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Flow behavior and particle distribution in an inverted U-shape A356/SiCp composite casting pro-
duced by conventional investment casting were investigated experimentally and numerically. The
mold filling process was directly observed by real-time X-ray radiography and the SiCp contents in
casting different parts were quantitatively measured and analyzed. Based on the Euler and
Lagrangian methods, the flow behavior of composite slurry and the particle distribution were simu-
lated. During mold filling process, eddy flow occurred at gravity part and back flow formed at hori-
zontal part after the gravity part had filled. The predicted results of particle trajectories showed that
the flow characteristic of particles were turbulence, laminar, and large eddy flow at anti-gravity, hor-
izontal, and gravity part, respectively. For the particle distribution, the measured and predicted
results showed that more particles concentrate in the central section, while fewer particles were pre-
sent near the surface section along the thickness. Moreover, the particle fractions generally decreased
with the increasing distance to the ingate. The simulate results were reasonably suited with exper-
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imental data.
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1. Introduction

Casting process is widely used in particle-reinforced aluminum
matrix composites (PR-AIMCs) in terms of ease to product compo-
nents with complex shapes and lower cost [1,2]. Among the casting
processes, investment casting combined with stir casting method
is a particularly attractive one [3]. The stir casting method is a tra-
ditional and simple way to obtain PR-AIMCs slurry. The investment
casting method is a precision casting process, capable of producing
high accurate, excellent surface finish and complex shaped casting.
In the investment casting process, a wax patterns is produced, fol-
lowed by shell building and shell de-waxing, then the liquid metal
is poured into the shell mold [4]. Due to the poor machinability and
workability of components in PR-AIMCs, the investment casting
method can be a valuable option to produce near-net-shape com-
posite products [3,5].

For PR-AIMCs fabricated by casting process, the particle distri-
bution has significant effect on the casting properties, especially
particle segregation [6,7]. The particle segregation may take place
during three stages in casting process: stirring, mold filling, and
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solidification [8]. In previous studies have been developed vari-
ous investigations related to the particle segregation during stir-
ring and solidification stages but very little about mold filling
stage [9-12]. According to multi-phase fluid dynamics theory
[13], flow behavior of fluid during mold filling should have
important effect on the particle distribution. As always, research-
ers expect to observe the flow behavior of molten metal directly
during mold filling process. Because of high temperature of melt
and opacity of mold, this goal did not come true until the emer-
gence of the real-time X-ray radiography technique [14,15]. Some
researchers have observed the alloy filling process directly by
using this technique [16-19]. However, observation of mold fill-
ing of composite casting has not been reported yet. To implement
the composite casting successfully in the industry, it is thus
important to understand the flow behavior of the slurries and
the particle distribution.

In the present study, the A356/SiCp composite casting produced
by conventional investment casting was conducted. The mold fill-
ing processes were directly observed by real-time X-ray radiogra-
phy and the SiCp contents at different regions were
quantitatively measured and analyzed. The flow behavior of
A356/SiCp composite during the mold filling and particle distribu-
tion were simulated. In addition, the simulation results were com-
pared and validated with the experimental data.



40 F. Chen et al. / Experimental Thermal and Fluid Science 68 (2015) 39-47

Nomenclature

V Hamiltonian operator (dimensionless)
Cc composite heat capacity (J/°C)

cr fluid heat capacity (J/°C)

Cp particle heat capacity (J/°C)

Cp drag coefficient (dimensionless)

d, particle diameter (m)

F fluid mass force (N)

13,, particle mass force (N)

P pressure (Pa)

Re particle Reynolds number (dimensionless)
Sr source term (J)

t time (s)

T temperature (°C)

ti¢ composite mean velocity (m/s)

iy fluid velocity (m/s)

lip particle velocity (m/s)

Greek symbols

o5 fluid volume fraction (dimensionless)

% particle volume fraction (dimensionless)
e composite thermal conductivity (W m~! K1)
2 fluid thermal conductivity (W m~' K1)

Jp particle thermal conductivity (W m~! K1)
Oc composite density (kg/m?>)

or fluid density (kg/m?3)

Pp particle density (kg/m?>)

u viscosity (Pas)

Subscripts

c composite

f fluid

p particle

2. Experimental works
2.1. Materials and equipment

Aluminum A356 (Al-7 wt.% Si-0.3 wt.% Mg) was selected as
the matrix alloy and SiC particles with average size of approxi-
mately 50 pm were used as the reinforcements. The composite
slurry was prepared by stir casting technology. The well-known
problem faced by this technology consisting in poor wetting
between ceramic particles and molten aluminum can be over-
come by using the double stirring method [4]. This method
involves the addition of particle reinforcement into semi-solid
metal (SSM) and particle homogenization process at liquid
condition.

An inverted U-shape casting (see Fig. 1) including anti-gravity
(R1-R3), horizontal (R3-R6) and gravity parts (R6-R8) was
designed, and ceramic shell was used as the mold. Real-time X-
ray radiography equipment (as shown in Fig. 2) manufactured by
GE Inspection was used to directly observe the actual flow behav-
ior of the composite slurry during mold filling process. The equip-
ment mainly consists of an X-ray source/detector pair, an image
intensifier, a high speed video camera, a rotating motor, a control
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Fig. 1. Schematic of the inverted U-shape casting.

system and a monitor. The voltage and current of the X-ray were
225 KkV and 16 mA, respectively. X-ray radiographic images were
recorded by using the high speed video camera (further details
available online at http://www.ge-mcs.com/en/inspection-tech-
nologies.html).

2.2. Ceramic shell preparations

A 3D model of casting was designed, and then a metal die was
manufactured. The melted wax was poured into the metal die to
produce disposable wax pattern. Then the wax pattern was dipped
into primary ceramic slurry followed by immediate stuccoing with
fine refractory sand and to dry in a controlled environment. After
the primary coats had been applied, the next step as well as the
above, but the sand having larger particle sizes. The dipping, stuc-
coing, and drying process were repeated until the ceramic shell
was thick enough. When the ceramic shell was completed, and
then was subjected to 20 h of extended drying to make them as
strong as possible. Finally, the wax inside the dried ceramic shell
mold was removed by autoclave de-waxing procedure followed
by burning at 1000 °C for 2 h in a resistance furnace. An example
of ceramic shell is shown in Fig. 3.

2.3. Melt and casting procedures

To prepare composite slurry, the weighted SiC particles with
10% of nominal reinforced volume fractions of the objective com-
posites were washed in chemical reagent ethanol with an

‘/Tv High speed

¥ video camera

Fig. 2. X-ray system for flow observation.
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Fig. 3. Ceramic shell (including pouring basin) after burning step.

ultrasonic cleaner, and then were heated at 70°C for 12h to
remove moisture. The particles were artificially oxidized in air at
900 °C for 4 h before being added into the molten alloys. The pre-
treatment could improve the wettability between the reinforce-
ment particles with aluminum molten matrix due to formed SiO,
layer on the particle surfaces [20,21]. Moreover, the pre-oxidized
SiC particles can minimize the undesired interfacial reaction
[22]: 3SiC+4Al — Al4Cs + 3Si, giving the fragile carbide Al4Cs,
which is particularly harmful. The weighted quantity of A356
alloys were melted to 720 °C in crucible. After melting, the A356
melt was degassed and fluxed using hexachloroethane, and then
cooled to 605 °C in a semi-solid state. The oxidized SiC particles
were regularly added to the semi-solid slurry by using a graphite
impeller at a speed of 300 rpm to create a vortex. These oxidized
SiC particles were pre-heated at 300 °C to evaporate the moisture
and to prevent chilling of the alloy during particle addition [23].
Then the composite slurry was reheated to 720 °C and stir again
for 30 min at a speed of 150 rpm. The depth of the immersed stirrer
was approximately 20% heights of the molten metal from the cru-
cible bottom. According to the works [9-11], these stirring param-
eters can produce a uniform distribution of SiC in Al/SiCp
composite slurry. In the whole stirring stage, argon gas was used
to protect the melt against oxidation and avoid the entrapment
of gases. After the second stirring, the slag on the surface of com-
posite slurry was removed.

Before pouring process, the ceramic shell was pre-heated at
550 °C and the X-ray radiographic equipment was adjusted. After
the composite slurry, ceramic shell and X-ray equipment were all
prepared, the A356-10% SiCp composite slurry obtained by stir
casting was gravity poured into the ceramic shell. The pouring
temperature was 720°C. During the mold filling process, the X-
ray source beam passed through the ceramic shell, and the detec-
tor received the X-ray, then the high speed video camera captured
the X-ray radiographic image after it was enhanced by image
intensifiers.

After cooling, the ceramic shell was removed and then the cast-
ing was divided into two parts along the thickness direction of the
center by wire-cutting. Samples for assessment of the SiC particle
distribution were directly obtained from the casting at central
and surface section along the thickness direction, respectively.
The microstructure of the samples was observed by Leica optical
microscopes. Furthermore, to be able to analyze the SiC particle
distribution quantitatively, both central and surface section were

divided into eight regions as shown in Fig. 1. At each region, at least
40 metallurgical photos (at 100x magnification) were obtained by
optical microscope. Then the total area of SiC particles out of the
total micrograph area was quantified by means of Image-Pro Plus
software to indicate the particle volume fraction.

3. Employed numerical procedure

In this section, the two-phase flow models using for simulating
the mold filling process will be formulated. Two phases flowed
during this process, including particle and molten matrix alloy.
The molten metal and the particle phase in the mold are treated
as incompressible viscous flow. In the simulation of the mold fill-
ing, the Euler approach is applied to solve the molten alloy flow
by solving continuity and momentum equations as follows [24]:

Continuity equation %(ocfpf) +V - (o pslip) =0 (1)

Momentum equation %(ocfpfﬁf) +V - (o pyliyliy) = —oy VP + o UV iy + F
@)
where oy, pand ii; are the fluid volume fraction, density and veloc-
ity, respectively, u is the dynamic viscosity, t is the time, P is the sta-
tic pressure, and F; is the fluid mass force.
The fluid volume fraction, ay, is defined as:
ou=1-1 (3)

where o, is the particle volume fraction.

The particle motion was predicted by using the Lagrangian
approach. The trajectory of particle can be determined by solving
the equation of particle motion which is governed by:

dii,

d, _ 1pp,

3 B
i~ p, T%Co(uf_“pﬂuf_uﬂ'p_‘*‘lrp 4)

p
where ii, and p, are the particle velocity and density, respectively,

F, is the particle mass force, Cp is the drag coefficient. For spherical
particles this drag coefficient is given by the empirical relation [25]:

_ J#(1+0.15Re°”®), Re < 1000 5)
0.44, Re > 1000

where Re is the particle Reynolds number, which is calculated as:
_ dpppmf — G|
U

During the mold filling process, the temperature changes in the
composite slurry are governed by energy equation:

Re (6)

O G pT =2 prr 45T 7)
at pCCC pC

where T, i, 4, p., and c. are the temperature, mean velocity, ther-
mal conductivity, density and heat capacity of the composite slurry,
respectively, St is the source term.

The composite consists of the matrix metal and the ceramic
particles which differ in thermal conductivity, specific heat and
density. Moreover, some variables are dependent on the ceramic
particle fraction. The mean values of the above parameters are cal-
culated by the following equations [26]:

Pc = 0fPs+ ApPp )

% Cs Py + OpPpCp
Cc=—rrd 00

Pe ®)
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Table 1
Parameters used in the simulation.

Property Value

Density of A356 (liquid) [27] 2.392 x 10° kg/m>
Density of A356 (solid) [27] 2.68 x 10° kg/m?
Density of SiC particle [28] 3.2 x 10® kg/m®
SiC particle diameter 50 pm

Pouring temperature 720°C

Latent heat of fusion [28] 3.89 x 10° J/kg
Specific heat of A356 [28] 1.08 x 10° J/kg °C
Specific heat of SiC particle [28] 1.3 x 10% J/kg °C

Thermal conductive of A356 (liquid) [27] 67.9 W/m °C
Thermal conductive of A356 (solid) [27] 145 W/m °C
Thermal conductive of SiC particle [5] 125.6 W/m °C
Viscosity [23] 4x103Pas
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Fig. 4. X-ray diffraction of the composite casting.
24 4+ Ap — 200, (Ar — A
Je = Af f P P( o P) (10)

2].]" + Ap + OCp(lf — 2p)

where ¢, is the particle heat capacity, cyis the fluid heat capacity, ip
is the particle thermal conductivity, /; is the fluid thermal
conductivity.

The equations characterizing the mold filling and particle
motion are solved with the scheme embodied in the Flow-3D code.
Flow-3D is a general purpose computational fluid dynamics (CFD)
package which uses the volume of fluid (VOF) technique to model
free surface flows.

In the simulation, pressure and velocity boundary were used for
the fluid and particle inlet condition, respectively. Since the falling
stream in the experiment was 0.1 m higher than the sprue
entrance, the boundary pressure of 2.3 x 103Pa was applied.
Particles were randomly distributed at the inlet with zero initial
velocity. In addition, no-slip wall boundary condition was imposed
in the simulation. Parameters used for simulation are tabulated in
Table 1.

4. Results and discussions
4.1. Flow behavior

Fig. 4 shows the X-ray diffraction of the composite casting after
liquid stirring. It is seen that the formation of Al,0; was detected.
The reaction may take place between the particle layer (the SiO,
layer on the particle surfaces) and Al fluid. And almost all particles
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Fig. 5. Comparisons of flow behavior between simulation and experimental results
at given time.
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Fig. 7. Typical metallograph of the experimental castings: (a) after liquid stirring, and (b) after investment casting solidification.

with clear boundary distributed individually in the matrix (see
Fig. 7a in the following section), indicating that the reaction prod-
ucts are rare and almost no clusters in the composite. Because
there are very few interface reaction products and clusters in the
composite, the impact of product and clusters on the flow behavior
in the simulation were neglected.

Typical flow behavior of A356/SiCp composite during mold fill-
ing process is shown in Fig. 5. The results of simulation at selected
stages of filling are compared with the results obtained from the
real-time X-ray radiography experiment. The left-side and the
right-side are the images of the real-time X-ray radiography and
the predicted results of Flow-3D, respectively. In the simulation,
top plane of the sprue is chosen as the boundary gate. Both the
experimental and simulation results show that the stream reaches
the bottom of the sprue at 0.2 s as shown in Fig. 5a, followed by
passing through the ingate. Fig. 5b and c shows the status of fluid
fills the anti-gravity and flow through the horizontal part, respec-
tively. The filling statuses of the simulation results are similar to
that of the experiment, but free surface shapes are different. The
curvature of the free surface in the experiment is larger than that
in the simulation. About at 2 s, the fluid begins to fill the gravity

part and eddy flow forms when the stream falls to the bottom of
this part as shown in Fig. 5d. This feature continues as the ceramic
shell is increasingly filled. The fluid fills the gravity part completely
at 2.5s (shown in Fig. 5e) and then fills the horizontal part (see
Fig. 5f and g). Back flow occurs at this filling stage and the oscilla-
tions on the free surface are all reproduced both in simulation and
real-time X-ray radiographic observed results. The surface wave
reflects the right side of the horizontal part when the fluid has just
filled the gravity part, and then travels to the left hitting the left
wall and returning to the right. This sloshing free surface wave
motion damps with the increase of filling ratio of the horizontal
part. At 5 s, fluid substantially fills the whole cavity of the ceramic
shell as shown in Fig. 5h.

In particle reinforced composites, the investigation of the parti-
cle flow can provide significant information for estimation the par-
ticle distribution. Due to the opacity of the fluid and resolution
limit of the X-ray source, it is usually not practical to directly
observe the particle flow in composite slurry. Simulation based
on Lagrangian particle tracking is a powerful method for prediction
the particle flow. Reilly et al. [27] used a similar method to model
oxide film entrainment in casting systems and track the entrained
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oxide films, and validation showed good quantitative correlation
with experimental data. Fig. 6 shows the predicted results of
selected particles flow trajectories at different times during mold
filling. The arrows (Fig. 6d-f) indicate the surface wave flow direc-
tion after the back flow formed. Since it is impossible to track all
the particles in the system, the motions of a few representative
particles (25 particles) are tracked. The particle trajectories are
irregular at anti-gravity part as shown in Fig. 6a, indicating that
the particle flow pattern may be turbulent. As shown in Fig. 6b,
the particles trajectories are almost parallel to each other, showing
the laminar flow characteristic at the horizontal part. Fig. 6¢ pre-
sents the particle flow when the gravity part is filling. It can be
seen that the particles set in motion by a large eddy tend to con-
tinue moving in the same helical trajectories and they are hard
to leave the eddy. Fig. 6d-f display the particle trajectories during
the slurry fills the horizontal part. At this stage, back flow occurs
and the surface wave direction is moving from side to side. The
particles flow directions are also change due to the back flow but
the particle trajectories are still keep almost parallel. In addition,
few particles continue flowing into the gravity part.

4.2. Particle distribution

Fig. 7 shows the optical microstructures after liquid stirring and
investment casting solidification, respectively. It is seen that the
particles with irregular shapes have good wettability with the
matrix and almost all particle distribution is homogenous in the
matrix. The average particle fractions at each region are listed in
Table 2 and the representative metallographs in the central section
are shown in Fig. 8. The average particle fractions of the whole

Table 2
Average particle fraction at each region (%).
Region Central Surface

R1 12.69 11.53
R2 10.99 10.18
R3 10.16 9.72
R4 10.83 10.95
R5 11.12 10.29
R6 10.73 9.17
R7 9.90 9.15
R8 10.04 9.20
Average 10.81 10.02
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central and surface section are 10.81% and 10.02%, respectively. It
is shown that there are more particles in the central section than
in the section near the surface. This behavior may be caused by
particle bouncing and migrating during mold filling, as well as by
particle pushing during solidification.

During the mold filling process, a moving particle would bounce
back if the normal velocity is non-zero when it collided with mold
wall [29-31], which would influence the particle distribution. This
phenomenon is demonstrated in the numerical simulation as
shown in Fig. 9. Besides, particles tend to migrate to near-wall
region under laminar flow condition while particles in the near-
wall region will be pulled off by turbulent flow [32]. In this case,
when the liquid metal passing through the ingate and entering
the anti-gravity part, the predicted velocity from the simulation
is about 0.92 m/s, and the equivalent diameter of the ingate is
8.9 x 1073 m; when the fluid flowing through the horizontal part,
the predicted velocity from the simulation is about 0.15 m/s, and
the equivalent diameter is approximately 2.2 x 1072 m. Based on
the above data, the calculated Reynolds number at anti-gravity
part and horizontal part are 5062 and 2040, respectively.
According to the Reynolds number, the flow is turbulent at anti-
gravity part and laminar at horizontal part. This may be the reason
caused more particles distributed at surface than that at central
cross section in R4 (see Table 2). During the stage of solidification,
a thin layer of fine grain formed near the mold wall and particles
could be pushed toward the center (shown in Fig. 10) by the grow-
ing primary o-Al grains due to the temperature gradients. As a
result, more particles should be located in the center [1]. A similar
tendency of particle distribution has been confirmed by Zhang
et al. [12]. They investigated the particle distribution of Al-7%
Si-10% B4C die casting composite, and the quantitative analysis
result showed that, in a cross-section of the cast part, more parti-
cles concentrate in the center and fewer particles were present in
the die wall regions.

Particle
X Collision point

Fig. 9. Schematic of particle collide with mold wall.

Fig. 8. Particle distribution in different regions at central section: (a)-(h) corresponds to regions R1-R8.
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Fig. 10. Particle distribution near the surface: cross-section at (a) R2 and (b) R7.
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Fig. 11. Simulation results of particle distribution: (a) central and (b) surface section along the thickness direction.

Fig. 11 shows the simulation results of particle distribution at
the central and surface section along the thickness direction, and
the white points dispersed in the background indicate the SiC par-
ticles. It can be seen that the farther away from the ingate, the
fewer particles both in central and surface sections. Similar results
were presented by Mat and Aldas [33,34]. According to their works,
the particle fractions decreased along the mold in suction casting.
They considered that it was mainly caused by the particle trapping
near the boundary wall in the lower section of the mold. In our
viewpoints, flow behavior and particle trajectories also have signif-
icantly effect on particle distribution. In the present work, the cast-
ing near and far away from the ingate are anti-gravity and gravity
part, respectively. At the anti-gravity part, the predicted results of
particle trajectories show that the particle flow pattern is turbulent
(see Fig. 6). And agitation induced by turbulence would increase
the particle volumetric concentration [32], resulting in more parti-
cles disperse in this part [35]. At the gravity part, eddy flow occurs
due to the inertia when the fluid falls to the bottom (as show in
Figs. 5d and 6c¢). Particles are hardly to flow into or leave an eddy
unless the eddy has broken up [36]. After the fluid had filled the
gravity part, the back flow formed (see Fig. 5f) which will obstruct
particles continuing flowing into the gravity part. In addition, the
interaction between the particles and continue phase may also
contribute to the particle distributed tendency. The relative veloc-
ity between particle and fluid is depended on the drag force to the

particle from the surrounding fluid (the second term in the right
hand of Eq. (4)). According to Eq. (4), once the particle velocity is
larger than that of the continue phase, the value of drag force term
will becomes negative which will decrease the particle velocity,
resulting in fewer particles in the filling front.

Fig. 12 shows the comparison of particle fractions at different
regions between measured and predicted results. In order to com-
pare conveniently, ¢ (the ratio of the actual particle fraction to the
largest fraction of each casting section) was used to represent the
relative particle fraction. It is seen that particle fractions generally
decreases with the increasing distance to the ingate. The simula-
tion results agree satisfactorily with the experimental data except
the gravity part. The particle fractions of simulation are less than
that of experiment at this part, especially at R7 and R8 regions.
This is perhaps caused by the back flow (see Fig. 5f). As mentioned
before, back flow would obstruct the particles continuing flowing
into these regions. Moreover, the particles move with the back flow
and join the subsequent particles at horizontal part, resulting in
more particles concentrate at R4 and R5 regions (see Table 2 and
Fig. 12). The simulation result successfully predicts the back flow
of fluid, but overestimates its influence on the particle flow.
Almost none of particles are continuing flowing into R7 and R8
regions after the back flow occurs in the simulation as shown in
Fig. 6d-f, while a few particles continuing flowing into those
regions in the experiment.
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Fig. 12. Measured and predicted of particle fractions in the casting: (a) central and (b) surface section along the thickness direction.

5. Conclusions

Flow behavior and particle distribution in an inverted U-shape
A356/SiCp composite Casting produced by conventional invest-
ment casting were experimentally and numerically investigated.
The main conclusions can be summarized as follows:

The flow behavior of A356/SiCp composite and particle trajecto-
ries have significant effect on the particle distribution. Eddy flow is
found at gravity part and after this part is full filled, the fluid fills
the horizontal part and back flow occurs at this stage. The pre-
dicted results of particle trajectories show that particles are turbu-
lence, laminar, and large eddy flow at anti-gravity, horizontal, and
gravity part, respectively. Correspondingly, the particle fractions
generally decrease with the increasing distance to the ingate which
means more particles at anti-gravity part and fewer particles at
gravity part. The simulation results agree well with the experimen-
tal data except the front part in which the particle fractions of the
predicted results are fewer than those of the measured results.

The particle distribution along the thickness direction is also
not uniform on a macro level. More particles concentrate in the
central section, while fewer particles are present near the surface
section.
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