Modeling of the Formation of Under-Riser
Macrosegregation during Solidification of Binary Alloys

Q.Z. DIAO and H.L. TSAI

The formation of macrosegregation in a rectangular ingot with reduced cross section from the
riser to the casting, chilled from the bottom, has been studied numerically. In addition to positive
inverse segregation occurring near the chilled surface, very severe negative segregation around
the under-riser region and moderate positive segregation near the top corners of the casting were
found. Although large circulating vortexes are created by natural convection in the under-riser
region during the early stage of solidification, the fluid flow in the mushy zone is dominated
by solidification shrinkage. As a result, the final solute distribution in the casting is determined
by the flow of solute-rich liquid in the mushy zone owing to the combined effects of solidifi-
cation shrinkage and change of cross section from casting to riser. Detailed explanations re-
garding the effect of different flow phenomena on the formation of the segregations are
provided. The effects of riser size and cooling condition at the bottom of the ingot on the
formation of macrosegregation also were studied. The predicted negative and positive macro-

segregations in the casting compared very well with the available experimental data.

I. INTRODUCTION

IN a solidified ingot, the existence of a large-scale
nonuniformity in composition (i.e., macrosegregation)
can significantly change its mechanical and chemical
properties. Once this casting defect is formed, it is
nearly impossible to eliminate, leading to a costly remelt
and recast process. In the past, many experimental stud-
ies!"? employing various metals or simulated metals
(e.g., NH,CI-H,0) have been conducted to investigate
how macrosegregation is formed. Today, it can be said
that the mechanisms leading to the formation of macro-
segregation have been well understood.”® These include
the floating or settling of equiaxed grains and/or de-
tached dendrites in the mushy zone and the flow of
solute-rich or solute-poor liquid in the mushy zone.
Complex fluid-flow phenomena in a solidifying casting
can have many causes, including solidification contrac-
tion, forced convection due to external forces (e.g.,
magnetic force), natural convection due to thermal gra-
dients, natural convection due to solutal gradients, and
surface tension force (i.e., Marangoni effect). Depend-
ing upon casting conditions, one or a combination of
several of these factors could result in the formation of
many kinds of macrosegregation, including inverse seg-
regation, banding segregation, ghost bands, under-riser
segregation, freckles, channel segregation, A- or V-
segregation, and centerline segregation.™

As the simplest fluid-flow phenomena that can be ob-
tained in a solidifying casting are under the condition of
unidirectional solidification (UDS) cooled from the bot-
tom, many early experimental and theoretical investi-
gations'**! on the formation of macrosegregation in
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castings have concentrated on UDS. Perhaps one of the
most important contributions in the early stages of
macrosegregation study was made by Flemings and
coworkers.'¢78 Flemings and Nereo'® developed the
well-known “local solute redistribution equation” and
considered explicitly the effect of shrinkage-induced
flow on the formation of macrosegregation. However,
they did not consider solute diffusion in their equation,
and the fluid-flow velocity and the movement of liquidus
and solidus isotherms were either assumed or measured.
In spite of these limitations, they used the equation to
successfully predict the formation of inverse segrega-
tion, segregation resulting from cross-section change,
under-riser positive segregation, and centerline segre-
gation."”-8! Mehrabian et al.”! extended the Flemings’
model to include the effects of gravity acting on a fluid
of variable density. Darcy’s law was used to describe
two-dimensional (2-D) velocity and pressure field; how-
ever, the temperature gradients and solidification rate
were prescribed without solving the energy equation.
Fujii er al." made an attempt to improve the model to
solve the mass, momentum, and energy equations in the
mushy zone, but in their model, the mushy zone was
uncoupled from the solid and liquid regions, and the cal-
culation was confined to the case with planar liquid and
solid fronts. In fact, it can be said that before approxi-
mately 1987, the theoretical modeling of macrosegre-
gation was limited by the lack of availability of a
mathematical model and associated numerical technique
to handle coupled multidimensional heat transfer, fluid
flow, and mass transfer in a solidifying casting.

One important step in the modeling of solidification
processes was made when the “continuum formulation”
was introduced in about 1987. Beckermann and
Viskanta!'"! and Bennon and Incroperal' employed the
volumetric averaging technique or classical mixture
theory to derive the continuum formulation, in which the
mushy zone was treated as a porous medium, and the
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solid and liquid phases were the special states of mushy
zone, having zero and infinite permeability, respec-
tively. Hence, only a set of governing differential equa-
tions was required for the entire domain, including the
liquid phase, mushy zone, and solid phase. With the
continuum model, the formation of V-segregation and
freckles during multidimensional solidification of
aqueous NH,Cl system have been successfully pre-
dicted.'® However, in the continuum formulation, with
the exception of the buoyancy terms, a constant density
was assumed for the solid and liquid phases, and as a
result, the solidification shrinkage was neglected.
Chiang and Tsai''*'! improved the model by including
the shrinkage effect in the momentum equations and
studied the shrinkage-induced flow and its interaction
with natural convection during solidification of Fe-Cr al-
loys. The model later was extended by Diao and
Tsail'®!”! to include the species equation, and it suc-
cessfully predicted the formation of inverse segregation
for UDS of an aluminum-copper alloy cooled from the
bottom.

The aim of the present work is to extend the
model''®!" to the effect of casting geometry with a re-
duced cross section from the riser to the casting on the
formation of macrosegregation. Under this condition,
more complex flow phenomena, including both
shrinkage-induced fluid flow and natural convection, are
present. The effects of fluid flow due to natural con-
vection and solidification shrinkage, which is further
complicated by the change of cross section, on the for-
mation of macrosegregation are of particular interest.

II. ANALYSES

The continbum formulation, including the shrinkage
effect previously developed by Diao and Tsai,!'®!” will
be employed in the present study. The assumptions used
to derive the equations and the meanings of each term
in the equation have been discussed previously;!'®
hence, they will not be repeated here. For solidification
of a 2-D casting, the continuity, momentum, energy,
and species equations may be expressed as

Continuity
]
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In Egs. [1] through [5], the continuum density, spe-
cific heat, thermal conductivity, mass diffusivity, solid
mass fraction, liquid mass fraction, velocity, enthalpy,
and mass fraction of constituent « are defined as follows:

P = 8w+ gp; ¢ = [, + fic; k= gk, + gk
gsps glpl
D =fD;+ fiD; fs=_p_; f1=7

V=V +fVy  h=fhot+fhy  fO=LL AR

(6]

If the phase-specific heats are assumed constant, the
phase enthalpy for the solid and liquid can be expressed
as

h‘s = CST; h; = C[T + (Cs - Cg)Te +H [7]

where H is the latent heat of the alloy.

The assumption of permeability function in the mushy
zone requires consideration of the growth morphology
specific to the alloy under study. In the present study,
the permeability function analogous to fluid flow in the
porous media is assumed, employing the Carman-
Kozeny equation!'®-')

3 180
a(l —g) d

where d is proportional to the dendrite dimension, which
is assumed to be a constant and is on the order of
1072 ¢cm. The inertial coefficient, C, can be calculated
from®”

(8]

C =0.13g/*"? 91
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Closure of the system of conservation equations re-
quires supplementary relations. With the assumption of
local thermodynamic equilibrium, the required relations
may be obtained from the equilibrium phase diagram.
Neglecting curvature of the solidus and liquidus lines in
the phase diagram, the solid mass fraction, as well as
solid and liquid phase compositions, can be expressed

as
1 T"'Tl
fi= ;
l—kp T-T,

.
£= 1+fk,— 1] °

1
1= [1 + filk, — 1>]f Lol

where T; is the liquidus temperature corresponding to f°,
T,, is the fusion temperature when f“ = 0, and the equi-
librium partition ratio, k,, is the ratio of the slopes for
the liquidus and solidus lines.

In the governing differential equations (Egs. [1]
through [5]), there is a solid-phase velocity. The solid-
phase velocity is associated with the movement of pre-
cipitated, solid, equiaxed grains and/or broken dendrites
in the mushy zone. Generally speaking, there are certain
relations between the solid-phase and liquid-phase ve-
locities;?!1 however, the exact formulas are not known
at this time. Also, for UDS cooled from the bottom, em-
ployed in the present study, the solid phase is likely to
be stationary. Hence, the solid-phase velocity is as-
sumed to be zero in the present study, and the equations
are simplified accordingly.

Figure 1 shows the geometry of the casting, including
the riser used in the present study. An aluminum-copper
alloy with constant initial copper concentration and tem-
perature is solidified by extracting heat from the bottom
of the casting through a chill, while the other boundaries
are kept adiabatic. In the mathematical modeling, an ef-
fective convective heat-transfer coefficient, k., is used
between the casting and the chill. Due to symmetry of
the domain, only the right half of the casting is used in
the calculation.

The coupled continuity, momentum, energy, and spe-
cies equations, subject to the required boundary condi-
tions, were solved by an implicit, control volume-based,
finite difference procedure using the SIMPLEC algo-
rithm. The domain change due to solidification shrink-
age was handled by the front tracking method. Detailed
discussion about the numerical method and the check of
numerical accuracy were given in the previous article. !¢

III. RESULTS AND DISCUSSION
A. Temperature, Velocity, and Solute Distributions

Numerical calculations were performed for the solid-
ification of Al-4.68 wt pct Cu alloys with the geometry
and its dimensions as sketched in Figure 1. The thermo-
physical properties of aluminum-copper alloys!'®! and
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Fig. 1—Schematic representation of the physical domain and the
dimensions.

casting conditions used in the present study are sum-
marized in Table I. During solidification, the height of
the riser decreases;!'*!3) however, as we are interested in
the phenomena occurring in the casting, only part of the
riser (5-cm height) will be shown in the Figures.
Figures 2, 3, and 4 show the temperature, velocity,
and solute distributions in the casting at times of 25, 55,
and 75 seconds, respectively. The solidus and liquidus
fronts also are shown in the velocity figures, indicating
the interfaces between the solid phase and the mushy
zone and between the mushy zone and the liquid phase.
In the early stage of solidification, as shown in
Figure 2(a), the region below the riser is still in liquid
phase, and the isotherms are horizontal except near the
riser, at which they are distorted due to the feeding of
hotter metal from the riser. For the same horizontal po-
sitions from the chilled surface, the higher temperature
below the riser creates temperature gradients leading to
the formation of a clockwise vortex (as viewed on the
right half of the symmetry plane). It is noted that the
natural convection at the bottom of the riser is upward
and that this flow is strong enough to overcome the
downward fluid flow caused by the shrinkage effect.
Figure 2(b) shows the solute distribution in the casting
at a time of 25 seconds, and more detailed, time-
dependent solute distribution along different axes (X,
X1, X5, and X; in Figure 1) will be discussed next. It is
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Table I. Thermophysical Properties of Al-4.68 Wt Pct Cu and Casting Conditions

< solid specific heat (J g7' K™% 1.0928
c liquid specific heat J g™' K™ 1.0588
D, solid solute diffusion coefficient (cm® s™') ~Q
D, liquid solute diffusion coefficient (cm? s™*) 3x107°
k, solid thermal conductivity (W cm™' K) 1.9249
k liquid thermal conductivity (W cm™' K) 0.8261
k, equilibrium partition ratio 0.170
Py solid density (g cm™3) 2.65
P liquid density (g cm™) 2.40
Br thermal expansion coefficient (K™") 495 x 107°
B, solutal expansion coefficient -2.0
n dynamic viscositly (gem™'s™) 0.03
H latent heat (J g7) 397.5
T, eutectic temperature (K) 821.2
T, fusion temperature (K) 933.2
10 initial copper concentration (pct) 4.68
T, initial alloy temperature (K) 970.0
T, chill temperature (K) 293.0
h, convective heat transfer coefficient (W cm 2 K™') 0.08
%
= 5.20
hill >10
. -- cilin 5.00
920 . 4.90
900 4.80
870 470
830 4.60
790 4.50
760
— 4.40

—>1.0 cm/sec
(a)

)]

Fig. 2—(a) Isotherms (°K) and velocity vectors; and () isoconcentrations (pct Cu). ¢t = 25 s.

seen that there is a higher solute concentration in the
solidified casting near the chilled surface (which is com-
monly called inverse segregation), and the isoconcentra-
tions are horizontal everywhere. As the heavier copper
solute is rejected during solidification, and the vortex is
not strong enough to entrain the rejected solute upward
from the mushy zone, the solute concentration in the lig-
uid phase below the riser remains uniform and the same
as the initial value, as shown in Figure 2(b). Hence, in
the lower portion of the casting both the temperature and
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solute concentration distributions can be considered one-
dimensional. In other words, in the early stage of solid-
ification, although there exists a vortex in the liquid
phase due to temperature gradients as a result of the
presence of the riser, the characteristics of temperature
and solute distributions in the casting are similar to UDS
without cross-sectional change, as discussed previously
by Diao and Tsai.l!®!

Figure 3(a) shows that at a time of 55 seconds, the
entire under-riser region is in the mushy state, and the
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vortex has disappeared. Because of the presence of
the solid phase, fluid flow in the mushy zone near the
casting-riser intersection is in the horizontal direction
and toward the top corner of the casting. The rejected
solute near the riser-casting region is “swept” by the
interdendritic fluid and then discarded near the top cor-
ner of the casting, as the flow ceases near the “wall.”
Hence, negative segregation (i.e., copper concentration
is below the initial value) is formed around the under-
riser region, while positive segregation (i.e., copper
concentration is above the initial value) is created near
the top corner of the casting, as shown in Figure 3(b).
Figure 4 shows the temperature, velocity, and solute
concentration distributions when the casting is com-
pletely solidified. The inverse segregation near the
chilled surface, the negative segregation around the
under-riser region, and the positive segregation near
the top corner of the casting can be clearly seen in the
figure. Inverse segregation is a kind of positive segre-
gation which occurs specifically near a chilled surface
caused by solidification contraction.!® It is interesting to
see that the isotherms and isoconcentrations in the riser
after the casting is completely solidified are uniform in
the horizontal direction, which is similar to the results
obtained when there is no cross-sectional change.!'®!

In order to study in detail the process by which the
macrosegregation is formed, time-dependent solute dis-
tributions along several vertical axes in the casting are
given in Figure 5. For each curve in the figure, starting
from the chill, there are three segments, corresponding
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to the solid phase, mushy zone, and liquid phase. It is
seen that in addition to the inverse segregation adjacent
to the chilled surface, there is a moving negative-
segregated mushy zone, which has been previously dis-
cussed for UDS.!'8! Next to the inverse segregation, the
final solute distribution appears horizontal until about
2 cm from the chill, and thereafter it starts to be influ-
enced by the presence of the riser. A profound negative
segregation approximately centering the riser along
either the X, or the X, axis is found, which apparently
is caused by the change of the cross section. The severity
of negative segregation along X, appears greater than
along X,, but the “band” is smaller. It is noted that the
scale of the negative segregation is much greater than
the inverse segregation and the positive- and negative-
segregated bands discussed by Diao and Tsai.l' After
the casting is completely solidified, the solute distribu-
tion in the riser appears similar to UDS without cross-
sectional change; i.e., there is a moving negative-
segregated mushy zone. The time-dependent solute dis-
tributions along X, and X, are similar to those along X,
and X;, with the exception that positive segregation is
formed at the top shoulder of the casting near the corner
(Figure 1).

The final solute distribution along the top surface of
the casting (y = 5 cm) is shown in Figure 6. The solute
decreases from the relative maximum at the center,
point a, to the minimum at the intersection between the
casting and the riser, point b, and then increases contin-
uously along the shoulder of the casting to the maximum
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Fig. 5— Solute concentration distributions along axes X,, X,, X,, and X, at different times.
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Fig. 6— Final solute concentration distribution along the top surface
of the casting (y = 5 cm).

segregation at the corner, point d. Between points b and
¢, which is about one-third of the distance along the
shoulder of the casting, the solute concentration is below
the initial value; i.e., negative segregation. It is seen that
for an initial 4.6 pct Cu aluminum alloy, the minimum
negative segregation is about 2.0 pct Cu, while the max-
imum positive segregation is about 5.6 pct Cu. Their
difference is 3.6 pct, which is significant. In contrast,
the inverse segregation is about 5.08 pct Cu, which is
relatively less severe.

B. Comparison with Previous Studies

Figure 7 gives the comparison of the present predic-
tions with the experimental results of Flemings and
Nereo.®! It is seen that the predicted positive inverse seg-
regation, negative under-riser segregation, and positive
top-corner segregation agree well with experimental
data. The slight differences in the severity of the under-
riser segregation between the predicted and experimental
results could be due to the differences in alloy properties
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Fig. 7— Comparison between the predicted results and the data mea-
sured by Flemings and Nereo.!®
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and the cooling and casting conditions used, which were
not given in the experimental work. Also, by reading
Figures 5 and 6, we can see that along any axis between
X, and X, the predicted results could be closer to the
experimental data. In addition, the experimental data
were obtained for a three-dimensional casting geometry,
while the numerical simulation in the present study is
performed for its 2-D projection. Nonetheless, the main
features of the experimental results have been success-
fully predicted. Very similar solute distributions along
the X, axis (Figure 5(a)) and along the top casting sur-
face (Figure 6) are also predicted by Ohnaka and
Matsumoto, ™ using a Fe-0.25 pct C alloy.

C. Fluid Flow Affecting the Formation
of Macrosegregation

Under the conditions employed in the present study
(cooled from the bottom with a heavier copper species
rejected during solidification), the fluid flow occurring
in the casting includes the natural convection due to tem-
perature and concentration gradients and also includes
shrinkage-induced flow. The flow phenomena are fur-
ther complicated by the cross-sectional change from the
riser to the casting. It is noted that the temperature gra-
dients in the casting are induced by the externally im-
posed chill at the bottom of the casting, while the
shrinkage-induced fluid flow is caused by the density (or
specific volume) difference between the solid and liquid
phases, which is naturally present in a solidifying sys-
tem. In contrast, as the heavier copper species is rejected
in the mushy zone during solidification starting from the
bottom, stable solutal gradients will.be created. Hence,
the solutal gradients cannot themselves induce fluid
flow, aithough they can “weaken” or “strengthen” the
fluid flow caused by solidification shrinkage and/or tem-
perature gradients, as discussed by Chen and Tsai.?
Accordingly, in the following we will investigate the ef-
fects of shrinkage-induced flow and the natural convec-
tion induced by temperature gradients on the formation
of macrosegregation.

1. If the natural convection due to temperature

gradients is neglected

This corresponds to nullifying the thermal expansion
coefficient, By, in Eq. [3] so that the possible natural
convection due to temperature gradients is neglected in
the mathematical modeling. Under this condition, the
calculated fluid-flow patterns and solute distributions in
the castings are shown in Figure 8. It is seen in
Figure 8(a) that there is no vortex near the bottom of the
riser, and the flow patterns are significantly different
from those in Figure 2(a). However, comparing
Figures 8(b) and 3(a), it is interesting to see that the flow
patterns are nearly identical when the region between the
casting and the riser is in the mushy state. The final sol-
ute distributions shown in Figures 8(c) and (d) indicating
the macrosegregation in the casting are nearly the same
as those given, respectively, in Figures 5 and 6.

2. If the shrinkage-induced flow is neglected

The shrinkage effect can be neglected if the last term
and the second-to-last term on the right-hand side of
Eqgs. [2] and [3], respectively, are assumed to be zero.
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The average of the solid and liquid densities in Table I
is used throughout the casting in the modeling. Figure 9
shows the flow patterns and solute distributions in the
casting when the shrinkage effect is neglected. The flow
patterns at a time of 25 seconds around the under-riser
region (Fignre 9(a)) are very similar to those shown in
Figure 2(a); however, there is no fluid flow in the top
portion of the riser. By comparing Figure 9(b) with
Figures 3(a) and 8(b), we can conciude that the flow in
the riser is mainly caused by the shrinkage effect, which
can be understood easily, as possible natural convection
is damped out by the smaller size of the riser. From Fig-
ure 9(b), at a time of 55 seconds, we can see that the
solidification is faster when the shrinkage effect is ne-
glected, compared with the corresponding Figures 3(a)
and 8(b), because there is no hotter metal withdrawn
downward from the riser due to solidification shrinkage.
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Figures 9(c) and (d) show that the solute distribution in
the casting is nearly uniform and is the same as the initial
solute concentration. This is because the natural con-
vection in the liquid phase is not strong enough to en-
train the rejected heavier copper species in the mushy
zone located below. Hence, the natural convection due
to temperature gradients under the conditions employed
in the present study does not change the solute distri-
bution in the casting.

From this discussion, we have the following conclu-
sions: (1) the fluid flow in the mushy zone is dominated
by shrinkage-induced flow, while in the liquid phase, the
flow is dominated by natural convection; (2) the for-
mation of macrosegregation is caused mainly by the
interdendritic fluid flow in the mushy zone; and (3) the
shrinkage-induced fluid flow is the major cause for the
formation of macrosegregation.
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Fig. 9— Velocity vectors: (a) at ¢+ = 25 s and (b) at t = 55 s; and final solute concentration distributions: (c) along X, and X, axes and (d) along

the top surface of the casting; if solidification shrinkage is neglected.

D. Formation of Surface and Interior
Macrosegregations

From this discussion and the results obtained for uni-
directional  solidification = without cross-sectional
change,!'! the formation of macrosegregation in a cast-
ing cooled from the bottom generally can be divided into
two categories: one is the surface segregation (i.e., seg-
regation occurs near the surface of the casting), and the
other is the interior segregation (i.e., segregation occurs
in the interior of the casting). For each category, both
positive and negative segregations can be formed. For
example, the inverse segregation (a positive segregation)
and the segregation (positive or negative) along the top
shoulder of the casting discussed previously in
Section III-A (Figure 6) belong to the surface segre-
gation. There are two conditions under which the surface
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segregation can occur: (1) the casting near the wall is in
the mushy state; and (2) there is a fluid flow against or
away from an “impermeable wall”. The positive surface
segregation is caused when interdendritic fluid with
higher solute concentration flows toward the wall. The
solute is discarded and accumulated near the “dead end”
where the flow ceases. Hence, the positive surface seg-
regation can also be called “dead-end segregation.” In-
verse segregation and positive segregation at the top
corners of the casting are dead-end segregation. On the
other hand, a negative surface segregation is created if
the solute is swept away from the surface. The negative
segregation along the curve from point b to point ¢ in
Figure 6 belongs to the negative surface segregation.
The fluid flow resulting in the formation of surface seg-
regation can be caused by solidification shrinkage, as in
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the case of inverse segregation, or by the change of cross
section, as in the segregation along the top shoulder of
the casting.

Interior segregation within a casting is formed when
there is a sudden change of solidification rate, resuiting
in an increase or decrease of the size of the mushy zone.
For UDS without cross-sectional change, Flemings
et al.”" and Diao and Tsail'”! have found that an abrupt
change of the width of the mushy zone (which is equiv-
alent to a sudden change of the local solidification rate)
due to a sudden change of cooling condition at the bot-
tom of the casting could result in the formation of pos-
itive or negative segregation. A sudden increase of the
size of the mushy zone (i.e., decrease in the solidifi-
cation rate) will result in a positive segregation, while a
negative segregation can be caused by a sudden increase
in solidification rate. This principle also is applicable to
the present study having a sudden change of cross sec-
tion. To confirm this, the positions of the liquidus front,
solidus front, and the size of the mushy zone along the
centerline of the casting are plotted in Figure 10. It is
seen that the change of cross section decreases the width
of the mushy zone and therefore increases the local so-
lidification rate around the under-riser region, resulting
in the formation of negative segregation. In fact, a sud-
den increase of solidification rate in the region near the
casting-riser junction is easily understandable, as less
heat content is supplied by the smaller riser than by the
casting. It is interesting to note that a change of solidi-
fication rate in the casting can be achieved by the change
of thermal conditions at the boundary and/or by the
change of casting geometry.

E. Effect of Riser Size on the Formation
of Macrosegregation

Figure 11 shows the final solute distributions along the
X, and X, axes in the vertical direction and along the top
surface of the casting in the horizontal direction when
the riser size is halved and the other conditions remain
the same as shown in Figure 1. It is seen that the neg-
ative segregation is more severe than that in Figure 7.

75 T ~

50

25F

Distance from Chill (cm)

0.0

Time (sec)

Fig. 10— Positions of the liquidus and solidus fronts as functions of
time along axis Xp.
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The results are consistent with our previous arguments
that, to feed solidification shrinkage, a smaller riser will
result in greater interdendritic flow velocities near the
casting-riser intersections, leading to more solute being
swept away. Similar results should be obtained if the
casting width is increased for the same size of the riser.

F. Effect of Cooling Rate on the Formation
of Macrosegregation

The heat extraction rate at the bottom of the casting
can be increased or decreased by changing the effective
convection heat transfer coefficient between the casting
and the chill. Figure 12 shows the final solute distribu-
tions for the solidified casting when the heat transfer
coefficient is decreased from 0.08 to 0.02 W/(cm® K).
It is seen that both the inverse segregation and under-
riser segregation are more severe, and the band width
along X, appears greater than that shown in Figure 7.
The explanation of this phenomenon is straightforward,
as a smaller cooling rate causes a wider mushy zone,

Concentration of Cu (%)

1.:- PRI SR S S W D S Sy L a2
%.0 25 5.0 7.5 10.0

Distance from Chill (cm)

Fig. 11— Predicted solute concentration distribution along X, and X,
axes in the casting with a smaller riser size.
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Fig. 12—Predicted solute concentration distribution along X, and X,
axes in the casting with a lower heat extraction rate.
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and more time is available for the interdendritic fluid
flow to carry more solute away from the casting-riser
intersections. The formation of more severe inverse seg-
regation in UDS due to a lower heat extraction rate at
the bottom of the casting was discussed in the previous
article.!'®!

IV. CONCLUSIONS

Fluid flow and its effects on the formation of macro-
segregation in an Al-Cu ingot with a cross-sectional
change from the riser to the casting have been investi-
gated numerically. The fluid flow is caused by natural
convection and solidification shrinkage and is further
complicated by the change of cross section. The major
conclusions from the present study can be summarized
as follows:

1. Fluid flow in the liquid region is influenced by nat-
ural convection due to temperature gradients, but the
flow in the mushy zone is determined mainly by so-
lidification shrinkage, which is the major cause for
the formation of macrosegregation.

2. Inverse segregation at the bottom of the casting, neg-
ative segregation around the under-riser region, and
positive segregation near the top corners of the cast-
ing are found. However, the negative under-riser seg-
regation is much more severe than the other
segregations.

3. The different segregations can be well explained by
the flow of solute-rich interdendritic fluid and a sud-
den change of local solidification rate in the mushy
zone. The inverse segregation and the segregation
along the top shoulder of the casting can be classified
as surface segregation caused by the flow of solute-
rich liquid against or away from the wall surface. In
the present study, the flow is induced by the com-
bined effects of solidification shrinkage and change
of cross section. On the other hand, the under-riser
segregation is a kind of interior segregation caused
by a sudden change of the local solidification rate in
the mushy zone due to the change of the cross
section.

4. A smaller riser size and a lower heat extraction rate
at the bottom of the casting increase the severity of
macrosegregation in the casting.

5. The predicted results compare favorably with the
available experimental data and previous theoretical
predictions.

NOMENCLATURE

specific heat

coefficient in Egs. [2] through [3], defined
in Eq. [9]

permeability coefficient, defined in Eq. [8]
dendrite arm spacing

mass-diffusion coefficient

mass fraction

volume fraction or gravitational acceleration
enthalpy

effective convection heat transfer coefficient
between casting and chill

>0 RO ao

=
s
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latent heat

thermal conductivity

equilibrium partition ratio
permeability function, defined in Eq. [8]
pressure

time

temperature

fusion temperature at zero solute
concentration

velocity component in the x-direction
velocity component in the y-direction
velocity vector

Y Cartesian coordinates

NHNTN o RE AT

><<<=

Greek Symbols

Bs solutal expansion coefficient
Br thermal expansion coefficient
7! dynamic viscosity

P density

Subscripts

0 initial value

c chill

e eutectic

l liquid phase

m fusion

r relative to solid phase

s solid phase

Superscript

o constituent of alloy
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