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Abstract—The evolution of macrosegregation, appearing in the form of negative- and positive-segregated
bands, in an aluminum-copper alloy unidirectionally solidified from the bottom has been analyzed numeri-
cally. It is found that a negative-segregated band is formed in the solidified casting if the casting is quenched
during solidification. On the other hand, a positive-segregated band is created resulting from a sudden
decrease of heat extraction rate at the bottom of the casting. Multiple negative- and positive-segregated
bands could be formed in the solidified casting if the thermal boundary condition at the bottom of the
casting fluctuates with time. The predicted banding segregation in the solidified alloy compares favorably
with the available experimental data.

INTRODUCTION

MACROSEGREGATION refers to a large scale non-
uniformity of the local average composition over a
long range in a solidified casting or ingot. Significant
positive and/or negative segregation (i.e. solute con-
centration is higher or lower than the initial melt
concentration) can be frequently found in a machined
ingot. It has been reported that the formation of
macrosegregation is related to the flow of solute-rich
or poor liquid in the mushy zone (interdendritic fluid
flow) and/or the floating or settling of equiaxed grains
or detached dendrites during alloy solidification [1].
The fluid flow can be induced by solidification con-
traction and/or forced convection (e.g. in centrifugal
casting) and/or surface tension (ie. Marangoni
effect), and/or natural convection caused by tem-
perature and/or solute gradients. Different types of
macrosegregation have been found, including inverse
segregation, banding segregation, centerline segre-
gation, under-riser segregation, top-end segregation,
ghost bands, freckles, channel segregation, and A-
or V-segregation [1-7]. Banding segregation usually
appears as band-like solute-poor or solute-rich
regions in a solidified ingot.

In the past, many experimental studies on the for-
mation of macrosegregation have been reported (e.g.
refs. [2~71). McDonald and Hunt [2] concluded from
their experimental work with the NH,CI-H, O system
that conditions favoring the formation of A-seg-
regation include alloy elements with large density
differences, a wide range of freezing temperature, a
tall ingot producing large differences in hydrostatic
head, and long freezing times. Generally, these con-
ditions can enhance the interdendritic convection
leading to the formation of macrosegregation. Streat

and Weinberg [3] studied the formation of macro-
segregation in tin—lead alloys resulting from density
differences in the liquid. Using a new quenching tech-
nique in 1978, Fredriksson and Nilsson {4] were able
to identify three types of macrosegregation phenom-
ena caused by interdendritic convection in tin-lead
alloys. Jackson [5] explained the mechanisms leading
to the formation of ghost bands observed exper-
imentally in steel castings. Fisher and Hunt [6] inves-
tigated the time required for gravitational inter-
dendritic fluid flow to produce appreciable
macrosegregation. They concluded that for Al-5.6%
Cu alloys to avoid the formation of macrosegregation,
the ingot has to be small enough to be completely
mushy within 2 min and fully solidified within 15 min.
Bridge and Beech [7] employed an X-ray sensitive
TV camera to continuously monitor the solidification
process of a small sample of Al~20.7% Cu alloy, and
they observed directly the formation of channel seg-
regation. Morgan er al. [8] studied the effect of ingot
height to cross-section ratio and ingot taper on the
formation of top-end segregation in steel ingots. [t can
be concluded that extensive experiments have been
conducted and the mechanisms leading to the for-
mation of macrosegregation are now well understood.

In contrast, the development of macrosegregation
models is somewhat lagging behind. and can be gen-
erally divided into two stages. In the early stage,
roughly before 1986, the modeling was limited to one-
dimensional solidification, and/or the governing
differential equations were not completely coupled.
Hence, the modeling of macrosegregation was con-
ducted only for simple conditions, such as the direc-
tional solidification processes. During the first stage,
perhaps the most important contribution to the
macrosegregation modeling was made by Flemings
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and co-workers [9-11]. Flemings and Ncrco [9]
developed the well-known “local solute redistribution
cquation” to predict the formation of macrosegre-
gation in castings resulting from the flow ol solute-
rich liquid to feed solidification contractions. The
equation requires the temperature gradients, ratc of
temperature change, and fluid flow in the solidifying
casting, which must be obtained independently by
cxperiments or by assumptions. In spite of these limi-
tations. Flemings et «/. [10] employed the local solute
redistribution cquation to successfully predict the for-
mation of inverse segregation, banding scgregation,
and segregation due to the change of cross-section
arca. which was verified by the experimental data
obtained by Flemings and Nereo [11]. In their studies,
the formation of positive or negative banding seg-
regation was caused by a sudden change in cooling
conditions during alloy solidification.

In the second stage. the ‘continuum-type for-
mulation® [12, 13] was cstablished : and the solution
of multi-dimensional coupled continuity, momentum.
energy, and species equations became available.
Employing the continuum formulation, Beckermann
and Viskanta [13] were able to predict some of the
double-diffusive phenomena observed in the exper-
iments. However, their numerical calculations showed
a considerable disagreement with the measurements.
Bennon and Incropera [14] employed a similar con-
tinuum modcl to successfully predict the formation of
channel type A-scgregation. Neilson and Incropera
[15. 16} studicd the unidirectional solidification of
aqucous NH,Cl and the effects of induced fluid
motion. They were able to predict the formation of
freckles resulting from an unstable solutal gradient.
Howecver, in the above-mentioned continuum for-
mulation, except for the buoyancy terms, a constant
density was assumed throughout the entirc casting
and, as a result, the shrinkage effect was neglected.

Generally, there arc two categorics of alloys which
could lead to the formation of macroscgregation. The
first category corresponds to the alloys. such as steel—
carbon alloys, in which the lighter carbon species is
rcjected during solidification. This will induce an
unstable solutal gradient for a unidirectional sol-
idification cooled from the bottom. Duc to trans-
parent, low operation temperatures, and its dendritic
morphology. aqueous NH,Cl has been frequently
used in experimental or theoretical work to simulate
a stecl-carbon alloy (e.g. refs. [2, 14-16]). On the other
hand, there is an important category of alloys, such as
aluminum-—copper alloys, in which the hcavier copper
specics is rejected during solidification, creating a
stable solutal gradient in unidirectional solidification
cooled from the bottom (e.g. refs. [9-11]). As the
solute-induced convection can enhance or suppress
the temperature caused convection and subsequently
the fluid flow in the solidifying alloy. the selection of
alloys in experiment or modeling can result in different
types of macrosegregation.

In the present study, the formation of banding seg-
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regation for a unidirectional sohdification of alumi-
num--copper alloys cooled from the bottom will be
presented. As discussed previously. for unidirectional
solidification of aluminum-copper alloys cooled from
the bottom, both stable temperaturc and con-
centration gradients arc created, and the fluid flow is
causcd only by solidification contraction. Hence. in
addition to the availability of experimental data, this
provides the simplest situation. and serves as the first
step to study the effect of fluid flow and other sol-
idification parameters on the formation of banding
scgregation. The continuum formulation improved
previously by Chiang and Tsai [17, 18] to include the
shrinkage effects, has been extended recently by Chen
and Tsai [19], and Diao and Tsai [20] to predict the
formation of inverse segregation and to study the
solute redistribution in the mushy zone for unidi-
rectional solidification of aluminum copper alloys
cooled from the bottom. This mode! will be used in
the present study.

MATHEMATICAL MODEL

For two-dimensional alloy solidification, the con-
tinuum formulation including the shrinkage cffect
developed previously [19. 20] is employed in the
present study. The coupled continuity, momentum,
cnergy, and species equations, subjecting to the
required boundary conditions, were solved by an
implicit control-volume-based finite difference pro-
cedure using the SIMPLEC algorithm. The domain
change due to solidification shrinkage was handled by
the front tracking method. In the modeling the desired
casling cooling rate can be casily achieved by changing
the effective heat transfer coefficient between the chill
and the casting. Detailed discussion about the numeri-
cal method and the check of numerical accuracy were
given in the previous papers [17, 18], and they will not
be repeated here. Figure [ shows the grid system used
in the computation. The calculations were executed
on Apolio DN10000 workstations. Typical CPU time
for the calculation of each case is about 120 h.

RESULTS AND DISCUSSION

As shown in Fig. I, a unidirectional solidification
can be induced by passing some coolant at a desired
temperature, 7,. through a chill plate placed at the
bottom of the casting, while the other sides of the
casting are insulated. Heat transfer between the chill
plate and the casting is accomplished via an effective
heat transfer cocfficient (HTC) /4. An Al-4.1% Cu
alloy is used in the present study, and its ther-
mophysical properties as well as the casting conditions
are summarized in Table 1.

As the casting will start to solidify from the bottom,
there will be an upward positive temperature gradient
in the casting. Hence, it is cxpected that a stable tem-
perature field exists in the casting and no natural
convection due to inverse temperaturc gradients is
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F1G. 1. Schematic representation of the physical domain and
the grid system.

present. Also, during alloy solidification, heavier cop-
per species will be rejected starting from the bottom,
creating a stable negative solutal gradient. In other
words, neither the temperature gradients nor the con-
centration gradients will induce natural convection in
the casting and, if solidification shrinkage is neglected,
the casting is essentially uniform in composition since
practical freezing rates preclude appreciable species
diffusion [16]. Detailed results regarding the tem-
perature, concentration, and velocity distributions in
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F1G. 2. Variation of effective heat transfer coeflicient (HTC)

between the chill and the casting as a function of time ; HTC

increases from 0.02 Wem 2K ™' attime 1 = 150 s to 0.22 W
cm *K~'in 10 s, and remains constant thereafter.

the casting during unidirectional solidification cooled
from the bottom have been reported in the previous
papers [19, 20], and they will not be repeated here.

The major objective in the present study is to inves-
tigate the formation of banding segregation when the
thermal conditions at the bottom of the solidifying
casting is suddenly changed. This can be easily
achieved by rapidly increasing or decreasing the effec-
tive heat transfer coefficient between the chill and the
casting. As the isoconcentrations of copper are planar
in the horizontal direction, as discussed in refs. [19,
20], in the following only the distribution of solute
concentration along the vertical direction of the cast-
ing will be given.

Figure 2 shows the time dependent effective heat
transfer coefficient (HTC) between the chill and the
casting. Attime f = 150 s, HTC starts to increase from
0.02t00.22 W cm~? K ~'in a period of 10s, and then
remains constant thereafter. For comparison, the case
with constant HTC of 0.02 W cm~* K ~'is also shown

Table 1. Thermophysical properties of Al-4.1% Cu and casting conditions, ref, [21]

unless otherwise noted, * assumed

3 Solid specific heat (J g ' K"

¢ 1.0928
¢ Liquid specific heat (Jg=' K™ ") 1.0588
D, Solid solute diffusion coefficient (cm®s™") x 0%

D, Liquid solute diffusion coeflicient (cm”s™") 3Ix 107 %*
k, Solid thermal conductivity (W cm~' K™') 1.9249
k Liquid thermal conductivity (W ecm ™' K" 0.8261
k, Equilibrium partition ratio 0.170
p. Solid density (g em ™) 2.65

o Liquid density (g cm™7) 2.40
Br Thermal expansion coefficient (K~') 4.95% 10~°*
b Solutal expansion coefficient —2.0%

u Dynamic viscosity (gem™'s ') 0.03
H Latent heat (J g~ ") 397.5

T, Eutectic temperature (K) 821.2

T, Fusion temperature (K) 933.2
It Initial copper concentration (Pct) 4.1

T, Initial alloy temperature (K) 970.0

T, Chill temperature (K)
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FiG. 3. Locations of the liquidus and solidus fronts, and the
sizes of hquid phase. mushy zone. and solid phase, cor-
responding to the cooling conditions in Fig. 2.

in the figure. Corresponding to the cooling conditions
in Fig. 2, Fig. 3 shows the locations of the liquidus
front and solidus front in the casting, as well as the
sizes of solid phasc, mushy zone. and liquid phase, as
a function of time. The size of the mushy zone
increases with time until the solid phasc is formed at
about 75 s. The solidus front and liquidus front are
almost parallel between 75 s and 150 s. indicating
the solidification process is nearly a quasi-steady-state
during this period, and almost an equal size of mushy
zone 18 formed. The solidus front responds rapidly to
the change of HTC at 150 s and moves upward duc
to a higher solidification rate. However, the liquidus
front responds to the change of HTC about 20 s late.
resulting in a significant decrease in the size of the
mushy zone. The size of the mushy zone decreases to
the minimum value at about 175 s, and then increascs
gradually thereafter. The dashed curves represent the
case if the HTC remains constant. showing a slow but
continuous increase in the size of the mushy zone.
Figure 4 illustrates a scquence of solute redis-
tributions in the casting at different times, cor-

4.75 r .
—— Pure Solid 1: 70sec ]
= ———- Mushy Zone 2: 150 sec
& 450 -==-- Pure Liquid 3: 170 sec T
=3 .
O 4: 180 sec
S ‘\ 5: 190 sec 1
s R 6: 270 sec ]
,g 4.25 1
g 4
8
] ;

g 4.00 ‘>/1 H \\\ / A

Lo\ i
o - VAV, 6 ‘\/\

4 5
\ Stationary Band Moving Band
3y & 270 sec at270 sec
3.75 .
0.0 5.0 100 15.0

Distance from Chill (¢}

FiG. 4. Predicted distributions of solute concentration at

different times. corresponding to the cooling conditions

shown by the solid line in Fig. 2 : initial copper concentration
=4.1%.
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responding to the change of HTC given in Fig. 2.
Except for the first solute distribution curve, cach
curve in the figure has three segments starting from
the bottom of the casting, and cach secgment cor-
responds to the solid phase. mushy zone. and liquid
phasc, respectively. A positive-segregated (i.e. above
the initial solute concentration) region near the bot-
tom of the casting (called inverse scgregation) is
formed, which is accompanied by a moving negative-
segregated (i.e. below the initial solute concentration)
mushy zone. It 1s noted that. except near the solidus
front (c.g. curve 2), the solule concentration in the
mushy zone is below the initial value. The formation
of inverse segregation near the bottom of the casting
was analyzed in the previous paper [[9]. and will not
be repeated here. The solute distribution at 170 s,
which is 20 s after the HTC 1s increased at the bottom,
shows a significant decrease in the size of the mushy
zone and a more severe negative segregation. The
minimum solute concentration in the mushy zone
occurs when the size of the mushy zone reaches the
minimum. Because the solidification rate is suddenly
increased, there is not enough time for the solute to
migratc. hence, the solute in the mushy zonc is
‘frozen’, creating an embryo of a negative-scgregated
band in the solidified region.

At time 7 = 180 s, the original mushy zone has
cvolved two “bands™. onc is in the solidified region,
which is a “stationary band’: and the other 1s & "mov-
ing band” corresponding (o the moving mushy zone.
The moving mushy band is similar to. but smaller
than, the original onc (i.c. right before the quench was
imposcd). The formation of stationary and moving
bands becomes more clear at time 1 = 190s. [tis noted
that the solute distribution in the solid phase remains
unchanged with time. because the solute diffusion in
the solid phasc is negligibly small. The moving band
continucs 1o move upward and ils size increases
gradually with time. Also, the solute concentration in
the casting between the stationary band and the mov-
ing band is nearly uniform, but is slightly higher than
the initial solute concentration. The trapezoidal rule
wuas used to calculate the total arcas with con-
centrations higher and lower than the initial value (i.c.
4.1% of copper) at time ¢ = 270 s. and they arc lound
nearly identical, indicating the overall solute is con-
served. Itis noted that the formation of negative band-
ing scgregation, shown by Fig. 4. has been predicted
by Flemings er «/. [10] using the local solute redis-
tribution equation and the assumed liquidus and
cutectic isotherm movement. They argued that the
decrcase in the size of the mushy zone, duc to the
change of solidification conditions, will result in the
formation of negative banding segregation. which is
consistent with the results predicted by the present
model.

The effect of diffcrent cooling conditions. including
the beginning quenching time, the quenching rate (i.e.
HTC increases to the same valuc in different periods
of time). and the degree of quenching (i.e. HTC
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increases to different values in the same period of
time) on the formation of banding segregation will be
discussed next. Figure 5 shows the locations of the
negative-segregated band in the solidified casting
quenched at different times, while maintaining the
same quenching rate and degree of quenching. The
location of the banding segregation in the solidified
casting is related to the location of the mushy zone
when the quenching is imposed. Hence, the negative-
segregated band is closer to the bottom of the casting
when the casting is quenched at 150 s compared to
those quenched later. A slightly severer segregated
band is formed for the casting quenched earlier,
because the mushy zone is closer to the bottom result-
ing in a stronger quenching power. Figure 6 shows the
effect of quenching rate on the formation of banding
segregation in the solidified casting. A higher quen-
ching rate (i.e. shorter quenching period) results in a
slightly greater negative segregation and the band
shifts toward the bottom of the casting.

Figure 7 shows the banding segregation in the sol-
idified region for three different degrees of quenching.
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F1G. 6. Effect of the quenching rate on the formation of

banding segregation ; HTC increases from 0.02 Wem ™2 K™

attime 1 =150st0 0.22 Wem 2K 'in 105, 20 s, or 30 s,
and remains constant thereafter.
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It is seen that a stronger quenching at the bottom of
the casting results in a severer negative segregation.
This is consistent with the result discussed in Fig.
5. Tt is noted that in Figs. 5-7, a moving negative-
segregated mushy band still exists at the location far
away from the bottom of the casting, and is not shown
in the figure. Figure 8 shows the existence of two
negative-segregated bands in the solidified region and
a moving mushy band, resulting from two quenches
at the bottom of the casting. It is seen that the second
stationary band is smaller and has less severe negative
segregation than the first band. The solute distribution
between any two bands is uniform and its value is
greater than the initial solute concentration. The posi-
tive solute segregation near the bottom and in between
the bands is compensated by the three negative-seg-
regated bands, so that the overall conservation of
solute is satisfied.

Figure 9 shows the evolution of solute redis-
tribution when the heat extraction rate is suddenly
decreased at the bottom of the casting, which is
achieved by decreasing the heat transfer coefficient
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F1G. 8. The formation of two negative-segregated bands in

the solidified casting ; HTC increases from 0.02 W cm 2K ™!

at time 7 = 150 s to 0.22 W cm~? K~'in 10 s, remaining at

0.22 W em—* K~! for 40 s, increasing to 1.62 W em =2 K~!
in 5s, and then remains constant thereafter.
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between the casting and the chill. In an actual casting
process, the decreasc of heat transfer rate can be
caused by the formation of a gap between the casting
and the mold. For each curve in the figure, there are
three segments each corresponding to the solid phase,
mushy zone, and liquid phase. Comparing with Fig.
4, a greater heat extraction rate at the bottom of the
casting causes a less severe inverse segregation, as
discussed in ref. [20]. From curves 2 and 3 in Fig. 9,
one can see that a remelting occurs near the solidus
front shortly after the heat extraction rate is
decreased. At time ¢+ = 55 s, curve 3, the solute dis-
tribution in the mushy zone appears like a W shape
and a relative maximum solute concentration occurs
near the center. This relative maximum solute con-
centration increases with time, and eventually forms
a positive-segregated band in the solidified region.
Hence, the original negative-segregated mushy zone
gradually becomes a positive-segregated band in the
solidified region, and an even larger moving negative-
segregated mushy zone. The sudden decrease of sol-
idification rate allows a longer time for more solute
to pile up near the solidus front. This phenomenon is
similar to the formation of inverse segregation near
the bottom of the casting; showing a lower heat
cxtraction rate creates a greater inverse segregation
and a larger moving mushy zone, as discussed in ref.
[20]. However, as the solidus front continues to move
upward, the solute in the newly solidified region
increases to a maximum value and then decreases to
the ‘normal’ value, as shown by curve 7 in the figurc.
The formation of positive banding segregation has
been predicted by Flemings er af. [10] using the local
solute redistribution equation and the assumed liqui-
dus and eutectic isotherm movement. They argued
that the increase in the size of the mushy zone will
lead to the formation of positive banding segregation,
which is consistent with the present study.

From the above discussion, we can conclude that
the formation of negative-segregated bands in the sol-
idified casting is evolved from the moving negative-
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scgregated mushy zone due to a sudden increasc of
solidification rate. The formation of positive-seg-
regated bands is evolved from the moving negative-
segregated mushy zone due to a sudden decrease of
solidification rate. However, after the formation of
cither negative- or positive-segregated band, the mov-
Ing negative-segregated mushy zone does not disap-
pear, and it becomes either smaller or larger in the
solidifying casting. It can be casily inferred that at
least one additional negative-segregated band will
eventually be formed in the casting at the location
where the moving mushy zone is finally solidified. If
the thermal boundary condition at the bottom of the
casting fluctuates during solidification, several nega-
tive and positive segregation bands could be formed
in the solidified casting.

Figure 10 shows one sct of experimental data
reported by Flemings and Nereo [11] for a unidi-
rectional solidification of Al-4.87% Cu alloys, result-
ing from a sudden increase of the rate of heat extrac-
tion at the bottom. However, no detailed cooling
conditions, such as the quenching rate and the begin-
ning quenching time, were given in the paper. A
numerical experiment was conducted using the pre-
sent model, and the curve shown in Fig. 10 is the
predicted banding segregation under the cooling con-
ditions: HTC increases from 0.005 W em™ ~ K ' at
time = 30st0 020 Wcem “K 'ina period of 10s,
and remains constant thereafter. It is seen that even
with the available thermophysical properties for Al-
4.1% Cu (Table 1), good agreement between the pre-
dicted results and the experimental data is obtained.

CONCLUSIONS

The evolution of banding segregation has been
analyzed using the continuum formulation for a unidi-
rectional solidification of Al-Cu alloys cooled from
the bottom. Due to the flow of solute-rich hquid in
the mushy zone caused by solidification contraction,
a positive-segregated region is created near the bottom
of the solidified casting (called inverse segregation),
which is accompanied by a moving solute-poor mushy
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zone or band. When the solidifying casting is
quenched at the bottom, the moving solute-poor mushy
zone evolves two segregated bands, one is a stationary
negative-segregated band in the solidified region, and
the other is a moving solute-poor mushy band similar
to, but smaller than, the original one. On the other
hand, if the heat extraction rate at the bottom of the
casting is suddenly decreased, the moving solute-poor
mushy band becomes two segregated bands, one is a
stationary positive-segregated band in the solidified
region, and the other is a moving solute-poor mushy
band similar to, but larger than, the original one.
The location and severity of the banding segregation
in the casting depend on the beginning quenching
time, the quenching rate, and the degree of quenching.
Multiple positive and negative bands could be formed
in the casting if the cooling condition at the bottom
of the casting fluctuates with time. The predicted
banding segregation has been compared with the
available experimental data, and good agreement was
obtained.
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