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Fluidity and Microstructure Formation During
Flow of Al-SiC Particle Composites

FM. Yarandi, PK. Rohatgi, and S. Ray

This article presents the results of casting and spiral fluidity in a A1-7 wt% Si alloy reinforced with 10, 15,
and 20 vol % SiC particles in permanent molds. The fluidity of the Al-SiC slurry increases linearly with
temperature up to about 760 °C. Above this temperature, the casting fluidity of the Al-SiC particle slurry
does not change significantly with an increase in temperature. In several cases, the fluidity decreased at
temperatures above 760 °C. The fluidity of Al-SiC melts containing 9-um SiC particles decreased with an
increase in volume percentage of SiC up to 15 vol % (the range studied), presumably due to an increase in
the viscosity of the melt with increasing volume percentage of dispersoid and changes in thermophysical
properties of the composite. However, the fluidity of A1-20 vol % SiC of 14-um particle size is higher than
the fluidity of Al-15 vol% SiC 9-um particles, indicating the role of particle size and surface area in de-
creasing fluidity. Composite slurries travel farther in a channel of larger cross sections compared to
channels of smaller cross sections under similar conditions. Casting fluidity increases linearly with an in-
crease in cross section of the channel. A model has been proposed to calculate the values of fluidity of the
composite as a function of particle volume percent, superheat, flow velocity of the melt, and the cross sec-
tion of the flow channel. Experimental observations have been compared with the predictions of the
model, and some deviations have been attributed to settling and segregation of SiC particles observed
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through microstructural examination.
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1. Introduction

METAL matrix/ceramic particle-reinforced composite materi-
als are produced mainly by powder metallurgy and casting.
Casting methods of fabricating metal matrix composites
(MMCs) have advantages over powder metallurgy in terms of
ease of production of components with complex shapes, flexi-
bility, and lower cost.l1-2IThe casting method used to fabricate
metal matrix composites| =51 consists of mixing reinforcement
particles in alloy melts and solidifying the slurry in suitable
molds to produce shaped components. Some of the most com-
mon casting techniques of composite slurries include sand
casting, investment casting, permanent mold casting, and pres-
sure die casting. Ingots of selected metal matrix composites are
supplied by manufacturers to foundries where they can be re-
melted and cast into a variety of components. Problems associ-
ated with remelting and casting of foundry ingots of MMCs are
being addressed and investigated by several workers.[5:0] The
ability to produce metal matrix near-net shape castings, in par-
ticular thin-walled and complex items, requires sufficient flu-
idity in the composite melts. In the case of composite alloys,
the melt reinforcement slurry should not just be able to fill the
mold, but the resultant casting should also have a uniform dis-
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tribution of particles along the length and cross section of the
castings.

Mollard et al.[7 states that “fluidity is simply the ability of
amolten metal to fill very narrow spaces or channels,” whereas
Jorstad!8] defines fluidity as “a complex combination of things
that determine the extent to which a molten metal can flow in a
mold or die before it is too solid to flow further.” Various types
of test molds have been used for measuring fluidity of foundry
alloys. The two most common fluidity tests are the spiral fluid-
ity and casting fluidity tests.[9-101 The spiral fluidity test mold
is made either from sand, metal, or graphite with a half-round
cross section. The casting fluidity test uses a metal mold with
strips of various thicknesses and has a rectangular cross sec-
tion. This test is referred to as the “casting fluidity” test, which
measures the ability of molten metal to fill narrow cross sec-
tions. The fluidity of molten metal is affected by the alloy type
and its chemical composition,W'S] the viscosity and density of
the molten alloy, the molten metal superheat, and the thermal
properties of molten alloy and the mold.tH1

The fluidity of composite aluminum alloy suspensions has
been studied by earlier workers.[12-14] Their results indicate
that the fluidity of aluminum alloys at a given temperature de-
creased with additions of alumina, mica, and graphite particles
to the matrix alloy. Generally, for a given particle size, the spi-
ral fluidity of an aluminum alloy decreased with increasing
volume percentage of reinforcements suspended in the melt.

The present study investigates fluidity of molten aluminum
alloy A356 (Al-7 wt% Si) containing different sizes and vol-
umes of SiC particles in permanent spiral and casting fluidity
molds. Fluidity test results of the composites have been com-
pared with that of the base alloy to assess the ability of the com-
posite melt containing particles to flow and fill the mold cavity
during casting. The solidification microstructure formed dur-
ing flow along the spiral and casting fluidity channels has been
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Fig. 1 Permanent spiral fluidity mold used for fluidity measure-
ments.

examined to understand the role of the particles in influencing
fluidity of the composite slurry and the settling behavior of sili-
con carbide particles. A model for predicting fluidity of com-
posite alloys as a function of melt superheat, particle volume
fraction, channel diameter, melt velocity in the mold, and ther-
mophysical properties of the melt has been presented. The pre-
dictions of the model have been compared with experimental
measurements.

2. Experimental Procedure

Foundry ingots of aluminum A356 and aluminum A356 re-
inforced with 10, 15, and 20 vol% of SiC particles were re-
melted to conduct the tluidity experiments. All materials werc
supplied by DURALCAN Co., USA. The average diameter of
SiC particles in the composite containing 10 and 15 vol% was
9 um and for the composite containing 20 vol% SiC was 14 um.

The permanent spiral fluidity mold used in this study was an
aluminum permanent mold with a spiral channel approxi-
mately 1.3 cm wide and 0.64 cm deep, as shown in Fig. 1. The
spiral channel had a semicircular cross section and was coated
with a graphite coating to prevent adherence of molten alumi-
num to the mold. The permanent casting fluidity mold used for
measuring casting fluidity test (Fig. 2) was adopted from the
standard casting fluidity mold reported in American Foundry-
men’s Society (AFS) TransactionI9-19] Ap insulating refrac-
tory material was used as a pouring basin to reduce the
turbulence in the metal while pouring and to provide constant
metallostatic head during filling. The spiral and casting fluidity
molds were heated electrically to ensure constancy in the tem-
perature of the mold.

The molds were preheated to approximately 370 °C. Melts
of matrix alloys containing SiC particles were poured into the
mold at the desired pouring temperature. and after solidifica-
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Fig. 2 Schematic drawing of the standard permanent casting flu-
idity mold used for casting fluidity measurements of aluminum
A356-SiC particle composites.

tion, the length of the {luidity sample cast was measured for a
given composite at a given pouring temperature.

3. Results and Discussion

3.1 Theoretical Models for Prediction of Fluidity in
Monolithic Alloys and Composites

As described earlier, fluidity relates to the ability of the melt
to flow into and fill narrow channels of the casting and repro-
duce intricate casting details. Fluidity depends on the alloy
type, superheat of the melt, oxidation of the alloy during melt-
ing, amount of impurities and inclusions in the melt, and solidi-
fication behavior under flow conditions.[7-8: 111 For composite
slurry, fluidity also depends on the particle content, shape,
chemistry, size, and state of the suspension.

A theoretical model to predict the length of the fluidity
channel in monolithic alloys was derived by Flemings[!2]as:

|r pav | 1
Ly=|———|H+CA
f | 2K(T ATO)J( *CAn [

mn

where Lyis the fluidity length; p. is the density of the solid al-
loy; & is the radius of the spiral fluidity channel; v is the veloc-
ity of the fluid; H is the latent heat of fusion: C is the heat
capacity: AT 1s the superheat of the melt: 7, is the mold tem-
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perature; 7, is the melting temperature; and 4 is the heat trans-
fer coefficient.

Equation 1 is based on the premise that the flow of liquid
metal in a channel stops when an element of the composite melt
solidifies due to heat extraction in the channel. The model as-
sumes that (1) all resistance to heat flow is at the mold metal in-
terface, (2) there is no significant effect of surface tension on
flow velocity, and (3) the flow channel is filled with liquid met-
al and there is no decrease in velocity from friction effects.

Equation 1 for fluidity of monolithic alloys predicts an in-
crease in fluidity of alloys with increasing superheat of the
melt, cross section of the channel, velocity of the fluid and la-
tent heat of the melt; it also predicts a decrease in fluidity with
an increase in heat transfer coefficient. Several of these pre-
dicted trends have been confirmed experimentally, partly con-
firming the validity of this equation for monolithic alloys.

Equation | can be extended to predict the fluidity of com-
posites by substituting the properties of composites instead of
monolithic metal:

Pe= P T PPy 2]
Ceff = Cm Wm + Cde 131
AHS =AH, (1 - ¢, [4]

where m and d stand for metal and dispersoid, respectively, and
@18 the fraction of reinforcement (dispersoid).

These substitutions lead to an equation predicting the fluid-
ity of composite materials as:

p.av

C
Lf— m(PmAHm + CeffAT} 51

|’(pm(pm * pd(pd)av_1
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This equation predicts an increase in fluidity with melt su-
perheat and latent heat, cross section of the channel, and veloc-
ity of the fluid. The equation also predicts a decrease in fluidity
with an increase in heat transfer coefficient for the aluminum
silicon carbide system. The equation predicts a decrease in flu-
idity with an increase in volume percentage of silicon carbide,
if the melt velocity and the heat transfer coefficient have not
changed significantly with additions of silicon carbide.

It should be recognized that Eq 6 does not account for the ef-
fects of the following variables on the fluidity of composites:

e  Particle settling and segregation, and progressive solidifi-
cation, during flow of composites in channels

e  Pushing of particles by moving solidification fronts during
the flow of composites in channels

e (Gas bubbles and oxide films in the composite melts
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Fig. 3 Spiral fluidity length as a function of temperature. (a) No
SiC. (b) 15 vol% SiC, 9 um.

¢ Chcmical reactions between particles and the matrix metal

e  Size, shape. and surface area of particies

Results of experimental studies to investigate the influence
of superheat, volume percentage of silicon carbide, particle
size of silicon carbide, and cross section of channel are re-
ported in the following section.

Variation of permanent mold spiral {luidity lengths with
pouring temperature for the base alloy and the composite con-
taining 15 vol% silicon carbide particles are shown in Fig.
3.1161Similar variations in fluidity with temperatures were ob-
served for Al-10% SiC and Al-20% SiC alloys. In the base al-
loy, the fluidity length increased in a continuous manner
between 640 and 800 °C; the length more than doubles in this
temperature range. On the other hand, in 15 vol% SiC compos-
ite (9 um), the length increased up to 740 °C and then decreased
or reached a plateau.

Theoretical calculations of spiral fluidity lengths in perma-
nent molds predict a continual increase in fluidity lengths for
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Fig. 4 Comparison of casting strip fluidity data for aluminum
A356 base alloy and aluminum A356 reinforced with 10, 15 (9
um), and 20 (14 um) vol% SiC particles as a function of tem-
perature.
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Fig. 5 Variation in casting fluidity length with cross-sectional
area of strip channel for aluminum A356-10 vol% SiC compos-
ite.

both the base alloy and the 15 vol% composite. The trend of an
increase in fluidity with temperature of the base alloy melt is in
agreement with predictions of Eq 1 and 6 for the base alloy.
However, for the composite, the observed decrease in fluidity
above 740 °C is not predicted by these equations. This discrep-
ancy between the theoretical and measured values of fluidity
can be due to various factors including errors in the values of
fluid velocity and heat transfer coefficient used for calculations
and the chemical reaction between SiC and aluminum at these
high temperatures. Quantitatively, the observed values of flu-
idity of the composites are about 50% lower than the calculated
values of fluidity. This discrepancy can again be due to errors
in the estimated values of velocity, heat transfer coefficient,
and the inhomogeneous distribution of particles in the slurries,
as well as several other related factors mentioned earlier.

3.2 Casting Fluidity

Casting fluidity indicates the ability of molten metal to flow
in channels of narrow cross sections. Casting fluidity is meas-
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Fig. 6 Microstructure of spiral fluidity, casting longitudinal
cross section of aluminum A356-15 vol% SiC particles, near the
last freezing zone of the spiral channel, poured at 800 °C, 200x.

ured by the total length traveled by molten metal in four chan-
nels of decreasing cross sections (Fig. 2). Figure 4 compares
casting fluidity for aluminum A356 base alloy and aluminum
A356 containing 10, 15, and 20 vol% SiC particles.

The general trends of measured values of casting fluidity
are similar to spiral fluidity tests. Casting fluidity of the base al-
loy increased continuously with temperature and was larger
than that of the composites. Casting fluidity of the composite
slurry containing 10, 15, and 20 vol% SiC increased with tem-
perature almost linearly up to 720 to 740 °C, indicating a be-
havior very similar to spiral fluidity lengths. Above this
temperature range, casting fluidity either leveled off or de-
creased with temperature. However, the rate of increase in flu-
idity length with temperature in both the base alloy and the
alloy containing SiC particles was similar at temperatures of
640 to 720 °C.

Note that in both the 10% and 15% SiC composites (9 um),
the lengths progressively decreased from the base alloy (0%
SiC). However, the 20 vol% SiC composite (14 um) exhibited
an intermediate level of fluidity. The 14-um particle size had a
surface area of about one third of that of the 9-pum particle on
equal weight bases, and this may have caused this decrease in
fluidity length.

The variation of the individual casting strip lengths for dif-
ferent strip thickness with temperature for the base alloy con-
taining 10 vol% SiC particles is shown in Fig. 5. The aluminum
A356-10 vol% SiC composite slurry travels longer in channels
with larger cross section for a given temperature. The solidifi-
cation rate in channels with larger cross sections are lower;
therefore, the slurry of Al-SiC can travel longer before the
movement of flow is stopped by the solidification process. The
observed linear increase in fluidity length with the channel
cross section (Fig. 5) is in agreement with the predictions of the
theoretical model as given in Eq 6.
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Fig. 7 Microstructure of permanent mold spiral fluidity casting
cross section of aluminum A356-15 vol% SiC particles near the
entrance to the spiral fluidity channel, poured at 800 °C, show-
ing settling of SiC particles. 100x.

3.3 Microstructure along Fluidity Channels

The microstructures of the cast spiral fluidity and casting
fluidity lengths were examined at different locations along the
length to understand the role of particles during flow and the
formation of a solidification microstructure in the channels. It
was observed that, although SiC particles have been carried by
the melt up to the end of the spiral, the distribution of SiC par-
ticles is far from homogeneous.

To examine the reason for a decrease in fluidity length with
temperature above 740 °C, the microstructure of a longitudinal
section at the end of a spiral fluidity length poured at 800 °C
was analyzed (Fig. 6). The microstructure reveals reaction be-
tween the melt and the particles at these temperatures, presum-
ably leading to the formation of Al4C5. This would resultin an
increase in the volume fraction and surface area of suspended
particles, thus decreasing the fluidity. In addition to these reac-
tions, there appear to be formations of clusters of particles of
aluminum oxide.

Figure 7 shows the microstructure near the entrance of spi-
ral fluidity channels of aluminum A356-15 vol% SiC compos-
ite poured at 800 °C. There is clear evidence of particle settling
even in permanent mold spiral fluidity. The settling of particles
during holding, flow, and solidification has been discussed
elsewhere.[16]

Entrapment of SiC particles by oxide films in aluminum
20% SiC in a casting strip of 1.25-mm thickness poured at 800
°C near the last freezing zone is shown in Fig. 8. This micro-
structure suggests that the formation of aluminum oxide film
can lead to segregation of SiC even in very thin casting thick-
nesses. In addition, in certain locations, there are gas porosities
and oxide associated with particles. These heterogeneities in
microstructure in casting fluidity lengths indicate the possibil-
ity of similar heterogeneities in actual castings made from
these alloys. These heterogeneities in the microstructure may
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Fig. 8 Microstructure of casting strip (1.25-mm thick) cross sec-
tion of aluminum A356-20 vol% SiC particles poured at 800 °C
near the last freezing zone, showing that the oxide film has dis-
turbed the distribution of SiC particles, 50x

be responsible for the disagreement between the calculated
values and measured values of fluidity. It is clear that, in the
case of composites, a complete definition of fluidity should in-
clude the length a slurry can travel while resulting in a solid bar
with uniform distribution of unreacted particles.

4. Conclusions

In general, permanent mold fluidity values of aluminum
A356 with 10, 15, and 20 vol % SiC particles increase with tem-
perature in the range of 640 to 720 °C. The values of the fluidity
of composite alloys, although somewhat lower than the base al-
loy, appear to be adequate for casting into a variety of shapes
similar to the base alloy. The fluidity of Al-SiC composite al-
loys either remained constant or decreased with an increase in
melt temperature above 740 °C, presumably due to reactions
between the particles and the melt that enhance the effective
surface area and volume percent of the particles.

The fluidity of the base alloy decreased with an increase in
the volume percentage of SiC particles of a given size in the
range investigated. The particle size and therefore surface area
of SiC particles has a significant effect on fluidity lengths.
Composites with larger SiC particle sizes exhibited longer flu-
idity lengths, even when the total volume percentage of parti-
cles increased.

The heat transfer model developed for the prediction of spi-
ral fluidity lengths of monolithic alloys was modified to predict
the fluidity of composite alloys. The experimentally observed
increase in the fluidity of composite alloys with temperature in
the range of 640 to 720 °C and with cross section of the flow
channel are in agreement with the predictions of the model. The
microstructures of Al-SiC from the fluidity channels indicate
that the distribution of SiC particles during the flow in channels
is influenced by settling of SiC particles due to gravity, pushing
of SiC particles by the growing o aluminum dendrites, forma-
tion of gas porosity and inclusions, and blocking of SiC parti-
cles by the oxide films resulting in clustering of particles.
These result in nonuniformity in the distribution of SiC parti-
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cles in the fluidity test specimens, which could be one of the
reasons for the experimentally measured values being lower
than the predicted values of fluidity.
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