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Abstract

The as cast chemical composition of a DC-cast billet or slab
involves mechanisms as movement of solid grains, that are lean
on alloying elements, as well as movement of interdendritic
liquid, that are enriched on alloying elements. These phenomena
can result in the composition being out of the specification at the
surface area for billets or in the centre for large slabs. In this study
macrosegregation including thermal and solutal convection,
solidification shrinkage, grain motion and surface exudation is
simulated on a billet cast at the Alcoa Lista plant. The model
includes the air-gap formation against the mould during DC-
casting and the flow of liquid through the semi-solid surface that
is created under such conditions. Modelling results are compared
with measurements of chemical composition through the billet
from centre to surface and on the exuded layer itself as well as a
characterization of the thickness of the exuded layer.

Introduction

Macrosegregation in a cast product is the result of several
competing phenomena. Thermal convection will drive the fluid
flow downwards along a solidifying wall while solutal convection
for alloys with a light alloy element (like magnesium) will drive
the flow in the opposite direction. Free moving equiaxed solid
grains are not always heavier than the enriched liquid if the alloys
contain a high amount of a heavy element. Shrinkage flow is an
important effect typically leading to a depleted zone in the centre
of a DC-cast product and it might be worse of better when the
other mechanisms for macrosegregation is “added”. For the
surface region exudation tend to be a dominating effect - during
DC-casting of aluminium ingots the surface against the mould
experiences a pull-in force that magnifies the air-gap during
solidification close to the mould surface. This is a global
phenomenon that results in early and large air-gap formations
compared to the shape-casting situation. Due to the semi-solid
surface created under such conditions, exudation through the
surface may appear. Further on, forced convection can modity all
the above mentioned mechanisms by an external controlled flow
(flow distributors, electromagnetic induced, ultrasonic etc).

Due to the complexity involved a modeling tool may be very
useful in quantifying the different effects for a specific alloy cast
with a special design. And thereby support new process
developments directed at minimizing macrosegregation.

In an earlier work [1] efforts were made to model the exudation
flow, not based on a pre-set of the primary cooling zone and the
position of the air-gap against the mould. Instead a more
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sophisticated model (called Alsim) were applied to predict the
length of the primary cooling and air-gap zones as well as the
thickness of the air-gap. The calculation of the thickness of the
air-gap was based on displacements results from the mechanical
model part. This thickness was then modified due to the filling of
the gap by the enriched exuded liquid. The same coupled thermo-
fluid-mechanical model is applied in the study presented here, but
now a macrosegregation module has also been added to the
modeling framework.

Experimental study

The investigated material was taken from a 270mm (11 inch)
billet produced at Alcoa Lista. Details about the mould technology
are found in [2]. The alloy composition target is shown in Table 1.

Table 1. Chemical target composition for the alloy.
Conc. [wt%] Si Mg Fe Mn
0.63 0.46 0.23 0.17

Cu
0.15

A photograph of a typical surface of the alloy called F27 is shown
in Figure 1.

The samples for macrosegregation characterization of the
subsurface layer were made by cutting @ 3mm ring from the billet,
which was subsequently cut in half and straightened. Then
samples of 4x4cm size were made for OES (Optical Emission
Spectrography). The samples were milled in 200um steps to
obtain a detailed macrosegregation profile in the subsurface
region. The bulk macrosegregation profile was made up by OES
measurements every ~10mm from the surface to the centre of the
billet. The measured profiles for the outer 30mm’s are shown in
Figure 2. The bulk macrosegregation profile for silicon is shown
in Figure 3. The thickness of the exudated layer was characterized
by surface topography measurements using an optical technique
based on a White Light Interferometer. The measurements were
carried out on a band of material (3.7x40mm). The measured
surface is shown in Figure 4, while the cumulative distribution of
heights in the sample are given in Figure 5. In the middle of
Figure 4 we can see “beads” with a height from bottom (blue) to
top (red) of about 200-300pm.
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Figure 2. Measured concentration profiles for all

components up to 30mm from the surface.
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Figure 3. Measured concentration profile for silicon from surface
to the centre of the billet.
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Figure 4. Measured surface topography. The height positions in

the sample are given relative to the average height in each sample.
The casting direction corresponds to the x-direction in the figure.
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Figure 5. Cumulative distribution of the surface heights shown in
Figure 4.

Modelling

In order to handle the modelling of macrosegregation, air-gap
formation and exudation in a semi-solid material a volume-
averaged two-phase model approach is used for the fluid flow,
grain motion and the stresses and deformations. A mixture
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modeling approach is used for the enthalpy and species
conservation. The fluid flow is divided into two different regimes,
a slurry momentum regime and a porous flow regime. The slurry
includes free moving grains with an average grain size dependent
on the local solid volume fraction. The following equations are
based on [1] modified with slurry regime momentum conservation
and species conservation.

Fluid flow and grain motion

For the porous flow regime the liquid mass and momentum
equations are based on the volume-averaged two-phase model in

[3]:
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where p!, p°, g, %, ©;, ujl, u, pl, v, fi' and K are liquid density,
solid density, liquid volume fraction, solid volume fraction,
velocity of computational nodes, liquid velocity, solid velocity,
liquid pressure, kinematic viscosity, external forces and
permeability, respectively. D /gt denotes the time derivative of a
variable moving with the velocity of the computational grid.
Solidification shrinkage, interfacial friction, momentum transfer
due to phase change and macroscopic viscous stress contribution
are included. The permeability of the semi-solid material is
assumed to follow the Kozeny-Carman relation:
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—m & 3)
180 (1-g,)

where 1,, is a characteristic length of the microstructure. In our
case, with a grain-refined close to globulitic microstructure the
arithmetic mean of the measured average grain size and secondary
dendrite arm spacing close to the surface was used. This was
120pum and 30um respectively, so 75um was used to represent 1,

For the solid free grain (slurry) regime, following [4], a similar
equation like Eq.2 may be defined and simplified by neglecting
the inertia term (solid grains are instantaneous accelerated by the
liquid), and wusing that the solid particles are completely
surrounded by liquid with pressure p' we end up with the
following solid momentum conservation equation:
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where D is a drag term for the free grain regime, see [4]. In this
study a constant solid volume fraction (packing fraction) is used
to distinguish between the slurry and the porous regime. For solid
volume fractions smaller than the packing fraction the slurry



regime is applied. In the porous regime (solid volume fraction
larger than the packing fraction) the solid velocity is set equal to
the casting velocity. The numerical solution applies in principle
the same techniques as in [5].

Stresses and deformations

The mechanical analysis is carried out in the fully solid regions of the
ingot as well as in the coherent part of the mushy zone. The upper
boundary of the coherent mushy zone corresponds to a solid volume
fraction equal to 0.6 in this study. For a complete description of the
mechanical model employed, see [6]. Here only a brief description is
provided. Denoting the solid stress 6, the mixture momentum balance in
the coherent part of the mushy zone can be expressed by:

v'[QSGS]_Vl:glpl]-*_[psgs"_plg/]g:() ®)
where g is the gravity vector. The model formulation has been based on
the classical small deformation theory where the total strain e, derivable

from the displacement field u is subdivided into viscoplastic, elastic and
thermal components.

1 ¢
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The thermal strain component can be written as an integral of the
(volumetric) thermal expansion coefficient S7.
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The constitutive equation for elasticity (Hook’s law) defines how
the stress depends on the elastic strain €° and the temperature
dependent Young’s modulus and Poisson’s ratio entering the
matrix D.

gT
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Constitutive equations for the viscoplastic deformation of aluminium
alloys during solidification are based on [7], where the mushy zone is
considered as a partially cohesive porous solid saturated with liquid:
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J, and J, are the first and second invariants of the effective stress tensor

©

o = (gscs _g‘pll)+ pl s Ts is the solid deviatoric stress tensor, & is
the effective strain rate, and X is the stress triaxiality. Equation (10)
describes the evolution of the partial cohesion of the coherent mushy zone.
Expressions for the solid fraction and triaxiality dependent functions, A,,
A;, and C* are all given in [6]. In the fully solid regions (g,=1, A,=0,
Asz=1, C=1), equation (5) simplifies to the usual Cauchy’s equation for a
fully solid material
V.o, +p,g=0 (1

A set of equations assuming steady state creep above a
temperature Ty and work hardening below this temperature, are
applied for viscoplastic deformation in the fully solidified regime:

&=F(T)-(d+¢)"-(5,)" (12)

dg = dg, when T<T, (13)
"1 0 when T>T,

Enthalpy and species conservation
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The following mixture formulation is applied:

D 0 _

o h _ . 1 lhl+ K Ah,\' +

o (Ph)-o, o) (o'g'n' + p'g'’) "
a L 1yl 1 s _Sps.S a 6

— hu' hul)J=—A—T

ox (pg nree u’) ox;  ox,

J J

where h, A and T are the enthalpy, the heat conductivity and the
temperature. In the macrosegregation calculation the temperature
is found from an iterative micro model dependent on the mixture
enthalpy and the mixture concentration (i.e. a non-fixed
solidification path is applied). The lever rule model was applied in
this study. Constant liquidus slope and partition coefficient for
silicon was -6.7K/wt% and 0.13, respectively, from [8]. For the

other alloy components is was -1.7/-1.4/-5.5/-2.6wt% and
0.02/0.95/0.35/0.14 for Fe/Mn/Mg/Cu, respectively.
For the solute a similar mixture formulation is used:

D 0

= (p'g'c +pg°c)-w, g(p’glci’ +p'gC )+

! (15)

i(plglcfulv + P“'g‘}c;"uf) _

axf J J

2y B e @

Ox, ox, ox, ox,

By using the definitions pc' = p'g' ¢;'+ p*g° ¢;*and pD' = p'g' D!
+ p*g® D;® and taking into account that the diffusion is very small

this equation can be approximated with the following
simplification:
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Diffusion constants applied in this study was 10°m%s and
10"%m?%s for the liquid and the solid, respectively (all alloy

components).

Thermo-fluid-mechanical coupling

The resulting stresses and displacements affect the thermal
boundary conditions regarding contact zones or air gaps between
ingot and mold. Fluid outflow from the semi-solid surface is only
allowed if there is a local air-gap at the current element surface.
The local air-gap value is a result of the local displacements and
the local exudation thickness (a large outflow will close the air-
gap). With no air-gap the fluid outflow is hindered by the solid
mould surface. Due to numerical considerations of what to be
handled as a real air-gap the minimum air-gap size for exudation
was set to 1 micrometer in this study. If the calculated air-gap is
larger than 1um a pressure boundary condition is applied in the
solution of the liquid mass and momentum equations. The
pressure at the melt surface is equal to zero and the pressure at the
local air-gap surface is calculated from the height of the metal
column above the surface. This pressure drop is then the driving



force for the fluid outflow, while the pressure drop through the
semi-solid material is the limiting factor. More details about
thermal and mechanical boundary conditions can be found in [2].

Material properties

Thermal properties for the alloy were calculated by the
microstructure model Alstruc [9]. For the mechanical properties
the F(T), n(T) and m(T) functions in equation (12) were taken
from the 6063-alloy in [10]. The parameters for the cohesion
mechanical model of the semi-solid material were taken from [7],
as measured for a grain-refined AlCu-alloy.

Results

A fully coupled heat and fluid flow, stresses and deformation
calculation was performed. This simulation included the ingot, the
starting block, the mould, the gas, oil and insulation (transition)
rings above the mould and the hot-top. The contact area and the
air-gap size against the mould were dynamically calculated by the
model and back-coupled to the thermal boundary conditions.
Elements are added to the computational domain as the simulation
proceeds so the domain increases in size similar to the casting
itself. Thereby the concentration fields are calculated for the
whole start-up phase. The calculated silicon concentration at 220
seconds from start of casting is shown in Figure 6.
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Figure 6. Silicon concentrations (wt%) in the billet at 220 seconds
from start of casting.
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The average silicon concentration calculated from the
measurements was 0.593wt%. The “warm” colours (green,
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yellow, red etc) represent areas with positive segregation while
the “cold” colours (the blue ones) represent areas with negative
segregation. Due to shrinkage flow the average concentrations
inside the mushy sone is negative. The concentration within the
exuded layer is of course much higher, this concentration was
calculated to be 2.56wt% and the thickness of the exuded layer
was 0.11mm. Figure 7 shows a focused view of the mushy zone
close to the mould.

Figure 7. Silicon concentrations (wt%) in the billet at 220 seconds
from start of casting. Focused view at the surface region.

Note how the solid fraction varies close to the surface for higher
values where exudation is present (e.g. 0.9 and 0.99 in Figure 7).
This is due to the variation in the local chemical composition
resulting in different solidification paths.

The calculated silicon concentration profile through the billet at
close to stationary conditions is shown in Figure 8. Figures 9, 10,
11 and 12 shows the similar profile but after removing, one by
one, the mechanisms behind macrosegregation, but keeping
exudation. The scale has been changed in order to better show the
differences.

Figure 13 shows an ad-hoc variation of grain size and how that
influences the results for modeling cases including grain motion,
shrinkage etc but without exudation. Exudation was removed in
order to better study the effect of grain size alone. The packing



fractions of the grains were also varied such that the packing
fraction was reduced with larger grain sizes and increased with

smaller grain sizes.
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Figure 8. Comparison between measured silicon concentrations
(diamond symbols) and model results (continuous line).
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Figure 9. Comparison between measured silicon concentrations

(diamond symbols) and model results (continuous line) and
simplified model results with no grain motion (dotted line).
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Figure 10. Comparison between measured silicon concentrations
(diamond symbols) and model results (continuous line) and
simplified model results with no grain motion and no shrinkage

flow (dotted line).
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Figure 11. Comparison between measured silicon concentrations
(diamond symbols) and model results (continuous line) and
simplified model results with no grain motion, no shrinkage flow
and no solutal convection (dotted line).
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Figure 12. Comparison between measured silicon concentrations
(diamond symbols) and model results (continuous line) and
simplified model results with no grain motion, no shrinkage flow,
no solutal convection and no thermal convection (dotted line).
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Figure 13. Model results where exudation was omitted. Results
are with grain size 60um and solid volume fraction at packing 0.4,
grain size 120pm and packing fraction 0.3, grain size 240um and
packing fraction 0.2.

Discussion

From Figure 5, we can see that about 95% of the surface is in the
interval —0.1mm to +0.1mm from an average level, but we do not
know from these measurements the position of the original
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surface. If we assume that the original surface correspond to
-0.1lmm in Figure 5 the average exudation thickness should be
around 0.1mm. The calculated exudation thickness 0.11mm is of
that order. So both the surface segregation profile and the
exudation thickness are supported by the measurements. Also
comparing the calculated average concentration in the 0.11mm
thick exudated layer, which was 2.56wt%, with the depleted
profile in the subsurface layer shows a close match between this
profile and the amount of exuded silicon.

The bulk macrosegregation profile is of interest regarding
validation of the modelling tool. The depleted centre region is
found also in the model and of the same order. Looking on the 2D
map of concentrations in Figure 6 we may notice the positive
segregation close to the bottom block and the mould which is due
to solidification shrinkage against a chill surface (if exudation is
not present). Due to a filling time and initial solidification before
start of casting the impression of the transition ring can also be
seen in the concentration map about 20mm up from the bottom
block edge. As the casting starts (bottom block starts to move) the
continuous casting enhanced air-gap is developing and so is the
exudation.

Looking on the results in Figures 9 to 12 shows that shrinkage
flow is the main contribution to the bulk macrosegregation for this
particular example. Removing grain motion decreases the amount
of negative segregation in the centre, this is due to the removal of
the lean grains transported against the centre by gravity forces.
Also the depleted layer is a bit broader without grain motion, this
is because the free flow down to packing (solid) fraction 0.3,
when grain motion is included, narrows the zone with restricted
inter-dendritic flow. If the shrinkage flow is removed in addition
to grain motion there is not much bulk macrosegregation left.
There is a small positive segregation downwards along the
solidification front due to the transport of enriched interdendritic
liquid. For this transport thermal convection is more important
than solutal convection, this is probably due to the low alloy
content and including magnesium as well which diminishes the
solutal forces. Removing also thermal convection (so only forced
convection and exudation left) shows a uniform bulk
concentration profile.

The results regarding sensitivity of grain size show that assuming
half grain size (more globulitic and flowing freely deeper into the
mushy zone) enhances the negative segregation in the centre
while assuming double grain size (more dendritic and packing at
smaller solid fracion) diminishes the negative centre segregation.
Against the mould (which act as a normal chill surface in this case
without exudation) the positive segregation is caused by shrinkage
flow.

The risks (uncertainties) in a modelling study of this kind are
numerous. Factors influencing the results are physical constants
like phase diagram data, partition coefficients, the Ilength
parameter used for calculation of the permeability, choice of drag
coefficient, microsegregation model etc. In order to gain
confidence in a model like this a set of macrosegregation profiles
for different DC-cast products (dimensions, alloys) are needed.
Some of them can be found in the literature, like in [11]. Further
work will be concentrated on validation against larger
experimental data sets.
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Conclusions

The macrosegregation in the case of a ¥270mm 6xxx billet is
mainly due to exudation and shrinkage flow. Grain motion and
solutal convection plays a smaller role. This is not a general result
but a result for this particular alloy, dimension and casting
technique. The amount of exudation can be influenced by the
metallostatic head and the mould cooling height, while negative
centre segregation from shrinkage flow can chiefly be influenced
by the casting speed. Modelling of macrosegregation can
contribute to enhanced understanding and control of cast product
quality and homogeneity in general.
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