, TC,, TC;, and TC, in Fig. 1, were located at
12 mm intervals from the chill surface to record the
temperature at these locations as a function of time.
Strip chart recorders were used to record the variation
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Figure | Schematic diagram showing experimental apparatus.

TABLE 1 Composition of the base alloy and the composites investigated in this study

SiC Alloying elements (wt %)
(vol %)
Si Fe Cu Mn Mg Cr Zn Ti v
0 7 < 0.2 <02 - 0.35 - < 0.1 - -
10 6.9 0.11 .002 0.005 0.35 0 0.13 0.15 0
15 6.95 0.08 0.01 0.1 042 0 0 0.11 0.15
20 72 0.15 0.01 0.1 0.40 0.1 0.1 0.15 0.12
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in temperature with time during the solidification
process.

2.3. Experimental measurements

Temperature versus time curves obtained by different
thermocouples, were used for determining the temper-
ature profiles, and for calculating the cooling rates,
temperature gradients, and growth rates, at different
distances from the chill surface. Cooling rates were
calculated from the slopes of the recorded time—tem-
perature curves at the liquidus temperature. The tem-
perature gradient ahead of the solidification front was
calculated from the measured temperature profiles.
The bulk movement of solidification front, termed the
macroscopic growth rate, R, was calculated by divid-
ing the distance between each thermocouple by the
time taken for respective thermocouples to reach the
liquidus temperature. The time taken for each ther-
mocouple to reach the liquidus temperature was de-
termined from the recorded cooling curves.

2.4. Microstructural analysis

Samples for microstructural analysis were taken from
locations near the thermocouple, and were prepared
using standard metallographic procedures. Measure-
ments of secondary dendrite arm spacing were carried
out after taking several micrographs at higher magni-
fications at several locations of the unidirectionally
solidified sample.

3. Results and discussions

3.1. Temperature gradient

Fig, 2 shows temperature gradients in the melts con-
taining 0, 10, 15 and 20 vol % silicon carbide par-
ticles, plotted against distance through which the
solid-liquid interface has moved away from the chill.
The dendritic solidification front encounters a higher
temperature gradient near the chill, but away from the
chill, the dendritic solidification takes place under
relatively lower temperature gradients. However, it
should be noted from Fig. 2 that for similar processing
conditions, solidification takes place at all given cast-
ing locations (distance from the chill) at a lower tem-
perature gradient in all the composite alloys, than that
for the corresponding base alloy. The presence of
particles is expected to change the total latent heat to
be released and extracted per unit volume of the alloy;
the specific heat, conductivity and overall thermo-
physical properties of the alloy are also changed and,
therefore, the temperature profiles and gradients are
influenced under identical mould conditions.

3.2. Cooling rate

Fig. 3 shows the variation of cooling rate at the
liquidus temperature with distance from the chill for
both the base alloy and composites. At any particular
location, the cooling rate does not significantly change
with particle content in the base alloy. This phenom-
enon is surprising because the temperature gradient is
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Figure 2 Varijation in temperature gradients as a function of dis-
tance from the chill. Vol % SiC: (O} 0, (W) 10, (O) 15, (A) 20.
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Figure 3 Variation of measured cooling rate as a function of dis-
tance from the chill. Vol % SiC: (O) 0, (W) 10, (@) 15, (A) 20.

lower at higher particle contents, in particular near the
chill surface and the average thermal conductivity
changes with the particle content. The heat flux at
different locations should therefore decrease during
solidification of the melt containing particles. How-
ever, the heat flux required to maintain a given cooling
rate at different cooling locations is also likely to
decrease with an increase in particle content because
of a decrease in the evolution of latent heat per unit
volume of the composite melt, thus not influencing the
cooling rate significantly, as observed in Fig. 3.
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3.3. Growth rate

Fig. 4 shows that the rate of advancement of the mac-
roscopic solidification front decreases with increasing
distance from the chill, and that the growth rate near
the chill is lower for alloys containing larger amounts
of silicon carbide particles; however, these rates of
advancement of solidification fronts are quite close to
one another, farther away from the chill, for the base
alloy and all the composites studied in the paper.

3.4. Microstructure

Figs 5 and 6 show typical micrographs at various
distances from the chill for the base alloy, and the
composite containing 20 vol % silicon carbide, respec-
tively. The microstructures in Fig. 5 reveal that in the
base alloy columnar dendritic structure persists be-
yond 50 mm from the chill, while in the composite
(Fig. 6), the columnar structure is significantly dis-
turbed beyond the position of the first thermocouple
(12 mm). It also appears that the amount of eutectic
increases with increasing distance from the chill in
both the base alloy and the composite. (The alumi-
nium-silicon-silicon carbide composite used in the
present study is a commercial grade composite sup-
plied by Duralcan. Hence, the alioy may contain some
modifiers such as sodium or strontium. Very small
amounts of these modifiers may remain in the melt
after remelting. Their presence is not taken into con-
sideration while analysing the microstructure.) Closer
to the chill surface only, secondary dendrite arms are
visible in the base alloy, and at distances greater than
25 mm from the chill, tertiary dendrite arms are also
observed.

In the composite alloy, containing 20 vol % silicon
carbide, as seen from Fig. 6a—d, it may be noted that
near the chill a typical chill-cast structure of columnar
dendrites was observed where there were no particles
present. It appears that the particles have been macro-
scopically pushed upwards by the closely spaced array
of columnar dendrites growing upwards from the chill
in this region, where the cell spacing is smaller than
the particle size making entrapment difficult in the cell
boundaries. This observation suggests that in rapidly

Growth rate (mm s™)

15 vol %
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Distance from the chill {mm)

Figure 4 Influence of dispersion of silicon carbide in alumi-
nium-silicon alloy on the macroscopic growth rate of the solidifi-
cation front at various distances from the chill.
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solidified aluminium-silicon carbide castings there
will be a particle-free region near the outer surface due
to macroscopic pushing of the particles. This phenom-
enon occurs when the dendrite spacing is much
smaller compared to the dispersoid size. Similar obser-
vations have been made by Wu et al. [12]. In addition
to the vertical pushing of particles by the dendrites
near the chill, particle pushing is also observed in the
present investigation at greater distance from the chill.

3.5. Model analysis
Various models have been developed to predict
whether a particle ahead of a planar growing
solid-liquid interface will be captured or engulfed by
the interface. All models are based on critical velocity
of the dendrite tip during solidification. (We have
attempted to analyse existing models, even though
they were developed for planar front solidification,
because there are no models available for the inter-
action between the dendriti¢ solidification front and
particles.)

According to Uhlmann et al’s model, the critical
velocity of a planar solid-liquid front for particle
engulfment is given by [13]

n+ 1/AH¢pa, V,D
o2 KTR?

ty

where R is the radius of the particulate, D, g, and ¥,
are the diffusion coeflicient, lattice constant and
atomic volume of solidifying material, respectively,
n = 5.0 [13], K is the Boltzmann constant and T'is the
temperature.

Bolling and Cisse [14] have proposed a model
based on the viscous drag of a liquid on a particulate
during solidification. According to them, the critical
velocity for particle engulfment ahead of a planar
interface is

()

V _ 4\1" (O{') KT 0-s] g 1z
o 9nn?R3

where m is the viscosity of the liguid, o is the
solid-liquid interface energy, and {(x) is a constant
0.34 [14]. Chernove et al. [15] have proposed a model
based on the chemical potential criterion. According
to them, the critical velocity for engulfment of particles
is given by

1/3
Vcr _ 0.14 B3 i (3)
nR | Bsr

where B3 (1072t J) and « (0.1) are constant [15]. The
authors have considered forces of molecular inter-
actions in a particulate molten film crystal system,
when the gap between the particulate and the solid-
ifying phase is less than 1075-107% cm (100-10 nm).

Stefanescu et al. [16] have considered the effects
derived from differences in thermal conductivity be-
tween particulate and solidifying phase, and have used
force balance at the particle in front of the solid-liquid
interface to derive critical velocity [16].

Ac,a, K,
6n — i)nR[z_K_J @

Vcr =



Figure 5 Microstructure of directionally solidified aluminium-silicon alloy containing 0 vol % SiC at various distances from the chill.
{a) Chill zone, (b) 24 mm, (c) 40 mm, (d) 50 mm x i148.

where Ao, is the surface energy difference between  engulfment is
particulates and the solidification phase, n is a con-
stant (7.0), and K, and K are thermal conductivity of (
particulates and the solidifying phase, respectively.

Surappa and Rohatgi [17] have proposed a model
based on thermal diffusivity ratio of particle and melt.  where A, C and p have the normal nomenclature. The
According to them [17], the criterion for particle  critical velocities for particle engulfment have been
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Figure 6 Microstracture of directionally solidified aluminium-silicon alloy containing 20 vol % SiC at various distances from the chill.

(a) Chill zone, (b) 10 mm, {¢) 12 mm, (d) 24 mm x 148.

calculated for different conditions and are shown in
Table IL

In the present investigation, the actual velocities of
growth of solid-liquid interface in the presence of
various volume fractions of SiC is estimated by calcu-
lating local solidification time using the following
equations:

T, — T,

local solidification time, t¢ ——
cooling rate

(6)
5362
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f

The estimated values of local solidification time and
critical velocity are given in Table III and Fig 7
shows variation of estimated interface velocity as func-
tion of cooling rate, for various volume fractions of
silicon carbide. It is evident from the figure that inter-
face velocity increases with increasing cooling rate for
both the base alloy as well as the composites. Alloys
containing 10 and 15vol% SiC show somewhat



TABLE II Predictive equations for engulfment of primary a-aluminium phase on particles in terms of critical velocity

Model Criteria for pushing

Calculated results for Al-SiC
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TABLE III Estimated values of local solidification time and interface velocity

Distance
from chill
(mm) 0 10 15 20

Arm spacing (pm) for vol % SiC Cooling
rate?

(Cs™)

Local Interface velocity (ums™!) for vol % SiC

solidification
time (s) 0 10 . 15 20

12.7 18 24 22 19 28

25.0 22 31 37 22 12.5
38.0 26 50 43 27 5.6
50.0 36 62 51 38 35

14 6.4 8.5 7.8 6.7
3.28 33 4.7 5.6. 33
7.32 1.7 34 2.9 18
11.7 1.5 2.6 21 1.6

2 Taken from Fig. 7.
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Figure 7 Variation in estimated interface velocity as a function of
cooling rate. Vol % SiC: (W) 0, (O) 10, (O) 15, (A) 20.

higher interface velocities at any given cooling rate. In
addition, an attempt was made to estimate critical
interface velocity engulfment for different volume frac-
tions of SiC. The theoretical critical velocities cal-

culated for engulfment from different models and the
estimated values of actual interface velocities of de-
ndrites in the present experimental results are given in
Tables II and III, respectively. It is apparent from the
tables that models for particle engulfment, based on
thermal properties (Stefanescu et al. [16] and Surappa
and Rohatgi [17]) seem to agree with the experimental
results. (there is an order of magnitude difference in
estimated critical velocity and the velocity calculated
at a thermocouple nearest to the chill) of particle
pushing observed in the present study for alumi-
nium-silicon alloy containing SiC particles. The other
models predict engulfment of the particies under the
conditions of the present study, whereas in fact push-
ing of the particles by growing a-dendrites is observed.
However, it is to be noted that each model cited in this
paper makes various assumptions which may be at
variance with the present study; in addition, there can
be large variations in values of critical parameters
such as interfacial and surface energies. The proposed
models have been developed for a planar interface,
whereas in the present experiments the solidification
front was dendritic; this may be an additional reason
for disagreement between the proposed theories and
experiments.

In the region near the chill, average dendrite arm
spacing is somewhat smaller than the average particle
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size. Lloyd [11] has suggested that, under the cooling
conditions, where the dendrite spacing is much
smaller than the interparticle spacing, the distribu-
tion of the particles may remain closer to what existed
in the liquid prior to solidification. However, during
directional solidification, in the region (Fig. 6a) close
to the chill, the vertically growing, closely spaced cells
have macroscopically pushed the silicon carbide par-
ticles upwards out of the region.

The particle distribution becomes relatively more
homogeneous on a macroscopic scale at increasing
distances from the chill when secondary arms have
started to form. Also, a detailed analysis of micro-
structures at various distances from the chill, as shown
in Fig. 6¢c and d, indicates that the presence of SiC
particles disrupts the orderly columnar structure gen-
erally observed in the base alloy. This may be at-
tributed to the presence of particles disturbing the
local temperature fields in the molten slurry. In addi-
tion, there is some evidence of dendrites terminating at
a particle. In certain locations, splitting of a dendrite
by a particle is also observed; this type of dendrite
splitting has been noted earlier by Sekhar and Trivedi
[18]. Both these effects are likely to alter the dendrite
arm spacing compared with what is observed in the
unreinforced alloy.

Fig. 8 shows the variation in average secondary
dendrite arm spacing with distance from the chill. The
average dendrite arm spacing generally increases lin-
early with increasing distance from the chill, for the
base alloy and the composites. The dendrite arm spac-
ings of the base alloy and the composites are similar
up to about 25mm from the chill. At a distance
greater than 25 mm, the dendrite arm spacings are
generally larger for the composites. The temperature
profiles have shown that at distances greater than
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Figure 8 Variation in average dendrite arm spacing as a function
of distance from the chill. ( x) Monolithic alloy, (ll) 10 vol % SiC,
(A) 15 vol % SiC, () 20 vol %, SiC.
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25 mm from the chill, the temperature gradient and
growth rate become very low. These lower values
imply that the dendrite arm spacing is sensitive to the
presence of silicon carbide particles under these condi-
tions. It is interesting to note that the alioy containing
10 vol % SiC particles have the largest dendrite arm
spacing, while the alloy containing 20 vol % particles
and the base alloy have lower dendrite arm spacings.
The analysis of microstructures indicates that the
presence of particles in the alloy melt may have played
two contradictory roles: (1) the particles may reduce
the cooling rate locally near the particles, resulting in
an increase in the dendrite arm spacing, and (2) they
may split the dendrite arms and decrease the spacing.
It is presumed that in alloys containing a lower vol-
ume fraction of particles (10%), trend 1 may domin-
ate, while in alloys containing higher volume fraction
of particles (15% and 20%), trend 2 may be domin-
ating. However, the presence of particles does not
appear to have a significant influence on dendrite arm
spacings at a distance less than 20 mm from the chill,
where an average cooling rate higher than 11°Cs™?
may exist and the dendrite arms are more numerous.

The change in dendrite arm spacing as a function of
cooling rate for the base alloy and the composite is
shown in Fig. 9. The cooling rate values are taken
from the plot of cooling rate versus distance from the
chill, as shown in Fig. 3. The cooling rates for both
base alloys and the composites containing different
volume fractions of SiC indicate that they are not
significantly influenced by the presence of particles
within the limits of our experimental measurements.
Fig. 9 shows that the dendrite arm spacing decreases
with increasing cooling rate by a power law relation-
ship. It is interesting to note that the slope of the lines
are similar for the base alloy as well as for the com-
posites containing different volume fractions of SiC
particles, although the DAS for the composite is
higher. The relationship between the dendrite arm
spacing (DAS) with cooling rate may be expressed
by the following power law relationship for both
the composites as well as the base alloy

DAS = b(T)™" (8)

where T'is the cooling rate (°Cs~!). The values of
b and n for the composites containing different volume
fractions of silicon carbide particles, including those
for the base alloy are given in Table IV. The exponent
n is observed to be about 0.33 and it appears to be
a function of only the alloy chemistry. However, the
coeflicient b appears to be influenced by the presence
of particles, and is higher for the composites, as illus-
trated in Fig. 10. It is noted that b is highest for the
composite containing 10% particles, higher than the
value observed with 20% particles. Additional studies
are required to determine the role of particle volume
per cent on the obstruction of growth of dendrite arms
and the splitting of dendrite arms, two opposite effects
which compete to produce the observed spacing. It is
important to note that local solidification time and the
shape of the cooling curve, profoundly influence the
dendrite arm spacing and microsegregation [19, 20].
Sasikumar and Exner [19] have demonstrated
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Figure 9 Variation in dendrite arm spacing as a function of cooling rate. Vol % SiC: (@) 0, (O) 10, (A) 15, (1) 20.

TABLE IV Values of constants b and n for monolithic alloys
and alloys containing various volume fractions of silicon carbide
particles

SiC (vol %) b Slope n
0 52 033
10 88 0.34
15 82 0.31
20 75 0.32
100
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Figure 10 Coefficient b as a function. of vol % SiC particles in
aluminium-silicon alloy containing SiC particles.

through theoretical calculations of dendrite coarse-
ning and microsegregation, that dendrite arm spacing
and microsegregation may be significantly different
for the same overall solidification time, with three
extreme shapes of cooling curves. However, these cal-
culations are available only for monolithic alloys. It is
most likely that the presence of particles may signifi-
cantly influence the process of dendrite coarsening
and microsegregation.

4. Conclusions

Directional solidification experiments on Dural A-356
alloy containing SiC particles show that the presence
of particles influences the growth orientation of
dendrites and influences certain solidification para-
meters including temperature gradients, cooling rate
and dendrite arm spacings. The experimental results
indicate the following points.

1. A particle-free region was generally observed in
the solidified composite adjacent to the copper chill,
indicating that in spite of higher cooling rate condi-
tions, particles are pushed vertically up by the array of
closely spaced dendrites growing from the chill.

2. The presence of particles in the alloy changes the
orderly growth of dendrites observed in the base alloy,
and the silicon carbide particles segregate to the last
freezing interdendrite regions. '

3. Several existing models have been used to calcu-
late the critical velocities at which the silicon carbide
particles should be entrapped instead of being pushed.
All the proposed models, except the two which take
into account thermal diffusivity, predict entrapment of
the particles under the conditions of the present study.

4. In addition to the microsegregation of particles
in the interdendritic regions, there are particle-free
zones in the cast regions which encompass several
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dendrite arms frequently due to macrosegregation of
particles in the melt.

5. The cooling rate decreases with distance from the
chill for both the base alloy and composites, and the
temperature gradients ahead of the solidification front
are lower for the composites compared to the base
alloy under identical thermal conditions. )

6. A relationship of the form DAS = b(T)" was
observed between dendrite arm spacing and the cool-
ing rate for all the composites investigated. However,
the coefficient was observed to be higher in the com-
posites compared with base alloy.
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