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Abstract: The extended continuum mixture model considering the floating grain motion was applied to calculate the

macrosegregation of large-size billet of 2024 aluminum alloy during direct-chill (DC) casting. Transport equations of mass,

momentum, species and heat were solved simultaneously with the Scheil-Gulliver micro-model. The effects of casting

parameters (billet size, casting speed, casting temperature and intensity of secondary cooling zone) on macrosegregation were

calculated in nine cases. Influence of casting parameters on the transport mechanisms for macrosegregation formation was

discussed. The results demonstrate that the processing parameters directly affect the shape and dimension of the sump, thereby

affecting the final segregation patterns. The billet size and casting speed play the most important roles. A larger billet size

usually means a slower cooling rate and a deeper and wider sump, which results in severe segregation in the billet center. The

sump depth dramatically increases with the increase of the casting speed. Therefore, higher casting speed promotes greater
p dep y g sp g g sp p g

macrosegregation. Nevertheless, the sump depth increases slightly with increasing the casting temperature.
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Direct-chill casting has been widely used for the commer-
cial production of extrusion billets of wrought aluminum al-
loys since 1930s. One of the major defects in this process is
macrosegregation. Macrosegregation is caused by solute
transport due to the flow of segregated liquid in the mushy
zone and the motion of free grains. Comprehensive reviews on
macrosegregation are given in Ref.[1-5].

The modeling for macrosegregation in DC casting has been
investigated in recent decades. In the last century, Reddy and
Beckerman ' studied the effects of mushy permeability, ther-
mosolutal convection and solidification contraction on the
macrosegregation pattern in DC casting of an Al-4.5wt%Cu
round ingot. They found that centerline segregation can be
positive or negative, depending upon the grain density and
permeability of the mush. Then, Du et al "' studied the mac-
rosegregation of a ternary Al-Cu-Mg alloy by CALPHAD
software, and solidification path was described using a modi-
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fied mapping technique .

The semi-quantitative results
showed that the contribution of each solute element to the so-
lutal buoyancy affects the final segregation pattern and an
overestimation of centerline segregation was obtained, where
the model did not take the possible contribution of floating
grains and exudation into account. Vusanovic ' applied a
non-equilibrium microsegregation model in a horizontal DC
casting ternary Al-4.5wt%Cu-1.0wt%Mg alloy. They found
that the copper exhibits less segregation compared to Al-Cu
alloy, while magnesium has a similar segregation profile but is

1% studied the macrosegrega-

less pronounced. Zaloznik et al
tion formation in a 7449 alloy industrial scale slab during di-
rect-chill casting using a multi-scale two-phase solidification
model. They analyzed the individual and combined effects of
shrinkage, natural convection, and grain motion on the sump
profile and macrosegregation formation. Recently, Ellingsen

1

et a modeled the macrosegregation in a 5182 aluminum
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alloy, accounting for secondary phase formation. The results
demonstrated that the effect of secondary phase precipitation
on macrosegregation formation is caused by shrinkage in-
duced flow.

Some studies on parameterization of macrosegregation have
been done over the past years. Dorward and Beerntsen !'!
studied 2024 alloy billets with varying parameters, including
casting speeds, melt temperatures and mold water flow rates.
Their results showed that higher casting speed promotes
deeper liquid metal sump due to the collection of coarse sol-
ute-depleted isothermal dendrites in the center of the ingot,
resulting in negative macrosegregation in the center. The
cooling water flow also exerts important effect. The melt su-
perheat increased the depth of sump slightly, resulting in the
formation of solute-depleted primaries. Eskin et al " pre-
sented an experimental investigation about the dependence of
macrosegregation and structure on process parameters. They
found that decreasing the casting speed and the water-flow
rate produce less macrosegregation. The main parameters in-
fluencing structure and macrosegregation during direct-chill
casting are the depth of the liquid pool, the sump and the flow
pattern in the slurry region. Du et al " studied the effect of
ramping casting speed and casting temperature on temperature
distribution and melt flow patterns of DC casting billet. Their
results showed that the lower position of the liquid isotherm
will produce a more severe melt flow towards the surface and
a deeper penetration into mushy zone at a higher casting tem-
perature. Zaloznik, and Sarler!"” estimated the influence of
casting parameters on macrosegregation in DC casting of
Al-5.25wt%Cu. Their results showed the trends caused by
variation of the parameters which influence the macrosegrega-
tion pattern through their direct impact on the thermosolutal
convection flow in the liquid pool, the shape and thickness of
the mushy zone.

We extended the continuum mixture model for binary alloys
to the multi-component system, which was successfully used
for the macrosegregation predication. Based on the modeling
method, the present paper studied the effects of casting pa-
rameters, such as billet size, casting speed, casting tempera-
ture and intensity of secondary cooling zone, on the mac-
rosegregation of 2024 aluminum alloy billet in large size dur-
ing DC casting.

1 Model Description

Based on the continuum mixture model with free floating

116 separate and

solid particles formulated by Vreeman et al
distinct mixture momentum equations are employed to ac-
count for momentum transfer in two-phase regions. The mac-
roscopic transport equations for heat, mass, momentum and
species are solved.

For the solidification process of a multicomponent alloy
during DC casting, the Gulliver-Scheil model was used to

calculate the solidification path according to the phase dia-

grams, which were formulated as simple, approximate, and
(17181 " This stand-alone microscopic
module for the calculation of the solidification path of

analytical expressions

Al-Mg-Cu alloys in the Al-rich corner of the phase diagram
was solved simultaneously with macroscopic transport equa-
tions'”.

Modeling of the fluid flow behavior in different regions was
carried by viscosity and permeability functions ', as given in
Table 1. When the solid fraction f; is less than f;, (coherent
solid fraction), the permeability is infinite. In regions with the
solid fraction f; larger than f,, the permeability is a function
of solid fraction through the Blake-Kozeny-Carman relation.
The permeability coefficient K;=2.0x10"" m* was used. This
value is based on a dendrite arm spacing of 60 pum, which was

measured in the experiment!'”.

2 Solution Methods

2.1 Numerical solution procedures

The macroscopic transport equations were solved by com-
putational fluid dynamics software FLUENT, which discre-
tized all equations with the finite volume method. The scheme
of pressure-speed coupling used SIMPLE algorithm. The sec-
ond-order upwind scheme was adopted to deal with the con-
vection term of momentum and species equations, and the
first-order upwind scheme was for energy equation. Source
terms, permeability model and complex boundary conditions
were hooked to FLUENT model by UDFs. The whole com-
putational domain in axisymmetric geometry was divided into
quadrilateral mesh of 1 mmx1 mm. A grid of 200x1100 con-
trol volume cells were used in basic case 2 and varied accord-
ingly with other cases. For each time-step, up to 40 iterations
and 0.001 s for time step were adopted to get good conver-
gence.
2.2 Thermophysical parameters

The 2024 alloy contains three main alloying solute elements,
including Cu, Mg and Mn (Table 2). Since the partition coef-
ficient of manganese is approximately 1, the segregation of
manganese is ignored, and the alloy is simplified to a ternary
system with the composition of Al-4.5wt%Cu-1.5wt%Mg "

Alternatively, manganese is the transition element with a
strong bonding capacity, which can increase the bonding force
between atoms and prevent atomic diffusion. Hence, it would
primarily influence the diffusion coefficients of Cu and Mg.

Table 1 Viscosity and permeability in different regions

Region Solid fraction, f; Mixture viscosity, um Permeability, K

Liquid 0 1 00
_ _L -15
Slurry 0<fe<fco Mo = p,(1.0 == .
s 1-£)
Mushy  fe<fiSl :y.<1.0—/f—s s g ¢ f{)
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Table 2 Nominal composition of AA2024 (wt%)
Cu Mg Mn Fe/Si Cr Ti Al

1.2~1.8 03~09 <0.50

3.8~4.9 <0.10 0.15 Bal

However, in the Gulliver-Scheil model, we assumed that no
diffusion occurs in solid phases and that infinite fast diffusion
occurs in the liquid. Furthermore, thermophysical parameters
depend mainly on the temperature. Thus, its effect on ther-
mophysical parameters can be reasonably neglected.

For the sake of simplicity, the values of specific heat and
thermal conductivity were reduced to constant. The relation-
ship of  density of  liquid phase, namely
PL=p (Tacl):Po[l—ﬂT(T_To)_ﬁc(C_Co)] , was only ap-
plied into momentum equations. The thermophysical parame-
ters are listed in Table 3, which are obtained mainly from
Ref.[7, 9].

2.3 Geometric model and boundary conditions

The 2D axisymmetric geometry model and mesh (grid pre-
cision 1 mmx1 mm) used in this work are shown in Fig.1. The
basic ingot with diameter of 400 mm and length of 950 mm
was simulated. 50 mm in width was set for the inlet and
hot-top, 100 mm in length was for the water-cooled mold, and
950 mm was for the water film. The boundary conditions are
also given. Free surface, hot top and symmetry axis are treated
as the static adiabatic wall. For the mold-casting interface, the
heat transfer coefficient /.4 is treated as follows:

hmold:hcon'(l_fs)"'hair'fs (1
where /4, is 1500 W/(m*-K), and A, is 150 W/(m*-K). In
the secondary cooling zone, the following Weckman-Niessen

correlation ?'is used for heat transfer coefficient:

Table 3 Thermophysical parameters

Parameters Value
Liquid density, p, /kg'm” 2606
Solid density, p, /kg:m” 2750
Liquid specific heat, ¢, /J-(kg-K)™ 1054
Solid specific heat, ¢, /J-(kg'K)"! 958
Liquid thermal conductivity, &, /W-(m-K)' 95.0
Solid thermal conductivity, k, /W-(m-K)" 180
Liquid diffusion coefficient, D™™¢ /m*s'  5.0x10°/2.0x 108
Liquid viscosity, 2 /kg:(m-s)" 0.0013
Average solid viscosity, £ /kg:(m-s)”! 4.96 1,
Solutal expansion coefficient, 8™ /K' -0.73/0.5
Thermal expansion coefficient, 3, /K" 1.17x 10
Melting point of AL, T, , /K 933.5
Eutectic temperature, T}, /K 781
Eutectic composition, C5*™® /wt% 44.8/17.2
Equilibrium partition coefficient, kp (Cu/Mg) 0.12/0.43
Reference temperature, 7} /K 884
Reference concentration, Cs ™ (Cu/Mg) 4.5/1.5
Permeability constant, K, /m’ 2.0 107"
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|
e
e
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Fig.1 Schematic diagram of direct-chill casting and geometry mesh

hee (T') = [=167000 + 352(T — Tyaer)]- (M)”3 +
F )

3
20.8( (T — Tsaturation ) )

T-T,

water

where Qi is Water flow rate, P is width of water film,
I
temperature of the cooling water. Moreover, no-slip boundary

conditions are applied to the walls.

3 Results and Discussion

9 cases were simulated in this paper. Case 1, case 2 and
case 3 are for different billet sizes (d); case 4, case 2 and case
5 are for different casting speeds (v..s); case 6, case 2 and case
7 are for different casting temperatures (7..); case 8, case 2
and case 9 are for different intensities of secondary cooling
zone (Qyaer)- Case 2 is the basic case. 4 most important proc-

aturation 1S saturation temperature of water, and Ty, iS

essing parameters affecting macrosegregation and more details
are illustrated in Table 4.

Fig.2 shows the contours of temperature, velocity and seg-
regation for the basic case 2 at the steady state. The hot melt
from the inlet flows almost horizontally towards the surface,
due to the suck effect of melt solidification quenched by the
water cooling mold, as shown in Fig.2b. Accordingly, the
positive segregation occurs on the surface due to the inverse
segregation. This flow then deflects because of the block of
the rigid solid matrix and moves along the interface of the
rigid solid and the slurry region towards the centerline. Hence,
the clock-wise recirculation is established.

Simultaneously, the negative segregation in the subsurface
is produced by this thermosolutal flow, which washes the sol-
ute-rich liquid out of the mush. This contribution together
with the shrinkage-induced flow which carries the solute-rich
liquid from center to surface create the positive segregation in
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Table 4 Cases studied in this work

Case d/mm Vea/mm-min’' Teast/ K Qwaler/bmin']
1 200 63.5 991 250
2 400 63.5 991 250
3 600 63.5 991 250
4 400 32 991 250
5 400 127 991 250
6 400 63.5 951 250
7 400 63.5 1031 250
8 400 63.5 991 125
9 400 63.5 991 375

the middle radius. Both the shrinkage-induced flow and the
floating grains are prone to produce a negative effect, causing
the negative segregation in centerline. The predicted segregation
in case 2 and the experimental results measured by Dorward et
al'™ are compared in Fig.2c. They are consistent with each
other in general but the extent of the negative or positive segre-
gation in experiments is much more severe than that in case 2.
The reason can be attributed to three aspects''”). First, the 2024
aluminum alloys used in experiment have more than 3 compo-
nents and impurities. Hence, it will lead to a certain extent of
grain refinement. This will change the resistance to flow
through the solid network (mushy zone), reducing the perme-
ability in the mushy zone and lowering the coherency tempera-
ture. The lower permeability will impede the flow induced by
shrinkage, narrow the rigid mushy zone, and prevent the pene-
tration of convective flows into the rigid mushy zone. Mean-
while, the lower coherency temperature means that the convec-
tive flow and grain floating have more transport opportunities in
a wider slurry zone. Secondly, as well known, the dendrite
structure in large billets undergoes a columnar to equiaxed tran-
sition around the mid-radius, caused by the fragmentation of the
columnar dendrites. This will produce a much larger slurry re-
gion and packing fraction. In our calculation, as suggested by

Length, x/m

Length, x/m

Radius, r/m Radius, /m

Ref.[22], the packing fraction is set to 0.3, which is not a very
accurate value in the actual alloy. The lower composition at the
mid-radius in simulation indicates that the packing fraction
should be set to a slightly larger value, since the degree of seg-
regation increases with increasing the packing fraction. Thirdly,
the boundary conditions used in calculation are not exactly the
same as that in the experiment.

3.1 Effect of billet size

Fig.3 shows the distribution of temperature and flow fields
under different billet sizes. It can be easily seen that the pat-
terns of thermosolutal flow in case 1 and case 3 are similar to
those in case 2.

Fig.4a shows that the position of liquidus and solidus iso-
therms moves downward significantly in the center with in-
creasing the size of the billet, and the slope of the sump is also
increased. The former provides more opportunity for the
floating grains to settle. The latter influences the segregation
induced by shrinkage, according to Eq.(3) *.

Ly, =0.78Cy L, B(sin2a)/2 3)
where L, is the vertical dimension of the mushy zone, S is
the volumetric shrinkage, o is the angle between the tangent
and the coherency isotherm and the horizon. The value of
(dLy/dR)/C,y denotes the relative segregation. Hence, both of
them are prone to promote more negative segregation in the
larger billet center.

Fig.4d shows the segregation in the radial direction for dif-
ferent billet sizes. In these three cases, there are positive seg-
regation in the mid-radius and surface, whereas negative seg-
regation regions are generated in the center and subsurface.
Meanwhile, the segregation increases with increasing the billet
size. The reason is that macrosegregation depends mainly on the
average cooling rate in these cases. Larger billet size causes the
slower cooling rate, and accordingly severer segregation in the
billet. The average cooling rate is about 10 K/s for case

b
20
L — — -Cu preditcted by case 2 C
15 F —@— Cu measured by Dorward!"?
| —-—-Mg preditcted by case 2
10 —w— Mg measured by Dorward!"”! Y

Relative Segregation/%

0 50 100 150 200

Radius, 7/mm

Fig.2 Temperature, flow fields and segregation profiles in case 2: (a) temperature field and Cu relative segregation, (b) flow field and Mg rela-

tive segregation, and (c) comparison of segregation ((C —Cy)/Cy ) and experimental results measured by Dorwar

402



Luo Haijun et al. / Rare Metal Materials and Engineering, 2019, 48(9): 2759-2767
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Fig.3 Distribution of temperature and flow fields under different
billet sizes: (a) =200 mm, (b) =400 mm, and (c) d=600

mm

x/mm

r/mm
20
c
—=—d=200 mm P
+d:400mm/f
_ 15 ~4—d=600 mm|
¥
S 10
en
£
g s
0 50 100 150 200 250 300

Distance to Billet Center/mm

Depth of Sump/mm

2763

1, 5 K/s for case 2, and 1.5 K/s for case 3, as shown in Fig.4c.

In addition, the shape and dimension of the sump with
variant billet sizes (Fig.4a) indicate that the lengths of the
sump for three cases are 70, 208 and 365 mm, separately.
These predicted results are in accordance with the values cal-
culated by Eq.(3), as shown in Fig.4b. In particular, as the bil-
let size is 600 mm in diameter, the values are quite close. The
empirical formula ** is described as below:

H =4 Veast 'R2 /4ks (Tmelt - Tsurface) (4)
where T, is melt temperature, Ty pe. i temperature of
the billet surface, R is billet radius, k, is thermal conductiv-
ity of solid, and 4 is about 9.67x10°® in our calculation.

3.2 Effect of casting speed

The casting speed mainly affects the segregation in two
ways. One is the change of the scope of the sump, which
changes the thermosolutal convection and free dendrite trans-
port. The other is the change of the slope of solidification front,
which changes the shrinkage-induced segregation.

400 365 369
R Predicted
300 U/ Z) Calculated byE q.(3) %
200 | §% %
100 70 \/ \/
s} s d
0 SIO l(I)O r/lnél(r)n 260 25IO 300

Fig.4 Comparison of segregation under different billet sizes (veos=63.5 mm/min, 7T¢,s=991 K, Owaer=250 L/min): (a) shapes of sump, (b) pre-
dicted depth of sump and values calculated by Eq.(3), (c) cooling rates along the radial direction, and (d) relative segregation ((C— C)/Cy)

profiles

Fig.5 shows the distribution of temperature and flow fields
under different casting speeds. It is clear that the flow is
clockwise in case 4 and 5, and the velocity of flow increases
from 0.015 m/s to 0.085 m/s. The sump becomes much deeper
with increasing the casting speed.

Fig.6a shows the effect of casting speed on the shape of

mushy zone. It can be seen that the liquidus and solidus de-
crease dramatically with increasing the casting speed. Fig.6b
shows that the predicted depths of the sump for three cases
arel25, 208 and 282 mm, separately. The segregation patterns
in case 2 and 5 are similar (Fig.6c).
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x/m

r/m

Fig.5 Distribution of temperature and flow fields under different
casting speeds: (a) Veas=32 mm/min, (b) veae=63.5 mm/min,

and (C) veas=127 mm/min

In case 4, where the casting speed is 32 mm/min, the
segregation is dramatically different. In this situation, the
sump is shallow and the slope is gentle with the value of 30°,
compared with other two cases (45° of case 2 and 60° of case
5). Therefore, the positive segregation is generated in the
center where the contribution to the positive segregation in-
duced by thermosolutal convection dominates over the shrink-
age-induced negative segregation. Meanwhile, the negative
effect of the floating grains on the center segregation is ig-
nored. This is also in accordance with the normal segregation
cast “d/a <1, where d is the billet diameter
and a is an alloy-dependent constant, about 16 000, the ex-
perimental result of Dorward et al !'*! also supports this results.
It should be noted that this criterion is a function of the size of
the billet and the casting speed. Case 2 and 5 are in verse

criterion !, If v

situations, and the extent of segregation in case 2 is about 25%
less than that in case 5.

a 400
B b 15| = == Case 4 (Cu) c
R [ XY Predicted N 3 T T Cased(My)
S E300f ZZcacuedbyEa®) 252 279 Z 10t E:Zji;‘z)
& s o === ase 5 (Cu
PO e
S o0} \ 83 §% % 2
\ \/ \/ 10}
0 v=32mm-min’ 1=63.5 mmmin’ y=127 mm-min"' 0 5I0 l(I)O 150 200

r/mm

Fig.6 Comparison of segregation under different casting speeds (=400 mm, 7.,5=991 K, Owae=250 L/min): (a) shapes of sump, (b) predicted

depths and the values calculated by Eq.(3), and (c) relative segregation ((C-Co)/Cy) profiles

3.3 Effect of casting temperature

Fig.7 shows the distribution of temperature and flow fields
under different casting temperatures. There are similar situa-
tions for the flow patterns in case 6, 2 and 7. The velocity of
flow increases slightly with increasing the casting tempera-
tures.

Fig.8a shows that the position of the mushy zone shifts
slightly downward with increasing the casting temperature.
Hence, the increase of the melt temperature has very few ef-
fects on the shape and dimension of the mushy zone, but af-
fects the liquidus isotherms to a certain extent. The melt
temperature varies from 951 K to 1031 K, accordingly the
superheat of 40 °C for case 6, 80 °C for case 2, and 120 °C
for case 7. Fig.8b shows that the predicted depths of the
sump for three cases are 202, 208 and 216 mm. Hence, the
depth of the sump increases slightly with increasing the melt
temperature.

x/m

rim

Fig.7 Distribution of temperature and flow fields under different
casting temperatures: (a) Tes=951 K, (b) Tear=991 K, and
(©) Teas=1031 K
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Fig.8 Comparison of segregation at different casting temperatures (=400 mm, ves=63.5 mm/min, Qwaer=250 L/min): (a) shapes of sump,
(b) predicted depths and the values calculated by Eq.(3), and (c) relative segregation ((C— Cy)/Cy) profiles

The higher melt temperature results in a higher temperature
gradient in the liquid, corresponding to the higher driving
force for thermo-solutal convection and benefits the strong
melt flow from the billet surface to the centerline. The melt
flow will penetrate deeper into the mushy zone and bring
more solute-rich liquid to the center, and cause more negative
segregation in the subsurface (illustrated in Fig.7). However,
the positive segregation induced by this flow is counteracted
by an increased amount of floating grains caused by a higher
superheat in the center. The melt superheat has little effect on
the shrinkage-induced segregation because the slope of the so-
lidification front is hardly affected by the melt temperature.
Above all, only the segregation in the subsurface and surface
of the billet increases to a certain extent as casting temperature
increases, as shown in Fig.8c.

3.4 Effect of intensity of secondary cooling zone

The heat transfer coefficients for primary cooling in the
mold and secondary cooling zone are dependent on the water
flow rate *%!. This water flow rate significantly affects the in-
tensity of secondary cooling zone, because the mold heat flux
is mainly controlled by the interfacial gap and thickness of the
solidifying shell.

Fig.9 shows the distribution of temperature and flow fields
under different intensities of secondary cooling zone. The
flow pattern in case 8 and 9 is similar to that in case 2. The
velocity of flow and the positions of liquidus and solidus de-
crease with increasing the intensities of secondary cooling
zone.

Fig.10a shows the shape of the sump with variant water
flow rates. The predicted depths of the sump in three cases are
235, 208 and 186 mm, separately (Fig.10b). Case 9 with high-
er water flow rate has a narrower and more gentle sump.
However, there is almost no change in the isotherms at the

x/m

r/m

Fig.9 Distribution of temperature and flow fields under different in-
tensities of secondary cooling zone: (a) Qwaer=125 L/min,
(b) Owater=250 L/min, and (¢) Qwater=375 L/min

periphery of the billet in the mold. The predicted results are
also supported by Prasso et al ***!

In these cases, the segregation induced by shrinkage will
decrease the negative segregation in the center, due to the
shorter length of mushy zone and the almost invariant slope of
the solidification front (Eq.(4)). Furthermore, the ther-
mo-solutal flow is restricted in narrow mushy zone and less
solute-rich liquid is taken out, resulting in the alleviative
segregation. In addition, the floating grains have less opportu-
nity to accumulate in this narrow mushy zone. All in all, the
segregation decreases with increasing the intensities of sec-
ondary cooling zone (Fig.10c). It is also noted that this effect
is insignificant if the cooling intensity provided by water flow
rate is sufficient.
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Fig.10 Comparison of segregation with different intensities of secondary cooling zone (=400 mm, v¢,s=63.5 mm/min, 7T¢,s=991 K): (a) shapes

of sump, (b) predicted depths and the values calculated by Eq.(3), and (c) relative segregation ((C— Cy)/Co) profiles

4 Conclusions

1) A larger billet size usually means a slower cooling rate, a
deeper and wider sump, which results in the severer segrega-
tion in the billet center. The sump magnitude exerts a stronger
effect than the casting speed. The segregation increases with
increasing the billet size at a given casting speed.

2) Increasing the casting speed dramatically increases the
sump depth. Therefore, higher casting speed promotes a larger
macrosegregation. In comparison with other casting parame-
ters, the effects of casting speed on segregation are significant.

3) The sump depth increases slightly with increasing the
casting temperature. The segregation in the subsurface and
surface of the billet increases as casting temperature increases,
but there is no remarkable effect on the rest of the billet.

4) A higher water flow rate produces a narrower and flatter
sump. The thermo-solutal flow and floating grain motion as
well as the shrinkage-induced flow are restricted. Therefore,
segregation decreases with increasing the intensity of secon-
dary cooling zone.
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