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Abstract

Macrosegregation refers to the inhomogeneous distribution of solute elements at the scale of cast
product. It is a severe defect affecting the quality of cast product produced through Direct Chill (DC)
casting process. Several casting process parameters like casting speed, cooling rate, inoculants, inlet
melt flow etc. affect macrosegregation formation. Shrinkage induced flow, natural convection and
equiaxed grain motion are some of the macroscopic transport processes contributing to
macrosegregation formation. Of these, equiaxed grain motion and its interplay with other transport
mechanisms leading to macrosegregation formation is not well understood. The complexity increases
when the grain morphology is accounted for which further influences macrosegregation formation.
Experimental studies provide limited insight and are both expensive and difficult to perform. This is
where numerical tools, complemented with increase in computational resources in recent times, offer
the scope to provide an improved understanding of these complex interactions especially accounting for
grain morphology. The goal of this work is to establish a numerical framework within which the effects
of transport mechanisms with focus on grain motion and morphology on macrosegregation formation
can be studied. Additionally, the effect of modification of the inlet melt flow on macrosegregation is
studied using this framework. Furthermore, we move from 2D sheet ingot simulations to full scale 3D
sheet ingot simulations providing an opportunity to assess the impact of space on macrosegregation
formation.

A previously published two-phase volume averaged solidification model is used to study the effect of the
alloy elements (Mg, Cu and Zn) on macrosegregation formation in 2D sheet ingots by studying the
transport mechanisms individually and in combination. Mg is lighter than Al whereas Cu and Zn are
heavier. This modified the natural convection which further effected the other transport mechanisms,
especially grain settling. As a consequence, the mechanisms contributing to macrosegregation
depended on the type of the alloy, in spite of the relative macrosegregation formation being similar for
all three alloys considered. To study the influence of spatial variations on macrosegregation, the same
model was used to conduct a comparison study of 3D and 2D sheet ingot simulation against experiment.
For open inlet, both 2D and 3D (in the center) sheet ingot simulations compared well with each other
and had a reasonable agreement with the experiments. Since the simulation was done in 3D, the
horizontal macrosegregation map could be compared with experiment for the first time.

The two-phase model is extended to a simplified three-phase model, as a part of this work, to also
account for grain morphology. The simplified three-phase model is novel in its approach as it solves for
the grain growth kinetics accounting for three phases (solid, intragranular liquid and extragranular
liquid) but solves for the macroscopic transport accounting for only two phases (solid and liquid), similar
to the two-phase model. This simplification significantly reduces the computational cost and complexity
of its numerical implementation. The simplified model is verified against the full three-phase model and
it is shown that the model is viable and is able to accurately predict recalescence. The simplified model



gives somewhat more dendritic morphologies than full model but captures the morphology transition
well. This simplified three-phase model is also validated against experimental data for AA7050 on axis
symmetric billets. A good correlation between experiment and simulation is obtained.

Macrosegregation reduction or optimization is important to maintain ingot quality. The first step
towards achieving this is by modifying macrosegregation by controlling process parameters. This has
been investigated experimentally in the recent times by modifying the inlet flow. Equiaxed grains usually
settle at the center of the ingot and an inlet jet was used to resuspend these solute lean grains. This
resuspension resulted in macrosegregation modification and in some cases macrosegregation reduction.
An attempt is made to complement these experimental studies by numerically modifying
macrosegregation by introducing an inlet jet. This qualitative study is conducted on axis symmetric
billets and 3D sheet ingots using the simplified three-phase model. It is shown that macrosegregation
modification due grain resuspension is possible by using an inlet jet. The extent of modification
depended on the grain morphology: globular or dendritic.
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1. Introduction

1.1. Aluminium: Some Background

Aluminium is formed by fusion reactions in stars where a single proton is added to Magnesium. But on
earth, Aluminium is found in the crust. It is the most abundant metal found in the universe and third
most abundant element found on earth after Oxygen and Silicon [1]. Owing to its reactive nature, it is
never found in its pure form. Bauxite is the most important ore for aluminium extraction. Though
various scientists and engineers tried to extract pure aluminium during the 19th century, the cost of the
extraction of pure aluminium remained higher than the cost of extraction of pure gold. This resulted in
aluminium being called "Metal of Kings"! [2]. True to its name, the price of 1kg aluminium was about
$1200 in 1850s in comparison to $664 per kg for gold. By 1859, the price of aluminium came down to
$34 per kg as potassium was replaced with much cheaper sodium used in the reaction to isolate
aluminium. Aluminium prices dropped to around $1.2 per kg in 1895 due to the discovery of Hall-
Heroult electrolytic process a decade earlier. From then onwards, the world’s production of aluminium
increased exponentially and it is used in a wide variety of products ranging from an aluminium foil to
cover food to the aluminium body of an aircraft. Some of the interesting applications and facts of
aluminium are described below.

e Aluminium is light weight and has a density of approximately one-third of the density of steel. In
addition to this, the mechanical strength to weight ratio aluminium is a contributing factor for
its application in aerospace and automotive sector. The major weight of aircraft and spacecraft
bodies is from aluminium. In the automotive sector, aluminium is gaining importance due to its
recyclability.

e The electrical conductivity of aluminium is only about 60 percent that of copper per cross
section area. Nonetheless, it is used in the electrical transmission lines due to its light weight.

e Recycling aluminium needs only 5 percent of energy required to extract pure aluminium from its
ore. This is a very important aspect for reduction of environmental pollution. Estimates indicate
that about 75 percent of aluminium ever made is still in use because of recyclability.

e Aluminium should in principle be a highly corrosive metal. It is highly reactive with oxygen and
loses an electron easily, the same process which results in rusting of iron. Surprisingly, the
reaction product aluminium oxide sticks to the metal and forms a fine layer which shields the
metal from further decay. This property offers the possibility of using aluminium in packaging
and shipping industry.

Due to these interesting and economically important properties, engineers and scientists’ interest in
aluminium never ceases.
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1.2. Aluminium Alloys

Aluminium is a soft, light weight, ductile and malleable metal. Its elastic modulus is around 70 GPa,
about one third of steel. This would result in greater deformation of an engineering component for a
given load when compared to that of steel. To make it stronger and more durable, it is mixed with
different alloying elements. For example, to survive the heat and temperature loads in an aircraft or car
engine, we usually mix aluminium with copper. For packaging, we need aluminium which can be easy to
shape and seal. This can be done by mixing it with magnesium. As mentioned before, aluminium is used
in transmission lines owing to its lightweight even though copper conducts electricity more efficiently. In
order to retain the efficiency, aluminium is alloyed with boron which has comparable efficiency to that
of copper. Other metals which are used to make aluminium alloys are lithium, manganese, silicon, tin,
zinc etc. Depending on the application, these alloys are mixed with aluminium. But aluminium alloys
generally have 90-99 percent pure aluminium. Detailed information of influence of alloys on aluminium
are well documented [3]. Aluminium alloys can be classified into primary and secondary alloys based on
the impurities present. Primary alloys are produced from electrolysis and have negligible impurities.
Secondary alloys are obtained from recycled material and have higher impurities.

1.3. Aluminium Production

Fig 1-1 shows the step by step production of aluminium [4]. Due to its reaction with oxygen, aluminium
is never found in its pure form. Aluminium exists in the Earth’s crust as bauxite ore. This ore has one
third water molecules embedded into the crystal structure of aluminium oxide. Also, there could be
other impurities in the bauxite ore. Getting pure aluminium requires a multi stage process where
different kinds of impurities, water and oxygen are removed at different steps.

Bayer Process

; |
| :
! . Refining Aluminium Heating . H
| Bauxite . . Pure Alumina :
! Oxide/Alumina :
e |
Processing
( Hall-Héroult process)
Aluminium Liquid
Products Casting Aluminium

Fig 1-1 Schematics of Aluminium Production

The raw bauxite is extracted from earth and is washed off in the production plants and passed through a
grinder. This powder is mixed with hot solution of caustic soda and lime to separate alumina (or
aluminium oxide). This process is called refining. Alumina obtained after refining is heated and filtered
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to obtain pure alumina. The pure alumina is dried to a white powder. The whole process up to this point
is known as the Bayer Process. In the processing stage, Hall Héroult process is typically employed. Extra
raw materials are used to obtain pure aluminium, carbon and electricity. Electricity is run between
cathode and anode, both made up of carbon. Oxygen in the alumina reacts with the anode and forms
carbon dioxide. What remains is pure liquid aluminium which can be tapped and cast into products of
desired shape and size. The casting product might or might not result in the final product. Mould casting
is an example of casting methodology which produces the desired product directly. But in case of ingot
or billet casting, aluminium is cast into an intermediate product which is subsequently used to transform
into finished products.

1.4.DC Casting of Aluminium Alloys

In commercial aluminum alloy processing, semi-continuous Direct-Chill (DC) casting is an important
industrial casting process for producing ingots (for rolling sheets of aluminum) or round billets (for
extrusion) which can be up to 10m long and up to 2m wide. A schematic representation of the DC
casting process is shown in Fig 1-2. The liquid metal at melt temperature enters from the top. It starts to
solidify against the water-cooled moulds (primary cooling) and is further cooled directly by water jets
underneath the mould (secondary cooling). As the liquid solidifies, the solidified metal is pulled down
with a pre-defined casting speed. We can see three regions from Fig 1-2: the liquid zone indicated in
blue, the solid zone indicated in red and the mushy zone indicated by different colors. The mushy zone
comprises of both liquid and solid.

The existence and extent of the mushy zone can be pointed to the fact that most alloys solidify over a
range of temperatures instead of a precise melting point T, [5]. During the solidification interval, solid
phase nucleates and grows as equixed dendrites in the liquid during DC Casting of aluminium alloys. This
forms an isotropic mushy zone where the solid and liquid co-exist in a temperature interval that
depends on the alloy composition. With increase in alloy composition, the thickness of this mushy zone
increases. Understanding the mushy zone dynamics is critical in understanding the formation of major
defects during the casting process. Some common defects observed during DC Casting are described in
the next section.

1.5.DC Casting Defects

Several defects are observed during the solidification of the melt during DC Casting. Some of them are
porosity, hot tears, macrosegregation etc. [5]. These defects also occur in other forms of casting process,
like in the case continuous casting of steel. These defects can form early during the solidification process
or during the later stages. Porosity for example can manifest in many forms [6]. However, the most
severe form is microporosity. This defect occurs mainly due to shrinkage porosity or gas porosity. The
former mechanism occurs due to the density difference between the liquid and solid phase. This is
observed deep within the mushy zone and as a result, there is restrictive feeding leading to formation of
pores. Gas porosity on the other hand is due to the presence of gaseous elements in the liquid melt.
During solidification, these gaseous elements condense during the early stages of solidification and
result in pore formation. The presence of pores due to either of the mechanisms will be detrimental to
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the mechanical behavior of the alloy. These pores act like local stress concentrators and promote cracks
thereby lowering the fatigue life of the alloy.

Liquid Metal

Mould
(Primary Cooling)

N

Water jets
(Secondary Cooling)

Mushy Zone

l Casting Velocity

Fig 1-2 Direct Chill (DC) Casting Process

In addition to restrictive feeding due to shrinkage porosity, mushy zone subjected to tensile stress can
result in aggravated condition and results in hot tear (or hot cracking) formation. Porosity causes
uniform distribution of pores within the mushy zone but a hot tear is localized at grain boundaries [7].

Another important casting defect commonly encountered is macrosegregation. It refers to the solute
inhomogeneity at the scale of casting [7]. Heat treatment of solidified product will not be able to
remove this defect due to the forbidding time scale of solid state diffusion. Assuming D =
107 m2s~! and L=1 m, the diffusion time is around 125,000 years. Like porosity, macrosegregation
can result in variations of mechanical properties of ingot. It therefore becomes important to understand
the underlying phenomena resulting in macrosegregation. It is here that numerical tools have become
indispensable in understanding, modelling and controlling macrosegregation. Macrosegregation is
positive when the composition of the alloy is above the nominal value and negative when the
composition of the alloy is below the nominal value. A typical macrosegregation profile can be seen in
Fig 1-3. At the center of the cast product, negative segregation is typically observed. It is followed by
positive segregation in the immediate vicinity of the center. Negative sub-surface and positive surface
segregation is observed as we move away from the center of the ingot. Before we move to study

15



macrosegregation formation, we need to understand microsegregation which happens at the scale of
secondary dendrite arm of an equiaxed grain.

i S

Surface Center Surface

Thickness/Diameter

Fig 1-3 Macrosegregation pattern in DC casting process

1.6. Microsegregation

Compositions of solid and liquid phases evolve as solidification proceeds. The solubility of solute in liquid
phase and solid phase is different. In eutectic alloys typically used in DC Casting process, the primary
solid phase has solute content lower than that of liquid phase. This can be better explained with the
help of a phase diagram. Fig 1-4 shows the simplified phase diagram of Al-Cu with solidification path of
Al-10wt%Cu.

16
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Fig 1-4 Simplified phase diagram of Al-Cu

At point 1, we have pure liquid and the composition is uniform and nominal — here 10wt% Cu. As the
system cools down, we reach point 2L. At that instant, solid is formed with solute content lower than
the nominal concentration as indicated by point 2S. As the system further cools down to point 3, the
solute content in the solid reaches 3S whereas the solute content in liquid reaches 3L. Though the solute
content is higher at 3S compared to 2S, the solute content in liquid is much higher compared to the
content in solid at the given temperature (2S<2L and 3S<3L). This redistribution of solute is
characterized by the partition coefficient (k,) given in Eq. (1-1) and this occurs at the scale of a
secondary dendrite arm (10-100 um). This phenomenon is known as microsegregation [8].

Cs (1-1)

1.7.Macrosegregation and its Mechanisms

The solute rejected at the microscopic scale is redistributed macroscopically due to several transport
mechanisms or due to the relative motion between solid and liquid phase resulting in macrosegregation
formation [7]. This relative motion can manifest in many forms and understanding them is very
important in understanding overall macrosegregation formation. The mechanisms of relative motion
(also referred as transport mechanisms) are discussed in this section. Fig 1-5 shows the schematics of
various transport mechanisms resulting in macrosegregation formation.
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a) Solidification Shrinkage Induced Flow b) Fluid Flow

¢) Equiaxed Grain Motion d) Deformation of Mushy Zone

Fig 1-5 Macrosegregation Mechanisms [7]

Solidification shrinkage induced flow occurs due to the increase in density when the liquid
metal solidifies into solid metal. Due to the volume change or contraction of the solid, flow is
induced to feed the contraction. This flow occurs in the deeper parts of mushy zone where the
enrichment on liquid is high. This causes solute redistribution resulting in macrosegregation.
Negative segregation at the center of the ingot and positive segregation at the surface of the
ingot during DC casting process is typically due to solidification shrinkage induced flow [9].
Natural and forced convection causes complex flow pattern resulting in macrosegregation
formation. Natural convection is normally due to the combination of thermal convection and
solutal convection. This arises due to the density variations due to thermal and compositional
gradients in the liquid. Forced convection can be induced by the inlet mechanism, magnetic
fields, stirring etc.

Equiaxed Grain Motion is another known cause of macrosegregation. Equiaxed grain nucleation
is due to the heterogenous nucleation in the melt due to inoculation in DC Casting process. For
alloys used in DC Casting process, these equiaxed grains are formed by rejecting solute in the
surroundings. These solute lean grains at lower solid fractions of mushy zone are not connected
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to any structure and are free to move — settle or float depending on their density relative to
liquid phase. The movement of these grains can cause redistribution of solute, resulting in
negative segregation to the regions they are transported to.

o Deformation of Mushy zone occurs in deeper parts of mushy zone where the mush starts to
form a continuous network. It obtains the ability to transmit strains which can induce fluid flow
resulting in macrosegregation. As an example, the mushy zone can be visualized as a sponge
with liquid [7]. Compressing the sponge results in expulsion of the liquid and traction of the
sponge results in the liquid to be sucked in.

Symmetry
uondenxy 1edy

Fig 1-6 A simple representation of solidification regimes during DC Casting process

The incidence of the above-mentioned transport mechanisms depends on the region of the solidification
domain in the DC Casting process. Fig 1-2 provides an overview of the three main regions in DC casting
process — liquid, mushy zone and solid. In Fig 1-6 we further divide the mushy zone into three regions. It
should be noted that only the half section of the ingot is shown. The regions are described below.

e The first region, called the slurry, is between the white curve and the blue curve. The white
curve is the liquidus and the blue curve is the packing front (or fraction). Liquidus marks the
beginning of solidification and grain nucleation and motion occurs in this region. Also, solutal
and thermal convection have significant presence in this region. The packing fraction (gpqacr) is
the volume fraction at which the grains begin to interlock and cease to move. The definition of
packing fraction is ambiguous and can depend on the grain morphology. Previous experimental
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research estimated the value between 0.2-0.3 [10]. The value used during DC Casting modelling
is usually between 0.15-0.3[11-16]

e The second region, called the packed region, is between the packing fraction and the coherency
fraction, represented by the red curve. Grain motion is non-existent in this region as the grains
are interlocked and begin to coalesce. The fluid flow due to thermal or solutal convection is very
weak due to the low permeability of the region. Only shrinkage induced flow is active in this
part.

e The third region, called the coherency region, is between the coherency fraction and the solidus
(represented by black curve). The coherency fraction is the volume fraction at which the solid
grains begin to form a continuous network of solid and obtain the ability to transmit thermal
strains. Due to this, thermally induced deformations can occur. Along with this, shrinkage
induced flow also acts in this region. The value of coherency fraction depends on the type of
alloy. For example, Stangeland et al. [17] showed that the coherency region begins in the range
of 0.48 to 0.97 for Al-Cu alloys with Cu concentration from 0.3 to 9 wt% Cu.

The mechanisms mentioned above together contribute to macrosegregation formation during DC
Casting process of Aluminium alloys. Referring to Fig 1-3, the positive segregation at the surface is due
to shrinkage induced flow. The adjacent negative segregation in the sub-surface region is due to
shrinkage induced flow towards the surface resulting in depletion. In addition to this, surface exudation
can also cause solute rich layer on top of solute depleted region [18]. This is not described in this work
as we focus mainly on the above-mentioned mechanisms. The mechanisms contributing to negative
segregation at the center and the positive segregation next to center is not well established. It is
believed that shrinkage induced flow predominantly causes negative segregation at the center of the
domain. Equiaxed grain settling in conjunction with thermal and solute convection can also cause
negative segregation. The formation of positive segregation next to center is not well established but it
is generally agreed that multiple phenomenon could contribute towards it [19].

1.8.Experimental Observations of Macrosegregation in DC casting of Aluminium
Alloys

Yu and Granger provided one of the first results for macrosegregation formation in DC cast ingots [20].
The positive segregation towards the ingot surface and the negative segregation at the center of the
ingot were investigated and they concluded that the former phenomena was due to shrinkage induced
flow and the later phenomena was due to grain motion. They observed duplex grain structure at the
center of the ingot with a mix of fine and coarse cell dendritic grains. This varying microstructure
suggested different origins and thermal histories of the grains and have been transported towards the
center of the ingot. Dorward and Beernsten [21] studied the relation between sump depth and
macrosegregation formation. With higher casting speed, a deeper sump was observed which promoted
macrosegregation. Later Gariepy and Caron [22] analyzed the impact of melt feeding system and grain
refiners on macrosegregation. They observed that negative segregation increased with grain refinement.
Under the European EMPACT project [23—-25], macrosegregation formation for AA5182 alloy was
studied under different conditions: with and without grain refiners and different kinds of melt
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distribution system. They found that macrosegregation severity increases with addition of grain refiners
and related this finding to the presence and transport of equiaxed grains which form typically on the
grain refiners. Also, the melt distributor system played an important role in modifying
macrosegregation. This showed the importance interdendritic melt flow through the porous mushy zone
and demanded attention to the accurate modelling of permeability of the mushy zone.
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Fig 1-7 a) Relative segregation of Mg in color map on the horizontal plane for quarter ingot
and b) Relative segregation of Mg along the thickness of the ingot

Fig 1-7a shows the relative macrosegregation of Mg along the horizontal plane for a casting trail where
an inlet combo-bag setup and grain refiners were used [9]. For the same case, relative segregation of Mg
along the ingot thickness can be seen in Fig 1-7b [26].

elt inlet
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Fig 1-8 Geometry of the melt feeding systems [27]. a) Semi-horizontal melt feeding system
and b) Vertical melt feeding system
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Eskin et al. [28,29] conducted a series of experiments on Al-Cu alloy to study the impact of various
process parameters on macrosegregation, microstructure and various other casting defects. They also
observed that increasing casting speed increased macrosegregation in all regions of the cast product
[28]. In the same paper they also discussed the impact of water flow rate in secondary cooling on
macrosegregation formation and microstructure. Structure refinement was observed with increasing the
flow rate although the effect was found to be minimal. Similarly, macrosegregation was also found to be
minimally affected with water flow rate. They found little to no impact of inlet melt temperature on
macrosegregation and the influence was restricted close to the surface [29].
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Fig 1-9 Reproduced curves [30,31] across the billet diameter of a) relative macrosegregation
of Zn for semi-horizontal and vertical melt feeding system and b) grain size for semi-
horizontal and vertical melt feeding system

Zhang et al. [27,30] carried out experiments to study the influence of melt feeding system on
macrosegregation formation and grain structure in DC cast billets with AA7050 alloy. Two kinds of inlet
melt system were used — a semi horizontal melt feeding system and a vertical melt feeding system, both
shown in Fig 1-8. Only the half section is shown and the left vertical side for each system corresponds to
symmetry axis. It was observed that the melt feeding scheme played a crucial role in macrosegregation
and microstructure formation by modifying the sump profile and flow patterns. The macrosegregation
pattern for Zn and microstructure profile for the two types of inlet melt system can be seen in Fig 1-9a
and Fig 1-9b respectively. For the semi-horizontal melt feeding system, a gentle slope of solidification
front was found. In contrast, for the vertical melt feeding system, a vertical solidification front was
observed 40 mm away from the center of the billet. This was attributed to the presence of vertical jet
directed towards the center of the ingot which penetrated the mushy zone creating a cliff like
solidification front [27]. This work [30] also reported for the first time the recirculation of the grains by
pushing them away from the center of the billet due to vertical inlet jet. But this shift in position of the
settling of solute lean grains did not result in less pronounced negative segregation at the center of the
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billet. In fact, severe negative segregation was observed and it was understood that the strong inlet flow
could wash away solute from the center and transport it to other parts of the billet [32].
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Fig 1-10 Schematics of equiaxed grains in DC cast sump where in a) grains settle and form a
packed bed at the center of the ingot and b) inlet jet penetrates the settled grains and
recirculates them away from the center of the ingot. The blue line indicates packing limit —
volume fraction at which grains begin to coalesce

Very recently, Wagstaff and Allanore [33—35] conducted experimental studies on sheet ingots with Al-
4.5wt%Cu alloy. Similar to Zhang et al. [30], they used an inlet jet to modify macrosegregation
formation. Wagstaff and Allanore proposed an optimal jet condition [33] strong enough to resuspend
grains from the center of the ingot and at the same time weak enough to avoid any erosion of solute
elements . An illustration of this grain resuspension can be seen in Fig 1-10. Wagstaff and Allanore [33]
introduced jet Reynolds number (Re;) which was dependent on the mold length(M;) and width(M,,),
casting velocity(V,qs), radius of the inlet(r) and kinematic viscosity of the liquid metal(d). The
expression for jet Reynolds number is given in

e = ZMleVcast (1'2)
J rd

Casting trials were conducted with standard casting procedure (combo bag) and with varying inlet jet
velocity based on the jet Reynolds number. Fig 1-11 gives an illustration of the relative
macrosegregation contour maps on the horizontal quarter section for two cases — inlet system with a
combo bag and inlet system with a vertical jet with jet Reynolds number of 81,000. By using a combo
bag, a large region of negative segregation is observed along the ingot width. But this negative
segregation was eliminated by using an inlet vertical jet. Resuspension of the grains was considered as
the primary reason for this effect. The existence of an optimal jet to potentially eliminate negative
segregation was confirmed by this work.
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Fig 1-11 Relative macrosegregation contours measured in one quadrant of the horizontal
section [33]: a) Standard casting with combo bag and b) Using inlet jet with Re;=81,000

1.9. Review of Macrosegregation Modelling

In the current section we focus on the advances in mathematical modelling of macrosegregation. We
first discuss the modelling aspects of alloy solidification in general and then emphasize on modelling of
DC Casting process.

1.9.1. Solidification and Macrosegregation Modelling of Alloys

The first efforts to provide a quantitative expression for macrosegregation was done by Flemings and co-
workers [36—38] in 1960's. The Local Solute Redistribution Equation (LSRE) proposed by them assumes
perfect local mixing of solute in the liquid phase and no mixing in solid phase. Flemings showed that the
incidence of macrosegregation depends on the velocity vector being parallel to the thermal gradient.
The LSRE equation was modified by accounting for gravity by Mehrabian et al. [39]. Thermal buoyancy
was included by calculating the change in liquid density through a temperature gradient in the mushy
zone. They have also accounted for Darcy's law to calculate the flow through the mushy zone. This work
was later extended to include diffusion in solid by Poirier et al. [40], Wangi [41] and Ohnaka [42].
Ohnaka emphasized the need for 3D modelling of diffusion through primary and secondary dendrites to

24



accurately predict solute redistribution. The earlier models were heat transfer based where a given
temperature gradient was given as input. Also, the fluid flow in the liquid and mushy zone were not
coupled. These limitations were overcome with more advanced modelling in the form of multi-domain
models and continuum models [43].

The first multi-domain model was proposed by Ridder et al. [44]. Two domains in the form of bulk liquid
and mushy zone were considered. The segregation model allowed for the coupling of convective heat
and fluid flow in the fully liquid regime ahead of the liquidus isotherm and the interdendritic fluid flow in
the mushy zone. The model also extended the previous macrosegregation studies with 1D heat flow and
2D fluid flow to 2D heat flow and fluid flow in axis-symmetric conditions. Shrinkage induced flow in the
mushy zone was included by using Darcy's law. Experiments were also conducted which compared well
with model predictions. For the given case investigated by Ridder et al., they concluded that there was
little effect of natural convection in pure liquid on the interdendritic flow in the mushy zone. For steady
state solidification process, the interface between liquid and mushy zone is fixed and explicit tracking is
not necessary. But for non-steady state case, the interface needs to be tracked and the mesh needs to
be adapted for each calculation. This is difficult and is the biggest drawback of the above model [45].

To avoid these difficulties associated with interfacial tracking, single domain models were proposed.
They are also referred to as continuum mixture models [46-50] and have been applied to various case
studies [47,50]. The mixture quantities were considered as the dependent variables in the governing
equations. These mixture quantities, defined in terms of solid or liquid phase, were weighted by mass or
volume fractions. Ni and Incropera [51,52] extended the continuum model to account for microscopic
phenomena which has important impact on the macroscopic process. Vreeman et al. [12] proposed an
extension of the continuum mixture model by including the equiaxed grain motion and its effect on
macrosegregation formation for binary alloys. Separate and distinct mixture momentum equations were
employed to resolve the slurry region, where solid was free to move, and porous region, where solid
was fixed and formed a continuous network. This work was extended by Krane [53] to account for
ternary alloys. However, a major issue with these continuum models was that the interactions between
the solid and liquid phases were not accounted for. As a result, the solid concentration was either
averaged over both the phases or not calculated at all. This meant that the resolution of grain motion
which results in negative macrosegregation in casting process was not complete. The model results in
significant discrepancies when compared with experimental data [54]. To overcome this difficulty,
volume averaging method was proposed which couples microscopic and macroscopic phenomena
during the solidification process.

Unlike the continuum mixture models, volume average models consider two-phase and multi-phase
models. For two-phase models, distinct conservation equations for solid and liquid phase are solved.
They are valid in all regions and extra constitutive models are needed to describe the interfacial
interactions and provide closure to the model. These models were originally developed by Beckermann
and co-workers [54-57] and by Ganesan and Poirier [58]. A comprehensive description of volume
averaging model is described in the subsequent sections.
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The volume average models proposed until that point had many simplifications, the chief of which is
fixed solid. Further extension of the model was done by Wang and Beckermann to include and improve
the microstructure growth model [59] and the corresponding motion of equiaxed grains during
solidification process of binary alloys [60—62]. This model introduces an additional phase, interdendritic
liquid, to distinguish between solid and bulk liquid. This offered the possibility of modelling the diffusion
length scales in different phases and coupling them to provide more comprehensive description of grain
morphology. Schneider and Beckermann extended this model to account for multicomponent alloys
[63]. Lever rule or Scheil model was not used in this model to calculate interfacial concentration, which
is typically how it was done earlier. Instead, solid-state diffusion was accounted for to calculate
interfacial concentration. Ludwig and Wu [64] and Wu et al. [65] simplified the model by Wang and
Beckermann [60] without reducing the physics of solidification and grain sedimentation. Additional work
was done by the same group to propose a new model to account for three phases and three dimensions
[66,67]. Combeau et al. [68-70] stressed the importance of grain morphology on their settling and
corresponding macrosegregation formation. They compared experimental macrosegregation profile in a
large steel ingot to that of model predictions. Significant discrepancies were observed when grain
morphology was assumed to be globular. In parallel, Wu and Ludwig [71,72] also proposed a modified
volume averaged equiaxed solidification model which accounts for globular-to-dendritic (GDT) of
equiaxed grains and its motion in presence of melt convection. The model considers two hydrodynamic
phases — extradendritic melt and equiaxed grains and three thermodynamic phases — solid dendrites,
interdentritic melt and extradendritic melt. The extradendritic melt was separated by the interdendritic
melt by the grain envelope. Like the previous models, a two-phase approach is used to solve for the
velocities of the hydrodynamic phases. Columnar dendritic growth was not accounted for in this model
and was added later [73-76]. This resulted in a total of five thermodynamic phases - solid dendrites in
equiaxed grains, the interdendritic melt between equiaxed dendrites, solid dendrites in columnar
trunks, the interdendritic melt between trunk dendrites, and the extradendritic melt. Further, the five
phases were subcategorized under three hydrodynamic phases - equiaxed grains consisting of solid
dendrites and interdendritic melt, columnar trunks consisting of solid dendrites and interdendritic melt,
and extradendritic melt. With a better morphology description, the model essentially evolved into a
three-phase approach for velocity resolution of the hydrodynamic phases, thereby increasing the
complexity of the model. Equiaxed grain growth was assumed to occur on grain refiners or inoculant
particles. Tveito et al. [77] and Bedel et al. [78] provided an extension of the two-phase model from
Combeau and ZaloZnik [79] by modelling inoculant flow and studying its impact on macrosegregation
and microstructure heterogonies for a binary alloy in a rectangular cavity. Inoculant flow is an important
phenomenon during DC Casting process and this provided a platform for subsequent models. Most
recently Xu [80] as a part of PhD work proposed a new grain size prediction model for inoculated
aluminum alloys and compared the model predictions with experiment. Both globular and dendritic
grain growth kinetics were implemented, taking GDT into account. It was observed that for well grain
refined aluminium alloys, globular model provided an acceptable prediction of grain size. For poorly
inoculated alloys, consideration of dendritic grain growth was important to provide better prediction of
grain size when compared with experiment.
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1.9.2. Solidification and Macrosegregation Modelling of DC Casting of Al alloys

The earliest attempt at modelling DC casting process can be traced back to the work done by Flood et al.
in 1991 [81]. It was a simple model where solidification shrinkage was neglected and solid was assumed
to be a rigid body moving with the casting speed. The model was applied to simulate DC casting process
of Al-4.5wt%Cu alloy on a 210mm radius billet. They observed positive segregation at the center of the
ingot due to solutal convection indicating its importance. Later Reddy and Beckermann [13] made the
first attempt to model grain motion for Al-4.5wt%Cu alloy on a 533mm diameter billet. A constant grain
density was assumed, and grain transport equation was added to evaluate local grain density. The grain
size was calculated using the solid fraction and local grain density. In the same paper, they also
presented results without grain motion and compared the model predictions with experimental data.
The results from model with and without grain motion had limited correlation with experimental results
but it was the first model (with grain motion) to predict negative segregation at the center of billet. For
the same alloy and casting setup, Reddy and Beckermann studied the effect of permeability of mushy
zone, thermal-solutal convection and solidification shrinkage induced flow [82]. The centerline
segregation depends on the competition between solidification shrinkage induced flow and thermal-
solutal convection, which in turn depends on the permeability of the mushy zone. High permeability
results in convection dominating over shrinkage flow and results in positive segregation at the center of
the billet. Low permeability results in weaker convection and shrinkage flow dominates resulting in
negative segregation at the center of the billet. Also, the importance of solidification shrinkage induced
flow on inverse (positive) segregation formation towards the surface of the billet was discussed.

Vreeman et al. [83] studied macrosegregation formation in DC cast billets (200 mm radius) accounting
for grain motion and thermal-solutal convection. They considered two alloys Al-4.5wt%Cu and Al-
6wt%Mg. In this study they assumed a constant grain diameter and they studied the impact of packing
fraction (the solid fraction value at which the grains are assumed to coalesce) and characteristic grain
diameter on macrosegregation formation. This parametric study showed the huge impact of these
parameters on macrosegregation formation. It was also agreed that these parameters were poorly
understood and difficult to evaluate from experimental studies. Overall, the macrosegregation trend for
the two alloys were qualitatively similar to observed experimental profiles. In addition, the flow pattern
observed for these two binary alloys was found to be different. Mg being lighter than Al, was floating to
the top of the domain and interacting with incoming flow resulting in turbulence. Cu on the other hand
being heavier than Al, was settling towards the center of the ingot. Vreeman et al. [10] further studied
to determine the value of packing fraction by comparing model predictions of 450mm diameter billet
cast with Al-6wt%Cu alloy with experiment. They concluded that the packing fraction could be less than
30% solid volume though it could depend on the position in the casting domain and casting parameters.

Jalanti [9] and Jalanti et al. [84] studied macrosegregation formation in an industrial sized (275mm thick)
Al-Mg sheet ingot in 2D which was based on the experimental data from the EMPACT project [23-25].
Thermal-solutal convection and shrinkage induced flow were accounted for in the models. Jalanti
concluded that the thermal-solutal convection played little to no role and shrinkage flow only
contributed to macrosegregation formation. The comparison with experiments also showed reasonable
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agreement, especially with negative segregation at the center of the ingot. But the positive segregation
in the mid-section of the ingot was not predicted well and lack of grain motion in the model was cited as
the potential reason.

Zaloznik and Sarler [85] and Zaloznik [19] studied in detail the implications of thermos-solutal flow in
liquid metals by using the non-dimensional numbers (Pr, Sc, Rar and Rac). It was concluded that flow
patterns are highly unstable and results in complex flow structures and fine-scale features of the
concentration field. Also, the flow patterns depended on the type of alloy used — Mg being lighter than
Al results in competing solutal convection with thermal convection and Cu or Zn being heavier than Al
results in co-operating solutal convection with thermal convection. The importance of DC casting
parameters on the flow structure in the liquid pool — casting speed and size which decides the sump
depth, casting temperature which drives the thermal flow, alloy type which decides the solutal
convection, partition co-efficient etc. Also the work was based on free growth model of grain initiation
on inoculant particles [19] and the need for an improved microstructure model to account for grain
growth dynamics in the presence of liquid melt was discussed.

Zaloznik et al. [11] made a systematic study of the impact of transport mechanisms (thermal-solutal
convection, shrinkage induced flow, grain motion) on macrosegregation in industrial sized DC cast sheet
ingot in 2D. They focused on understanding the effects of individual transport mechanisms and their
combined role through various cases. The model was based on a multiscale two-phase solidification
model [79] which was extended to include grain nucleation on grain refiners and grain growth. ZalozZnik
et al. [86] extended their previous work to study the coupling of flow structure in the slurry zone, grain
growth and macrosegregation formation. But both the studies including the studies before, assumed
grain to be globular. Bedel [26] and Bedel et al. [78,87] recently presented an advanced model of DC
casting, accounting for macrosegregation formation with grain motion, coupled with nucleation on grain
refiner particles and kinetics of grain growth and morphology. This model was an extension of the two-
phase model [79] and was based on the volume averaging method with three hydrodynamic phases
[60,88]. In her PhD thesis, Bedel [26] conducted an extensive study to compare the EMPACT experiment
data with model predictions accounting for thermal-solutal convection, solidification shrinkage and grain
motion. Different morphology models were included to account for grain motion- globular morphology,
dendritic morphology with hemispherical tip growth [8] and dendritic morphology with paraboloid tip
growth [89]. It was concluded that taking the grain motion and morphology into account, reasonable
model prediction of grain size was possible when compared with experiment. But the macrosegregation
pattern, accounting for grain morphology and variation of packing fraction, did not yield good
correlation with experimental macrosegregation profiles. Also, the need for 3D simulation was discussed
when it comes to modelling sheet ingots.

The most recent work in DC casting modelling was done by Heyvaert et al. [90]. Their work pushed the
envelope of understanding the coupling between microstructure and macrosegregation at the process
scale. The model study was supported by experimental work [10] where two conditions were used —
with grain refiners and without grain refiners. Model predictions of macrosegregation showed the
presence of grain motion in grain refined cases with globular morphology showing the best comparison
with experiment. The non-grain refined cases were modelled by reducing the inoculant density and
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better comparison of macrosegregation prediction with the experimental profiles was possible when
grain morphology was accounted for. This showed the presence of dendritic grains (which result in less
severe segregation) in non-grain refined case. A detailed investigation on the dendrite tip model was
conducted and it was shown that hemispherical model over predicts the dendritic morphology and a
paraboloid tip model could capture the morphology transition from dendritic to globular as a function of
grain density. The need for improved microstructure model accounting for transition of grain
morphology and an extensive comparison of the models with well characterized experiments was also
discussed.

Macrosegregation formation for alloys and more specifically during DC casting process has been and is
still under investigation. All the recent work in this field discussed in the previous paragraphs uses the
volume average method [57] to model the solidification process. The current work also builds on that
method which is described briefly in the next sections.

1.10. Scope of Current Work

Significant efforts have been put to understand macrosegregation formation using experimental
methods in the last few decades. These were being complemented with numerical studies. Especially for
analyzing the contributions of transport phenomena like natural and forced convection, shrinkage
induced flow, transport of equiaxed grains etc. However, grain motion and its interplay with other
transport mechanisms leading to macrosegregation formation is still in its early stages of understanding.
This is mainly due to the challenges in modelling all the coupled effects, especially when grain
morphology needs to be accounted for. Additionally, previous numerical studies were mostly conducted
using 2D simulations (for sheet ingots). This might provide an unrealistic flow pattern and an incomplete
description of macrosegregation formation due to the asymmetric shape of the ingot. The goal of this
work is to introduce a 3D framework within which the effects of the grain motion and morphology, its
interplay with other transport processes can be studied. Within the framework, the concept of
macrosegregation modification by resuspension of equiaxed grains with an inlet jet (forced convection)
is also explored. This goal is approached by subtasks which are described below.

Influence of alloy elements and 3D space on macrosegregation
DC casting of aluminium employs a variety of alloying elements: Mg, Cu, Zn etc. Mg is lighter than Al

whereas Cu and Zn are heavier than Al. Solutal convection, which forms a part of natural convection, is
affected by the lighter or heavier alloys. This in turn affects the overall strength of natural convection. By
studying the transport mechanisms both individually and in combination, the influence of alloy elements
on transport mechanisms and their interplay with grain motion leading to macrosegregation formation
can be assessed. A study is conducted by considering a simplified 2D sheet ingot with three binary
alloys: Al-4.5wt%Mg, Al-4.5wt%Cu and Al-8.375wt%Zn. A two-phase globular grain growth model based
on Ref [11,79] is used in this study. This work is covered in paper I. Since the previous study is in 2D, it is
important to assess the influence of 3D space on macrosegregation. This assessment can be performed
by comparing with 2D simulation. The capability of the model to handle 3D simulations can be further
established by comparing the simulation results with experiment. The importance of grain motion on
macrosegregation formation is also discussed. This work is covered in paper II.
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Development and validation of a simplified three-phase grain growth model
Globular grain growth model is a simple model which assumes spherical grains. This model provides a

reasonable insight into macrosegregation formation. Experimental studies indicate that the grain
structure can be dendritic, and this influences the interplay between morphology and various transport
mechanisms, which can further influence macrosegregation occurrence. This calls for an improved
microstructure model accounting for dendritic morphology. At the same time, a complex grain growth
model also increases the complexity of its numerical implementation. Hence a simplified three-phase
model is proposed which has all the ingredients of a three-phase model, but the implementation is
similar to that of a two-phase model. The model development, its validation against the full three-phase
model and its limited verification on a DC cast ingot is presented in paper IlI.

The proposed model is then used to conduct a validation study by comparing the model predictions of
macrosegregation and microstructure with that of experimental studies on an axis symmetric billet for
AA7050 alloy. This work is covered in paper IV.

Application of the simplified-three phase grain growth model
Macrosegregation optimization or reduction is a subject of high scientific and economic interest. Recent

experimental studies have established the possibility of macrosegregation modification by resuspension
of equiaxed grains due to the inlet jet for Al-4.5wt%Cu [91]. Studies are conducted in this work to
numerically simulate macrosegregation modification by using an inlet vertical jet and comparing it with
standard inlets. First, the simplified three-phase model is applied to study macrosegregation
modification due to inlet flow for an AA7050 alloy in an axis symmetric billet. Resuspension of equiaxed
grains and its relation to macrosegregation modification is presented. Additionally, the relative ease
with which globular and dendritic grains can be resuspended is also discussed. This is covered in paper
V.

The work conducted in paper V is extended by studying macrosegregation modification in a 3D sheet
ingot. The extent of modification is also addressed by accounting for the grain morphology. As previous
studies were conducted using 2D models for sheet ingots, this work provides the opportunity for the
first time to study the complex 3D flow pattern and its subsequent effect on macrosegregation. This
work is covered in paper VI.
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2. Mathematical Modelling of Macrosegregation

Mathematical modelling of the solidification process and macrosegregation formation, based on
previous works and novel to the current work is discussed in this chapter.

2.1.Conservation Equations and Volume Averaging Technique

Solidification is characterized by three distinctive phases - solid, liquid and mushy region. In mushy zone,
the solid and liquid phases exist in equilibrium. The treatment of mushy zone is crucial due to its
influence on casting defects like macrosegregation and hot tearing. Hence a mathematical framework is
required to account for this two-phase region in addition to accounting for individual phases. An
isotropic mushy zone is defined, and the solid and liquid phases are free to move and interact. In the
current work, the mathematical model of solidification process is based on volume averaged
conservation equations [57].

The mass, momentum and energy conservation equations are applicable at all length scales of
solidification - from dendrites to full domain. Owing to morphological complexities and widely different
length and time scales, direct application of conservation equations to dendrites and quantities of
similar sizes is difficult. A simple but effective work around for this problem is to use a macroscopic
model which is developed by averaging the microscopic model over a finite size control volume. This
way, each phase can be treated separately apart from explicitly considering the interaction between the
phases. The advantage of this method is two ways: the microscopic data is imbibed in the macroscopic
model and the macroscopic transport process is connected directly to the microscopic processes like
interfacial mass, heat transfer and stresses and microstructure evolution. Additionally, the averaged
conservation equations explicitly contain micro-scale parameters such as the phase volume fractions,
grain density, interfacial area concentration, local diffusion lengths, drag coefficients etc. [92]. In the
subsequent section, microscopic equations are presented. Next the volume averaging method is
explained which eventually leads us to the averaged macroscopic conservation equations.

2.1.1. Microscopic Conservation Equations

For a specific quantity @, the microscopic transport equation can be written using Reynolds transport
theorem:
00

W"‘V'(@kﬁk) ==VJp+ Sk

(2-1)

Depending on the type of equation, @ can represent mass p, momentum p#, enthalpy ph or species
concentration pc. Jis a tensor of one order greater than that of @. It accounts for diffusion of
momentum, heat or species while S is a source term. The subscript k is used to indicate different phases.
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The microscopic equations for mass, momentum, enthalpy and species for a particular phase k are given
from Eq. (2-2) to (2-5).

aaitk + V- (o) =0 (2-2)

apa—ktﬁk + V- (o UVy) = =V- 0, + by (2-3)
ap;thk + V- (phiVi) = =V - qy (2-4)
% + V- (prcri) = =V ji (2:5)

o is the stress tensor, b is the body force, g is the heat flux and j is the species diffusion flux. The
equations must be solved for both the liquid and solid phases. This reduces k to either s or / depending
on the domain being solid or liquid.

2.1.2. Volume Averaging Method

Solid

a) b) c)

Fig 2-1 Length Scales in Solidification Process

The interfacial configuration in solidification process is quite complex. Its impractical to solve the
conservation equations at the microscopic level. Especially providing boundary conditions and front
tracking in the mathematical model becomes very difficult. To avoid these issues, the microscopic
conservation equations are averaged over a macroscopic volume which is smaller than the actual length
scale of the domain but larger when compared to the scales of microstructures. By using this scale, we
are able to capture the macroscopic heat and fluid transfer and smooth out the details of the
morphological complexities. The different length scales in the solidification process are represented in
Fig 2-1. Red color here represents liquid phase and light gold color represents the solid phase. The
mushy zone is represented by intermediate colors as can be seen in Fig 2-1a. Process scale (Fig 2-1a) has
orders of 107 m to 10™°m and 10~° m to 10~*m for the interfacial structures (Fig 2-1c). The resulting
size of the volume averaged element (Fig 2-1b) would be between 1073 m to 10~%m.

32



The complete mathematical framework is laid out in literature [57] and only the main idea is presented
here. Each phase k in the control volume dV occupies volume dV} and it is bounded by interfacial area
Ay. This interface has a velocity wW,,. We introduce the phase function ¢, Which takes the value of 1 in
phase k and 0 in other phases. The volume fraction of phase k is defined as

_ (2-6)
Ik = av
For a quantity yi(x, t) in phase k, its volume average over the entire volume dV can be given by < s >

1 (2-7)
<y, >= WLV%‘ 6, (x, AV

The intrinsic volume average is given by

<y, > (2-8)

1
k: — =
<y, > a. vak 6, (x, ) AV

When < > is uniformly distributed in dVj, we have < U >k= V.- The fluctuating component is

the deviation of {5, from the intrinsic volume averaged quantity < s, >k,

1I\—’k = (ka —< lljk >k)gk (2-9)

The fluctuating component is zero in a phase k when 5, is uniformly distributed.

2.1.3. Macroscopic Conservation Equations

Multiplying the microscopic conservation equations by ¢, , integrating it over volume dV and using the
averaging methods mentioned in the previous section, we obtain the macroscopic transport equation
for phase k

agkﬁk (2-10)
at

+V (ge@Pi) = =V Je + S + 1L+ 12 + 1]

The microscopic equations have introduced three more additional terms compared to microscopic
equation given by Eq. (2-1).

1 (2-11)
Il=—1 Jp.n.dA
kTav g0k
1 o (2-12)
I]‘év = WLAkQ)k(Wk — vk).nde
(2-13)

1[0 _
Il = v.—f @ D)dV = —< By, Dy >
av J,,
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1,{ represents the diffusion of @ through solid-liquid interface dAy, I} is the interfacial transfer due to
phase change and 1,{ represents the dispersive fluxes. Fluctuating terms are not included in accordance
to the literature based on this theory[57]. Hence <p, >hk= P < My >k= P < C,f >k= c,f and
< Dy >¥= Dj,. This results in the following macroscopic conservation equations.

9Pk S (2-14)
ot +V- (gkpk < Vi >k) = Fk
] < By > . . (2-15)
gkkak+V (gkpk < Vg >k< Vg >k) =V.< (% >k+gk < bk >k+ Mk
dgrpr < i >* S , (2-16)
T+V(gkpk < Cy >k< Vi >k) = _V]k +]k
0gkpx < h >* N (2-17)
T‘l'v'(gkpk <hy S*< T >K) =~V qp + Q;
The newly added terms are described below.
=17, Ok =pk (2-18)
Mk= I}i+1]‘év, ®k=pk<ﬁk >k (2'19)
Jk = I,{ + Iy, D = pre < cx > (2-20)
Qk=1é+1]‘év, ®k=pk<hk >k (2_21)

In case the averaged macroscopic equations from different phases are added within the given averaging
volume dV, the terms I, My, J; and Q sum to zero as the mass, momentum, solute and heat lost by
one phase is gained by the other phase. This leads to:

ZI; = 0and ZI,‘Q’ =0 (2-22)
k k

Meticulous modelling of the interfacial terms is avoided by this approach. When porosity is not
considered, only two phases (solid and liquid) are present in the mushy zone, i.e., k=s or k=/ and g, +

glzl.

2.2. Microstructure Modelling
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Fig 2-2 1D schematics of the grain growth models a) Two-Phase, b) Three-Phase and c)
Simplified Three-Phase

The importance of an accurate microstructure model to predict macrosegregation formation has been
established in the previous sections. In the following sections, we discuss in detail the two
microstructure models we use in this thesis work: two-phase model based on Ref [79] and a simplified
three-phase model novel to this work. The simplified three phase model is derived from the three-phase
model based on Refs [60,93,94]

2.2.1. Two-Phase Grain Growth Model

The two-phase grain growth model consists of two phases — solid and liquid (g + g; = 1) and a simple
1D schematics can be seen in Fig 2-2a. The grains are assumed to be spherical or globular throughout
their growth history. But coupling the grain growth model with macroscopic transport process
introduces additional problems due to the separation of scales, both length and time. Resolving the full
set of coupled equations and solving them numerically requires extremely small time steps. To avoid this
problem we employ a splitting methodology proposed by Zaloznik and Combeau [79]. The equations are
decoupled so that they are treated separately in two stages. In the first stage, the convective terms are
globally resolved to obtain change due to macroscopic transport. In the second stage, the local
contributions of grain growth kinetics are resolved and integrated to obtain change due to grain growth,
initialized from the transport solution. The two contributions are added to obtain the total variation. By
doing this, we use different time scales to treat macroscopic transport and grain growth kinetics. An
illustration of the splitting methodology is provided by using a generic equation:
a(p (2-23)

—=Ap+B
ar = A9 + By

Here A and B are the convective and growth terms respectively. When we use the splitting scheme, the
above equation can be resolved as follows:
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ot 2-24
t;ot =49, 9T (t)) = ¢, on [ty ¢, +At] 22

dpI”
at

(2-25)

= BpI", ¢I"(t,) = @' (t, + At) on [t,, t, + At]

The superscripts tr and gr represent the transport and growth step respectively. The final value of the
iteration is given by @97 (t, + At). The introduction of splitting can introduce error and the viability of
the scheme depends on how small the error is. This error analysis and solution algorithm is provided in
Ref [79]. Now we focus our attention on application of the splitting method on conservation equations
for a binary alloy system. The mass and solute balance equations for transport phase based on Fig 2-2a
are written:

%(psgs) V- (peg(B)S) = 0 (2-26)
%(mgz) + V- (pgi()t) =0 (2-27)
%(psgs(csy) + V- (pege(B)5(C)5) = 0 (2-28)
(2-29)

0
E(plgl(cl)l) + V- (pgi(mHC)) = 0

Diffusion and growth are treated in the second step and we write mass and solute balance equations for
the growth phase:

0 (2-30)
5¢ (Ps95) = I
0 (2-31)
3¢ Pad) =~
a _ psSuDs . . 232
- (ags(C)) = 5 + EE e - () (232
S
piSyDy (2-33)

0
E(Pzgl«:z)l) =-LC + (X!

]

Here, I, is the mass flux of phase k at the phase interface due to phase change, Cy is the interface
concentration, &y is the diffusion length of phase k, D, is the diffusion coefficient for phase k and S, is
the interfacial area density. Also, the solute balance at the solid liquid interface is given by Eq (2-34).

piSyDy
]

PsS.

2 (0~ (€)) + (234

LG =C5) =

(cr =)

Evaluation of diffusion lengths and interfacial area density are key to this grain growth model. Various
models have been proposed [59,60,71,88,93] and they are summarized by Bedel [26]. For spherical
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grain, we model them similar to the model proposed in by Ni and Beckermann [95] and the expressions
are presented in Table 2-1.

Table 2-1 Closing relations for two-phase model

Geometric relations for globular grains

30, \1/3
R, = (—) , S, = 4n(R)?N,

4N

Diffusion Lengths

1 -1
R . 1 Sc3Re™(Re)
8= 1,6 = min RS<—+— LR

1
1_g§ (1-g5)

0.28 _
where, n(Re) = 2Re 465 pe = Mkﬁs)s - ()Y, Sc =
1

3(Re%28+4.65)’ p1D;

Phase Diagram
(N

Where Ry, Ny, w;, Sc and Re are the radius of the grain, local grain density, viscosity of the liquid phase,
Schmidts number and Reynolds number, respectively. Once diffusion lengths and interfacial area density
values are evaluated, they can be used to estimate the solute concentration (C;) at the solid-liquid
interface and the mass flux of solid phase at the phase interface due to phase change (I). Then we use

this information to calculate the diffusion flux into solid (% (Cs —(Cs)*)) and liquid (%‘:m (C[‘ —

(Cl)l)) phases respectively. By this we can estimate the grain growth at each time step. A detailed
explanation of this procedure is available in Ref [79].

2.2.2. Full and Simplified Three-Phase Grain Growth Model

The modelling of grain growth by considering two phases is simple. However, it does not represent
realistic physics and usually results in over prediction of macrosegregation formation as reported by
Combeau et al. [68]. The grain growth is usually dependent on the solutal diffusion at the solid-liquid
interface. An accurate evaluation of this solutal profile also depends on the interfacial area which
further depends on the morphology of the grain. By considering a spherical morphology in globular
grain, the model predictions are far from accurate. Hence, accounting for dendritic morphology is
important and the model development has been in the works since 1980s. First the three-phase grain
growth model is introduced and it is simplified in the subsequent section. The 1D schematics of the
three-phase model is shown in Fig 2-2b. In the three-phase model we consider solid (s), intragranular
liquid (d) and extragranular liquid (e) phases. A simple representation of the grain structure can be seen
in Fig 2-3b. The intragranular liquid phase (g4) is separated by the extragranular liquid phase (g.) by an
envelope (dashed line), a smooth surface enclosing the primary solid (gs). The volume fraction relations
between each phase is given below.
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gstgatge=1 (2-35)
Jatgde=a (2-36)
Genv = 9s T 9a (2-37)

While the two liquid phases are the same hydrodynamic phases, they are treated separately to describe
the different scales of diffusion arising from the dendritic morphology in the volume average
methodology. Also, the densities of the two liquid phases are identical and equal to the density of the
average liquid phase (pg = pe = p;). Using the splitting method again, we write the macroscopic
conservation equations for mass and solute balance for each phase:

d R 2-38
E (psgs) +V- (psgs<vs)s) =0 ( )
5} . 2-39
a(mgd) + V- (p1ga(®)?) =0 (2:39)
a R (2-40
(190 + V- (uge(B)) = 0 !
3} 5 2-41
(LG + V- (peg (B (€)= 0 (a1
a . (2-42)
&(plgd<cd>d) + V- (p1ga(D)HCa)) = 0
a R 2-43
T (ge(C) + V- (g (55 = 0 (2:43)
at
Similarly, we write the microscopic conservation equations for all the phases:
a (2-44)
&(psgs) =TI
0 (2-45)
a(plgd) = Tony — I
] (2-46)
a(plge) = —leny
B . psSiDs . (2-47)
57 (ss(C)) = [ + == (63 = (€)%
N
0 . . pSTD L pSsDy, 2-48
2 (P19alCa)®) = TonaCice — [Cas + P24 (Cae = (G + P22 iy — ccayt) )
ot 6d—e Sd—s
PS5’ Dy (2-49)

a
a(plge(ce)e) = _Fenvcé—e + (Cé—e —(C)®)

6e—d

Where Sg™ is the interfacial area density for the grain envelope and S;; is the interfacial area density of
the solid inside the envelope. The solutal balance at the interface between solid-intragranular liquid and
intragranular-extragranular liquid are given below:
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. . psSsDs pSsDy, (2-50)
I;(Cd—s - Cs) = — (Cs - (Cs)s) + ik (Cd—s - (Cd)d)
65 6d—s
piSEMD, . piSEMD, (2-51)
0= "= (Cize = (Ca)®) + = (Cie = (Co))
5d—e 5e—d

Now we introduce the following simplifications to the three-phase model. The simplified three-phase
model is illustrated in Fig 2-2c.

5D, sewp, (2-52)
d—s - OO’ —d—e — 00
5; 5;
Cl=Cs=Cae= <Cd)d (2-53)
) = (D)) =(%)) (2-54)
GCY = gaCi + ge(Ce)® (2-55)

We assume perfect diffusion in the intragranular liquid, expressed by Eq. (2-52). Due to this, we
introduce the average concentration of the intragranular liquid which becomes equal to the interfacial
concentration as shown in Eq. (2-53). As mentioned in the beginning, we treat the two liquid phases as
the same hydrodynamic phases. This assumption allows us to replace the intragranular and
extragranular liquid velocity with averaged liquid velocity as given by Eq. (2-54). It is also convenient to
express the solute mass balance for the liquid phases in terms of averaged liquid concentrations as
shown in Eq. (2-55). Using these simplifications, we can further resolve the system of equations given
from Eq. (2-44) to Eq. (2-50). The full derivation is not presented here and can be referred to in Paper Ill.
The final system of solute conservation equations for the solid, liquid and interfacial solute balance is
given from Eq. (2-56) to Eq. (2-58).

d . PsSDs 2-56
(P00 = 6 + B - (e (2:56)
S

4 pSSDy g, (2-57)

— (C)") = -ICF + ———=—(c; — ()

at(ﬂzgz 1 ) sty S0 s ge(l l )
S;D Se™D 2-58
r(c - € =220 (0 — () + P9 (6 — o) (2-58)

Ss Se—da  Je

The simplified three-phase model solute conservation equations (Eq. (2-56)-(2-58)) has few additional
terms (marked in red), when compared with the two-phase model solute conservation equations (Eq.
(2-32) - (2-34)). These terms account for the third phase in the microscopic growth step and the
transport step remains the same with two conservation equations for solid and liquid respectively.
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As discussed in the previous section, the two-phase grain growth is due to the solute diffusion across the
solid-liquid interface. In the three-phase grain growth, along with solute diffusion, the solidification is
also governed by the dendritic tip growth kinetics. In principle, the three-phase grain growth is a
combination of primary solidification and the dendrite tip growth. This tip growth can be evaluated by
considering a hemispherical profile [8] or parabolic profile [89]. In the current work, we use the
hemispherical tip growth model. The closing relations to evaluate diffusion lengths, interfacial areas,
dendrite tip velocities are given in Table 2-2. The tip velocity is given by V;;;,.

Table 2-2 Closing relations for the simplified three-phase model

Geometric relations for dendritic grains

o 3 1/3
7 \4ann,
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Phase Diagram
Cs = kyCf

As mentioned before, the entire mathematical framework is written for binary alloys. It is possible to
extend this methodology to multicomponent alloys as shown by Rappaz and Boettinger [96].

2.3.Macroscopic Momentum Transport

In this section we discuss the macroscopic transport or more specifically the momentum equation
modelling. Here also we split our discussion into two-phase and three-phase (simplified) models.
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Fig 2-3 Equiaxed grain morphology, a) two-phase globular grain and b) three-phase dendritic
grain

2.3.1. Two-Phase Transport

We solve the liquid and solid momentum equation separately and they are given in Eq. (2-59) and Eq.
(2-60)

] . o R R (2-59)
57 (Pgi@)) + V- (g @DHD)') = —giVpy + V- (quu V(') + 9100 G + Mis

0 R e . . 2-60
ot (0s9s(Us)®) + V- (psgs(Us)*(T5)°) = —gsVpy + V- (gsiisV{(Ts)®) + gsp2 G — My (2-60)

Where p,’{’, g and M, are the buoyancy density for phase k, acceleration due to gravity and source term
to model drag force respectively. Before we move to the description of the source term, we can simplify
Eq. (2-60) based on the previously established theory [97] where we can ignore the effects of inertial
and viscous forces. This simplifies Eq. (2-60) to Eq. (2-61).

0= —gsVp + gsp2g — M5 (2-61)

Eq. (2-61) has reduced into an algebraic equation and by modelling the source term M;g, we can arrive
at the explicit expression for solid velocity. The globular morphology is illustrated in Fig 2-3a, where the
spherical solid phase is surrounded by liquid phase. Based on this we can define two regions of solid
motion demarcated by the packing fraction (gpqcr)- In the first region, called slurry, the solid fraction is
lower than the packing fraction and the solid is free to move. In the second region, called packed region,
the solid fraction is higher than the packing fraction and the grains form a rigid porous network. The
porous matrix is assumed to move with the casting velocity. We resolve the source term M;; depending
on the flow regime as shown in Eq. (2-62). For solid fraction lower than packing fraction, we model using
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the interfacial drag term. When solid fraction exceeds the packing fraction, the drag is now modelled by
a Darcy term.

( 3gsComRe o (2-62)
| 4(2Rs)2(1 — gs) ((Us) (Ul) ) s < gpack
s = gt chz 9®
JLE S\S >\ _KC Il
K ((175) (171) ):K 180 (1 — 91)2 Is > .gpack

Where Cp, i;, Re, Rg, K and [ are the drag-coefficient for spherical particles taken from Agarwal and
O'Neil [98], liquid viscosity, particle Reynolds number, radius of the grain, permeability calculated using
Kozeny-Carman relation and characteristic length of the porous media. By using the first condition in Eq.
(2-62) and substituting in Eq. (2-61) we obtain the expression for solid velocity.

4(2Rs)*(1 - gs) (2-63)

SNS — ()
F)° =)'+ =

(=Vp + 02 3)

But the above equation is valid only in the slurry region and we need an additional equation to explicitly
impose the solid velocity to casting velocity when the grains have packed, given by Eq. (2-64).

(U5)° = _)cast (2-64)

2.3.2. Simplified Three-Phase Transport

In the simplified three-phase model, we have assumed that the intrinsic velocities of extragranular and
intragranular liquid is the same as the averaged liquid velocity (Ref Eq.(2-54)). This assumption reduces
the macroscopic transport to two-phase transport model with a liquid and solid momentum equation.
But at the microscopic level, the morphology influences the drag model and this needs to be accounted
for in its calculation. Morphology of the equiaxed grain can be defined by introducing the internal solid
fraction (g;). It is given by Eq. (2-65). As the internal fraction approaches 1, the grains are globulitic
(globular for the value 1) and as the internal solid fraction approaches 0, the grains are more dendritic.

__ 9 _ Y (2-65)
gs"'gd Yenv

9i

Now we redefine the slurry and packed regions by considering the envelope fraction instead of solid
fraction, which was the case in two-phase transport model. The new equation for modelling the source
term in momentum equation is given by Eq. (2-66). Comparing with Eq. (2-62), we can see that the solid
fraction is replaced by an envelope fraction and the radius of the solid grain is replaced by the radius of
the envelope (R;;y), all marked in red.
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By using the above relations, we obtain the new expression of solid velocity for a dendritic grain and is
given in Eq. (2-67). Here also we replace solid fraction with envelope fraction and we end up with an
additional term — internal solid fraction (g;), all marked again in red. This way, we can incorporate the
morphology information in the calculation of solid velocity. It should be noted that the liquid
momentum equation does not change, and we use the same expression given in Eq. (2-59).

. L ACRY2(L = Gen)ds i (2:67)
(W) = @) + SscnulReenv - (=Vpi+p29)
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3. Summary of Publications

This chapter provides a brief summary of the published/submitted papers. In total, six papers are
presented, and the most important results are discussed.

PAPER |
INVESTIGATION OF MACROSEGREGATION FORMATION IN ALUMINIUM DC CASTING FOR DIFFERENT
ALLOY SYSTEMS

In DC casting of aluminium, many types of alloys are used. The structural properties, especially the
strength, are improved by using these alloys. Macrosegregation indicates the non-uniformity of these
alloy elements. Hence, the first step in improving the understanding of macrosegregation formation
involves the investigation of the influence of alloy element. To conduct this study, three different binary
alloys are chosen: Al-4.5wt%Mg, Al-4.5wt%Cu and Al-8.375wt%Zn. A two-phase multiscale solidification
model is employed, and numerical simulations are performed using a simplified 2D sheet ingot
geometry. The model accounts for globular grain motion, thermal-solutal convection and shrinkage
induced flow and the resulting flow patterns are illustrated in Fig 3-1. The flow pattern for grain motion
and shrinkage induced flow individually is the same for all the binary alloys considered. The grains tend
to settle along the mushy zone, towards the center of the ingot. Shrinkage flow acts in deeper parts of
mushy zone with a diverging and converging flow pattern towards the center and surface of the ingot
respectively. Instead, thermal-solutal convection can result in complicated flow pattern depending on
the alloy. Thermal convection individually results in clockwise flow pattern as heavy cooled liquid settles
down along the inclined mushy zone. Solutal convection depends on the weight of the solute element.
Cu and Zn are heavier than Al. They tend to follow a clockwise pattern, settling down along the mushy
zone. Mg on the other hand is lighter than Al It tends to float and consequently, causes an anticlockwise
flow pattern. For Cu and Zn, thermal and solutal convection complement each other and result in a
strong, clockwise convection loop. For Mg, the thermal and solutal convection compete with each other
and result in breaking up of flow flops: a clockwise thermal loop and an anticlockwise solutal loop, as
can be seen from Fig 3-1.

Studying these transport mechanisms individually and in combined form provided an insight into the
macrosegregation formation, especially at the center of the ingot. For Al-Cu and Al-Zn, globular grain
motion and thermal-solutal convection act towards the center of the ingot. This results in reduced
relative velocities between the solid grain and liquid. Consequently, macrosegregation formation is
almost non-existent at the center of the ingot. But when shrinkage induced flow is added, it results in
negative segregation at the center of the ingot, typically observed in experimental results. For Al-Mg,
grain motion and thermal-solutal convection in combined form results in negative segregation at the
center of the ingot. Due to the weak convection flow, the relative velocities between solid grains and
liquid is not entirely reduced, leading to negative segregation at the center of the ingot. Shrinkage
induced flow acts in addition to grain motion, which further depletes solute element.
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=) Grain Settling
==) Thermal Convection
==) Solutal Convection

=) Shrinkage Flow

Al-Mg
a) b)

Fig 3-1 lllustration of various transport mechanisms in DC casting for a) Al-Mg system and b)
Al-Cu and Al-Zn system

All the binary alloy systems showed negative segregation towards the center of the ingot. But transport
mechanisms predominantly responsible for this negative segregation depended on the type of the alloy-
shrinkage induced flow for Al-Cu and Al-Zn system and shrinkage induced flow in combination with grain
motion for Al-Mg system.

Influence of Packing Fraction

As mentioned in the literature review, the value of packing fraction is ambiguous and it can influence
grain settling and eventually macrosegregation formation. In this and the rest of papers, a packing
fraction of 0.3 is assumed. However, it is important to understand the influence of packing fraction on
macrosegregation formation. This aspect has been investigated as a part of this thesis but has not been
included in any papers. Hence, the discussion is presented here.

Al-4.5wt%Mg binary alloy is considered with only globular grain motion as the active transport
mechanism. Three different packing fraction are chosen: 0.1, 0.3, 0.45. The results are presented in Fig
3-2. An increase in packing fraction leads to intensification of the negative segregation towards the
center. This is due to the extensive solute lean settling of globular grains. This settling expulses solute
rich liquid upward and settles in the mid-section. The enhanced settling correspondingly enhances the
mid-section positive segregation. Even though packing fraction increases negative segregation at center
and positive mid-section segregation at the center, the increase is not substantial at higher packing
fractions. The liquid flow pattern, however, remains unchanged in all the cases.
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Fig 3-2 Relative macrosegregation contours over plotted with relative liquid velocity vectors
for Al-4.5wt%Mg for packing fraction a) 0.1, b) 0.3 and c) 0.45. Relative macrosegregation
profiles along the ingot thickness are plotted for the same cases are plotted in d)

Paper Il
3D MACROSEGREGATION MODELLING OF DC CASTING OF ALUMINIUM ALLOY AND ITS COMPARISON
WITH 2D MODEL AND EXPERIMENT

v
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Fig 3-3 lllustration of simplification of process domain of sheet ingot in a) 2D modelling and b)
3D modelling

Sheet ingots have an asymmetric geometry and its simplification into a 2D model, as has been done
previously and in paper I, can result in an unrealistic description of flow field. This is better illustrated in
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Fig 3-3. In Fig 3-3a, the simplification of the 3D ingot (left) into a 2D ingot (right) is shown. A 2D plane is
taken from the geometric center of the ingot, marked in red. The dotted line indicates symmetry axes.
The resulting flow resolution is only in 2 dimensions (x-y plane), indicated by the white arrow. This
approach is used in paper I. A more accurate modelling of the flow is possible by conducting 3D
simulations by considering a quarter of the ingot, shown in Fig 3-3b. Instead of symmetry axis, symmetry
planes are formed by combining the red dotted symmetry lines. The flow along the ingot width (z-
direction), which was ignored in 2D simulations, is accounted for by this approach. This provides a better
opportunity to study flow pattern in sheet ingots, thereby providing an assessment of the influence of
3D space on macrosegregation formation.

In the current paper, the modelling work is based on the EMPACT project[23—-25] where experimental
data along the x-z plane and thickness of the ingot are reported. The experimental case cast AA5182
alloy and combo bag inlet setup was used. Grain refiners were used and the reported grain structure
was globulitic. This observation allows the usage of two-phase globular grain growth model in
simulations. The modelling in 3D had several simplifications as it was the first attempt to compare 3D
simulations with experiments. AA5182 alloy was modelled as a binary Al-4.06wt%Mg alloy as
magnesium is the major alloy element and has a dominant effect on solidification process and density
variations. The inlet combo bag setup was simplified with an open inlet. Simulation runs were conducted
to include all the transport mechanisms: solidification shrinkage induced flow, thermal-solutal
convection and globular grain motion. Al-4.06wt%Mg has a very thin mushy zone and a coarse mesh was
used to keep the computational times within acceptable limits. Due to these factors, a finer resolution of
the mushy zone was beyond the scope of this work. Grain motion reduces the thickness of the inclined
mushy zone towards the surface of the ingot. As a result, the deeper parts of mushy zone in this region
are not adequately resolved where shrinkage induced flow is active. These factors ultimately resulted in
divergence. To avoid this problem, two cases were conducted. One case coupled grain motion and
thermal-solutal convection. In the other case, only shrinkage induced flow was considered. This
decomposition of transport mechanisms would not hinder the analysis as grain motion and thermal-
solutal convection are active in the slurry region (0.0<gs < gpack) and shrinkage induced flow is
dominant in the packed region (g5 > gpqck)- Macrosegregation contour maps from the model on the x-z
plane were used to compare with the experimental contour maps. Slices along the symmetry plane were
used to obtain macrosegregation profiles along the ingot thickness and were used to compare with the
experimental profiles. These results were also compared with 2D sheet ingot simulations.

Along the ingot thickness, both 3D and 2D simulations showed similar macrosegregation profiles. The
influence of ingot width was considered minimum as the symmetry plane on which data was compared
was far away from the cooling surface. One discrepancy is the simplification of the inlet. The combo bag
set up can create complex 3D flow which might modify macrosegregation. Comparison with
experimental results yielded only qualitative agreement as the extent of the negative segregation at the
center of the ingot was overpredicted by the models. Similar behavior was observed when
macrosegregation maps along x-z plane were compared between model and experiment. However, the
presence of a band of negative segregation in the center along the x-z plane in experiment could be
explained by grain motion in simulation. In spite of several simplifications, it was possible to qualitatively
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compare experimental macrosegregation contours in sheet ingots using fully realized 3D simulation.
Finally, solute accumulation in this 3D ingot simulation was similar to the solute accumulation in
simulation cases in paper | where Mg was the alloy element. Mg was found to be floating near the inlet
due to it being lighter than Al.

Paper Il
A SIMPLIFIED THREE-PHASE MODEL OF EQUIAXED SOLIDIFICATION FOR THE PREDICTION OF
MICROSTRUCTURE AND MACROSEGREGATION IN CASTINGS

Description of grain morphology forms an integral part in understanding the macrosegregation
formation. It directly affects the settling of grains, interaction with the liquid melt and lastly,
macrosegregation formation. Assumption of globular grains might result in a simple numerical
implementation but will eventually lead to incorrect macrosegregation predictions. There is always a
need for an accurate modelling of grain morphology by accounting for the complex morphology. This is
possible by introducing an additional phase, resulting in three phases. The three-phase grain growth
model consists of solid phase, intragranular and extragranular liquid phase. In contrast, a two-phase
grain growth model consists of only solid and liquid phase. Due to the introduction of an additional
phase in the three-phase model, it results in 5 couple transport equations to describe the grain growth:
for envelope volume, mass and concentrations for solid and intragranular liquid. This causes
considerable complexities in the numerical implementation. To avoid this problem, a simplified three-
phase grain growth model is proposed in this paper. It reduces the number of coupled transport
equations to 3: for envelope volume, solid mass and solid concentration. This simplified three-phase
model is then compared with the full three-phase model to show the formers viability. The simplified
model accurately predicts the recalescence behavior which forms an integral step for coupling with the
nucleation models. The model predicts more dendritic grain morphologies than the full model. But the
morphology transition is captured rather well.

This model is then verified by applying it to an industrial sized DC cast ingot, accounting for grain
motion, thermo-solutal convection and shrinkage induced flow. It is shown that the grain morphology
has direct impact on macrosegregation formation. At higher grain density, it is also shown that the
grains approach globular morphology, similar to other experimental [24] and numerical observations
[69].

Paper IV
APPLICATION OF AN EQUIAXED GRAIN GROWTH AND TRANSPORT MODEL TO STUDY
MACROSEGREGATION IN A DC CASTING EXPERIMENT

To build confidence over the simplified three-phase model proposed in paper Ill, the model predictions
of macrosegregation and grain structure need to be validated against experimental results. This is done
in this paper and experimental data published by Zhang et al. [30,31] were taken as the reference. Two
types of inlet melt feeding scheme were used in casting AA7050 billets. In the first type, melt was
distributed through four branches. In the second type, melt was directed to the center of the billet in
the form of a vertical jet.
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For the first type of inlet, the process model was simplified with an inlet and distributor setup. The
macrosegregation profiles from the model showed a very good comparison with experimental profiles
when the morphology of the equiaxed grains was accounted for. When the grains are assumed to be
spherical, over prediction of negative segregation at the center and incorrect prediction of
macrosegregation in other parts of the billet was observed. This observation further strengthened the
need for an accurate morphology description. The grain structure prediction was of the similar order
observed in the experiments. But the variation of grain size across the cross-section of the billet,
observed in the experiments, was not observed in model predictions.

Using the second type of inlet, reasonable agreement was observed between macrosegregation profiles
using experiments and model predictions accounting for grain morphology. Similar to the previous inlet
case, imposing globular morphology resulting in inaccurate macrosegregation prediction. Grain
structure prediction in this case was also of the similar order observed in experiments.

Some important observations in this validation study are:

e Morphology prediction and its subsequent effect on macrosegregation formation is accurately
described by the simplified three-phase model.

e Using two types of inlets, it was shown experimentally that the macrosegregation can be
modified. With model predictions from two inlets showing good comparison with experimental
data, we can conclude that the model is sensitive not only to grain morphology but also to the
type of inlet mechanism.

e The model also predicts the resuspension of equiaxed grains (both globular and dendritic) using
a vertical inlet jet.

Based on this validation study, the confidence in the simplified three-phase model is attained. This helps
in conducting further case studies and comparison studies with experimental data, described in the next
papers.

Paper V
IMPACT OF INLET FLOW ON MACROSEGREGATION FORMATION ACCOUNTING FOR GRAIN MOTION AND
MORPHOLOGY EVOLUTION IN DC CASTING OF ALUMINIUM

One of the main causes of negative segregation observed at the center of the ingot/billet in DC casting
process is due to the presence of solute lean grains. They usually nucleate along the inclined mushy zone
and travel towards the center of the domain. This settling behavior, if restricted, could potentially
eliminate (or reduce) negative segregation at the center of the cast product. Recent experimental work
[33] strengthened this idea where the introduction of inlet jet resulted in grain resuspension and
eliminated negative segregation at the center of the ingot. Indeed, this vertical jet should not be strong
as it can wash away the solute elements which can prove to be counter-productive. This research
introduced a methodology to optimize macrosegregation formation.

This forms the basis of first application of the three-phase model to understand macrosegregation
formation. Numerical test cases are conducted on axis symmetric billets of 315 mm diameter, cast with
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AA7050 alloy. The inlet flow is controlled by modifying the inlet radius. Several cases are conducted by
solving for dendritic morphology and imposing globular morphology. It is established that, by using the
numerical model, macrosegregation formation can be modified significantly by modifying the inlet flow
and accounting for grain morphology. Grain resuspension of both globular and dendritic grains was
observed for inlet with strong jet. For relatively weaker inlet jets, only dendritic grains were
resuspended whereas the globular grains managed to overcome the inlet jet to settle towards the
center of the billet. This provided the first insight into the link between inlet flow and morphology.

Modification of macrosegregation, which was the goal of this work, was achieved. Optimization of
macrosegregation was not possible. One of the main reasons is the narrow operating range of the inlet
flow (10mm-15mm) for the billet radius of 157.5mm. This limited the jet intensity at which grains could
be resuspended.

Paper VI
3D NUMERICAL ANALYSIS OF MACROSEGREGATION FORMATION IN DC CASTING OF ALUMINIUM ALLOYS
ACCOUNTING FOR INLET FLOW AND GRAIN MORPHOLOGY AND TRANSPORT

In this paper, the study conducted in paper V is extended to sheet ingots. A sheet ingot of 350mm
thickness and 2600mm width with Al-8.375wt%Zn binary alloy is chosen for this study. Numerical
resolution of the mushy zone is an important ingredient in accurate resolution of transport mechanisms.
However, the simulation times for 3D simulation with mesh refinement can take prohibitively long time.
To avoid this problem, a relatively thin ingot with a thick mushy zone is considered. Two types of inlet
mechanisms are considered — a simplified open inlet where liquid metal is assumed to enter the domain
from the top surface and an inlet with vertical jet where the liquid metal enters through an orifice of
30mmx30mm at the center of the ingot. For each inlet, we impose globular and solve for dendritic
morphology. A total of four cases are discussed.

The macrosegregation contours on the horizontal x-z plane and profiles along the thickness (x-direction)
are compared. By varying the inlet flow and accounting for grain morphology, modification of
macrosegregation is shown possible. This is evident with all the four cases showing macrosegregation
pattern different from each other. The grain sedimentation is altered depending on the choice of inlet
flow. For simplified open inlet, a wide region of grain sedimentation along the ingot width was observed.
But with an inlet jet, the grain sedimentation was pushed away from the center of the ingot. All these
factors modified macrosegregation. Similar flow behavior was observed for both globular and dendritic
grains. But the final macrosegregation pattern was different for the two morphologies because dendritic
grains carry less solute depleted solid than globular grains. As for the work conducted in paper V,
macrosegregation could be modified significantly by accounting for inlet flow and morphology of the
grains in sheet ingot. With 3D simulations, flow visualization of equiaxed grain sedimentation and its
interaction with inlet flow could be obtained. However, it should be noted that this is a numerical study.
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4. Conclusions and Future Work

Macrosegregation formation in DC casting of aluminium alloys is a multiscale solidification problem.
Several aspects, ranging from microscopic growth to macroscopic transport, leading to
macrosegregation formation have been studied in this work under a single framework. This framework
also provided an opportunity to transition from 2D to 3D sheet ingot modelling. A previously published
two-phase volume averaged solidification model and a simplified three-phase volume averaged
solidification model, developed in this work, were used to assess various mechanisms.

The impact of alloy element on macrosegregation formation in binary alloy systems has been assessed
by considering Al-4.5wt%Mg, Al-4.5wt%Cu and Al- 8.375wt%Zn. Mg is lighter than Al while Cu and Zn are
heavier than Al. Thermo-solutal convection for Al-Mg was weak due to light Mg competing with the
heavy cooled liquid. Solutal gradient was in the opposite direction of thermal gradient. On the other
hand, thermo-solutal convection for other two alloys was strong due to co-operating thermal and solutal
gradients. This difference leads to different transport phenomena contributing to negative segregation
at the center of the ingot. Shrinkage-induced flow and grain motion together contribute to negative
segregation in the center for the Al-Mg system. For Al-Cu and Al-Zn, it is mainly due to shrinkage-
induced flow as the impact of grain motion negative segregation at the center of the ingot is reduced by
cooperating thermal and solutal convection. Nonetheless, the final macrosegregation pattern was
similar for all binary alloys considered in this study and in each case, grains were observed to settle in
the center of the ingot. This work was done using a two-phase globular grain growth model.

Macrosegregation formation in AA5182 sheet ingots was investigated to assess the influence of 3D ingot
geometry on macrosegregation formation. Experimental data for this case is available from the EMPACT
project. Both 3D and 2D simulations were conducted and compared with experimental results. Combo
bag inlet setup has been used in the experiment but was simplified in the simulations by assuming that
the liquid metal enters the domain from the top. It was shown that for this open inlet, 2D and 3D (in the
center) simulations show similar macrosegregation pattern along ingot thickness and have a good
qualitative comparison with experiments. Horizontal macrosegregation predictions (possible only in 3D
simulations) also had a qualitative comparison with experiments. A band of negative segregation in the
ingot center was observed in the experiment and simulation. Nucleation of equiaxed grains occurs along
the inclined mushy zone and they sediment towards the center of the ingot due to buoyancy effects.
The presence of these solute lean grains resulted in a band of negative segregation. The intensity of
negative and positive segregation in the center and mid-section of the ingot, however, were under-
predicted by the simulations.

A simplified three-phase grain growth model is proposed and the model is a novel approach as it solves
for three-phase grain growth kinetics, coupled with two-phase macroscopic transport. This allows a
simplified implementation in spite of solving for the complex morphology of the equiaxed grain.
Validation with a full three-phase model indicated reasonable correlation but the simplified model was
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predicting a more dendritic structure. The model is further validated with experimental
macrosegregation profiles for AA7050 alloy in an axis symmetric billet. A good comparison between
experiment and simulation was observed, especially in the center of the billet, when the dendritic
morphology was accounted for. This emphasized the presence of equiaxed grains at the billet center and
the influence of grain morphology on macrosegregation formation. The grain structure prediction was in
the same order as in the experimental observations.

The presence of equiaxed grains at the center of the ingot is usually attributed to negative segregation.
This was the basis of the work done by Wagstaff and Allanore [91], where an inlet jet was introduced to
resuspend the equiaxed grains and modify macrosegregation formation and to an extent eliminate the
negative segregation. In this work, the simplified three-phase model is used to study macrosegregation
modification with an inlet jet in both axis symmetric billets and sheet ingots. Axis symmetric billets, even
though have 2D profile, mimic 3D structure due to the boundary conditions. Sheet ingots on the other
hand have an anti-symmetric geometry and they are solved in 3D in this work. In the billet cases an
AA7050 alloy is studied and in the sheet ingot cases an Al-8.375wt%Zn is studied. Macrosegregation was
modified by resuspending and recirculation of equiaxed grains with the introducing an inlet jet. The
extent of modification also depended on the grain morphology and the grain interaction with inlet melt.
Numerical analysis also indicated the relative ease with which dendritic grains could be resuspended.

The framework developed in this work makes significant progress in understanding macrosegregation
formation and modification: considering the interaction between microstructure and macroscopic
transport and inlet flow. Future work should focus on extending this framework to include, but not
restricted to, several physical and numerical aspects mentioned below:

e The current simplified three-phase model employs simple constitutive models to predict grain
growth in the presence of important solutal interactions between growing and moving grains.
Significant research is being done and several advanced constitutive models have been
proposed which could be integrated in the current model.

e As mentioned before, the inlet flow has been simplified by considering an open inlet. But in
reality, a combo-bag setup is used. Modelling this inlet setup is important as it significantly
modifies the flow pattern and might help us in answering the discrepancies in macrosegregation
predictions when compared with experiment.

e One major problem in solving 3D cases is the accurate resolution of the mushy zone. The current
study employed a uniform mesh and more accurate resolution of the mushy zone by refining
the mesh globally can lead to prohibitive computational cost. This can be avoided by adaptive
mesh refining. Mushy zone and the region around it can be adaptively refined. This does not
significantly alter the computational cost but resolves the mush zone more accurately.
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Abstract

A simplified three-phase, multiscale macrosegregation model which describes the growth kinetics of
equiaxed grains and the coupling between microstructure morphology and the macroscopic transport
has been proposed previously. In this paper, the model is validated by comparing the numerical model
predictions to experimental data from DC casting of an AA7050 alloy billet. The morphology of the
equiaxed grains has an important influence on the macrosegregation and we show that the model
predictions are accurate when the grain morphology is described correctly.

Keywords: Macrosegregation, Solidification, Equiaxed Grains, DC-Casting

1. Introduction

One of the main phenomena causing macrosegregation in direct-chill (DC) cast aluminium alloy
products is the motion of free-floating equiaxed grains. The solute-lean grains settle towards the bottom
of the solidification zone (mushy zone) and eject solute-rich liquid. This tends to cause negative
macrosegregation in the vicinity of the centerline of the casting and positive macrosegregation
elsewhere. The intensity of this effect on macrosegregation depends largely on the morphology of the
equiaxed grains — dendritic or globular!'™. The grain morphology has an impact on the motion and the
packing of free-floating equiaxed grains'™ as well as on the permeability of the packed grain layer. The
development of the microstructure (grain size, morphology) is also strongly conditioned by macroscopic
flow, which determines the transport of grains and of inoculant particles acting as nucleation sites
throughout the casting!!.

Control of microstructure and macrosegregation in DC casting via process parameters, such as casting
speed, grain refinement or melt feeding, require a detailed understanding of the involved physical
mechanisms. Such understanding is still lacking and the support of modeling is vital to improve the
control of the complex casting process. Volume-average multiscale and multiphase models that couple
the description of the process-scale transport with detailed models of dendritic grain growth have been
developed for around 30 years!>7'3 and have been applied to other casting processes, mainly to ingot
castings!'*'7). This type of modeling is much less developed for DC casting. Most DC casting models
were based on simple solidification models and did not account for the description of nucleation and of
grain growth kinetics!'*?*]. Models that included grain growth kinetics did either not consider grain
motion at all'! or assumed a globular morphology for the free-floating grains?*¥. Detailed models that
focused on grain structure and morphology were not coupled with grain motion and
macrosegregation®). Simulations of macrosegregation were thus limited to globular grains and could
not correctly describe the influence of grain morphology.



Only recently a multiscale model of DC casting, sufficiently advanced to describe the morphology
development during grain growth, fully coupled with grain motion, and macrosegregation, was
developed and applied by Tveito et al.’l. This three-phase volume-average *) model accounts for
solidification shrinkage, thermosolutal convection, grain transport, heat transfer, solute transport and
equiaxed grain growth. In addition to these aspects, nucleation on grain refiners and strong coupling
between nucleation, growth and transport of grain refiner particles, which are important in DC casting
of Al alloys, are also accounted for in this model. The impact of morphology on macrosegregation
formation in a DC cast ingot was shown qualitatively. This model was also successfully applied to
analyze the influence of the flow and of grain refinement on grain size and morphology in a large sheet
ingot?®27) and in a cylindrical billet,

In this paper, we use the model of Tveito et al. to investigate the influence of melt feeding on the
formation of macrosegregation and microstructure in AA7050 alloy billets. The study is based on
experiments conducted by Zhang et al. '8l We show that a good description of microstructure
morphology is an important ingredient to accurately predict macrosegregation formation.

2. Numerical Model

The three-phase, multiscale numerical model of equiaxed solidification, proposed by Tveito et al.l’!, is
based on the volume-averaging approach of Wang and Beckermann® and employs the operator splitting
algorithm proposed by Zaloznik and Combeau !, For a detailed description of the model the reader is
referred to these papers. Only the main features are described here and the model equations are
summarized in Table 1. The Euler-Euler volume averaged model has two parts — macroscopic transport
and microscopic growth. The macroscopic transport accounts for solute and heat transfer coupled with
liquid flow induced by solidification shrinkage and thermosolutal convection. The densities of liquid
and solid are assumed to be constant but different and the Bousinessq approximation is used for the
liquid density in the buoyancy term accounting for thermal and solutal effects. The volume occupied
by a dendritic grain is given by the volume of its envelope. Two flow regimes are considered and the
flow regime depends on the local volume fraction of the grain envelopes (geny)- For envelope fractions
smaller than the packing fraction (gpqck, @ model parameter) the solid (equiaxed) grains are freely
floating. The interfacial drag term Cj, in Equation (9) is modeled in the same manner as in Ref.*”! for
spherical particles but by considering the envelope fraction instead of the solid fraction. For envelope
fractions greater than the packing fraction, grains are assumed to form a rigid porous solid matrix

—

moving with the casting velocity, V.. The interfacial drag in the porous medium is modeled by a
Darcy term, where the hydrodynamic permeability is calculated by the Kozeny Carman relation, using
the characteristic size of the porous structure, lgc.

The microscopic part is treated locally within each volume element. The model accounts for finite
diffusion in both solid and liquid phases and local thermal equilibrium is assumed. Nucleation of grains
is assumed to occur on grain-refiner (inoculant) particles. According to the athermal nucleation theory
of Greer et. al®, the critical undercooling for free growth of a grain on an inoculant particle of diameter
d is given by AT, = 4I;r/d where [;r is the Gibbs-Thompson coefficient. The number of activated
particles then depends on the size distribution of the particle population, which can be represented by
an exponential distribution density function This representation holds for the largest particles, which are
activated at small undercoolings and therefore successful as nuclei. This size distribution is then
discretized into m classes of inoculants. Each class i is represented by a volumetric population density,
N}, and a critical undercooling, AT{ . When the local undercooling reaches the critical undercooling
of class i, its local inoculant density, N, is instantaneously added to the grain number density, Ny,
and N}, becomes locally zero. The conservation equations for the density of each inoculant class and
the grain number density are shown in Equations (10) and (11), respectively, where @ represents the
transfer of population density from inoculants to grains upon nucleation.



The diffusion-controlled growth of dendritic grains is described by a volume-averaged model that
distinguishes three hydrodynamic phases: solid (g;), intragranular liquid (g,4), and extragranular liquid
(ge)BY. The sum of the volume fraction of the three phases should result in unity (g + g4 + ge = 1).
The distinction between the two liquid phases is made because the diffusion time in the intragranular
liquid is governed by the secondary dendrite arm spacing (SDAS) and in the extragranular liquid by the
distance between grains. The intragranular liquid is at thermodynamic equilibrium throughout the
solidification because of the short diffusion time at the SDAS scale. The extragranular liquid remains
undercooled and the undercooling depends on the solute diffusion from the intragranular into the
extragranular liquid. The growth of the solid is governed by diffusion at the solid-intragranular liquid
interface. The grain envelopes are assumed to be spheres growing with the speed of the primary dendrite
tips. Their growth is given by a model of a hemispherical dendrite tip, which links the tip speed to the
volume-averaged undercooling in the extragranular liquid. Since it distinguishes between the growth of
the solid skeleton and of the grain envelope, the model gives a quantification of the grain morphology
via the fraction of solid in the envelope — the internal solid fraction: gimern = g5/Zenv- FOT Gintern < 1 the
grains are considered to be dendritic, for giner = 1 they are globular.

The grain growth is described by the three phases microscopically. However, the macroscopic transport
considers only two phases: the solid and the liquid phase. This is obtained by considering equal
velocities of the intragranular and extragranular liquid phases and by combining their solute
conservation equations. This approach, described in Ref®®], results in a single liquid phase leading to a
two-phase macroscopic transport system.

Table 1: System of Equations
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3. DC Casting Experiment

The experiments are those performed by Zhang et al. and a detailed description of the experimental
setup is found in Refs. 21281, Four cylindrical AA7050 billets with a diameter of 315 mm were cast with
different casting conditions in a conventional DC casting mold without hot top. The casting temperature
was 680 °C and all the billets were grain refined by the same amount of A15Ti1B master alloy, 2 kg/ton.
Two types of melt feeding schemes were used. The melt was poured into the mold either through a semi-
horizontal feeding scheme or a vertical feeding scheme. In the former method, the melt was diverted to
four branches through a cross-shaped splitter while in the later method, the melt was poured directly in
the center of the mold. Two casting speeds were used for each melt feeding scheme. For the semi-
horizontal feeding scheme, 50 mm/min and 90 mm/min speeds were used. For the vertical feeding
scheme, 50 mm/min and 60 mm/min speeds were used.

The composition of the alloy elements across the billet diameter was measured on points which were
about 1 cm apart. The grain size was measured using linear intercept method. The morphology of the
grains observed was normally dendritic with the grain size depending on the melt feeding scheme which
impacted the sump profile and flow pattern in the liquid pool and slurry zone. The sump profile and the
flow pattern were characterized by running 2D computer simulations using ALSIM6 (a casting-
simulation software developed by the Institute for Energy Technology, Kjeller, Norway). A low
Rayleigh number (LRN) turbulent energy-pseudo turbulent dissipation (k — €) model was used to
address the turbulence problem in that simulation.

Inlet Inlet
10mm 10mm
les) Metal level les] Metal level
| I Meniscus: 10 mm : | I Meniscus: 10 mm
. Mold contact: 40 mm i Mold contact: 40 mm
Airgap: 40 mm | | Airgap: 40 mm
Secondary cooling: : Secondary cooling:
210 mm i 210 mm
|
]
i
|
2=9.81m/s2 | 3=9.81 m/s2
z YV =50 mm/min !z V. sy =50 mm/min
—)r— - [_)r
R=157.5mm " R=157.5mm
Figure 1: Simplified geometry of the semi- Figure 2: Simplified geometry of the vertical
horizontal melt feeding scheme (Inlet 1) melt feeding scheme (Inlet 2)

4. Problem Description



The experiments are modelled as a 2D axisymmetric problem. The semi-horizontal melt feeding
geometry (referred to as Inlet 1 from now on) is simplified by introducing a vertical inlet and a fixed
disc 10 mm below the inlet, as shown in Figure 1. The vertical melt feeding geometry (referred to as
Inlet 2 from now on) is obtained by removing the fixed disc from the geometry in Figure 1 resulting in
the simplified geometry as shown in Figure 2. In this paper, we analyze only the experiments with the
casting velocity of 50 mm/min for both inlet schemes. Detailed boundary conditions for energy, liquid
and solid momentum are given in Table 2. The inlet velocity is calculated from the global mass balance.
The inlet temperature of the liquid metal is fixed at 953.15 K (680 °C), as in the experiments. The heat
is extracted by primary cooling through the mold and by secondary cooling directly to the falling water
film flowing over the ingot surface. Primary cooling consists of three zones: meniscus, mold, and air
gap. The boundary conditions are specified in Table 2 with the ambient temperature (T,,;) specified
for each boundary. The heat transfer coefficient due to secondary cooling is modelled using Weckmann
and Niessen¥ correlation, as shown in Eq. (21).

i 21)
Q 3 (T = Teqe)? (
sccondary (T) = TA+ B - (TTK] + Tyquey KD} (22} 4 ¢ 200
1
A= —167000 [W-s3-m~8/3];
B = 352 [W-s'/3-m™8/3.k1]; C=20.8 [W-m2-K2]

T - Twater

Where Asecondary 1S the heat transfer coefficient, 7 is the surface temperature of the ingot, Tyaer i the water
temperature, Ty is the boiling temperature of the water, Qwacer 1S the water flow rate per ingot, and P is
the ingot perimeter. All parameter values are given in Table 2.

The thermophysical data for AA7050 alloy is given in Table 3. The linearized phase diagram defined
by the liquidus slope, partition coefficient and the pure melting temperature, has been adjusted to fit the
solidification path of AA7050 calculated from the microstructure code ALSTRUC B4, The constant
solute diffusion coefficients were calculated from Ref. P at the liquidus temperature of the nominal
alloy. The density of solid accounting for buoyancy effects is assumed to be constant. The liquid density
is calculated as function of solid fraction using a solidification path following the Scheil law. The density
evolution during solidification for both solid and liquid phase can be seen in Figure 3a. The grain
packing fraction as previously mentioned is a model parameter and it is hard to describe its value
accurately. In DC casting modelling, packing fraction values used are usually between 0.15 and
0.31423243638] ' Tn the current work, the packing fraction is set at 0.3. Another poorly understood
parameter value is the characteristic length size (lg.) used in the calculation of the permeability of the
mushy zone. The characteristic length size is often approximated by the secondary dendrite arm spacing
(SDAS) in dendritic grains and by the grain size in globular grains!®. Dendritic grains are larger than
globular grains and the grain structure observed in the experiments is dendritic with an average grain
size of ~250um and ~350 um 28, The characteristic length value (75um) used to describe the
permeability of the simulated dendritic grains is a reasonable approximation of the actual SDAS. Also,
the same value can be applied to simulate globular grains as they are smaller than dendritic grains.

Table 2: Boundary Conditions for Energy and Liquid Momentum
Boundary Energy Liquid Momentum
Inlet Teast =953.15K calculated
Metal Level Rprimary =20 W/m?K) , Tgmp = Slip
373.15K
Meniscus hprimary = 0 W/(m?K) Nonslip




Mold Contact | Apyimary= 600 W/(m?K) , Tgmp = Nonslip
293.15K
Air Gap Rprimary = 120 W/(m?K) , Tgpmp = Nonslip
293.15K
Based on Equation (21)
Direct Chill s Tamb = Twater = 293.15K, Nonslip

Tsqt = 373.15K
Qwater = 40 l/min

Outlet - -

The size distribution for TiB: inoculant particles is taken from Ref. B for 2 kg/ton of grain refiner of
type Al-Ti-B. The distribution is modeled by an exponential function for inoculant diameters between
1 and 10 pm. The distribution density function of the population of inoculant particles, when, as usually,
represented as a function of the particle diameter, is continuously decreasing. However, when expressed
as a function of the critical undercooling, this distribution reaches a maximum at around 0.5 °C, as can
be seen in Figure 3b. In the present study, the distribution is discretized into 20 classes: undercooling
intervals are defined by increasing step size from 0.1 to 2.1 °C. The inoculant density distribution and
the undercooling intervals used for the discretization are shown in Figure 3b.

Table 3: Thermophysical data for AA7050 alloy used in the numerical simulations.
Property Unit Value Property Unit Value
cp Jkg' K 1.3x10° pi kg/m’ 2468.7
Ly JTkg! 3.63x10° Ps kg/m’ 2617.9
Ior K.m 1.9x107 Psb kg/m’ 2538.9
i N.S.m? 1.28x1073 pr K- -1.1x10*
ki W.m! K 75.0 Ikc m 7.5 x107
ke W.m! K 185.0 Gpack - 0.3
Tn K 940.15
Tewt K 723.15
Property Unit Zn Mg Cu
Coi wt.% 6.24 2.05 2.12
ki - 0.39 0.29 0.09
m; K wt.%! -2.81 -3.88 -4.09
Dy, m?s’! 2.682x10¢” 7.326x10° 4.372x107
D, m?s’! 2.385x10e™?  1.664x10"*  8.363x107"
Bei (Wt.%)! -1.23 x10%? 4.0x10° -7.3x1073

The transport equations are solved with a Finite Volume Method (FVM) and the SIMPLE-algorithm for
staggered grid is used for pressure-velocity coupling. A SIMPLE algorithm based FVM code has been
previously employed by Zaloznik et al. % to compare with a highly accurate spectral code to simulate
the unsteady thermal natural convection in a cavity, in conditions representative of DC casting. They
showed that the SIMPLE based FVM code can be highly accurate to resolve the flow physics. This
establishes our confidence in using SIMPLE algorithm for the current work. The convective terms are
discretized with a first-order upwind scheme and for time discretization a fully implicit first-order
scheme is used. For all simulations a structured grid of 8192 cells (NxN: =64x128) is employed.
Submerged boundary conditions are used to account for the fixed disc below the inlet for Inlet 1. The
time step (for macroscopic transport) is set constant to 0.03 s and the simulations are run until steady-
state conditions prevail. Each case took around 8h of CPU time using 8 physical cores in Abel computer



cluster. The cluster has compute nodes with 64 GiB memory and use the Linux Operating system (64
bit CentOS 6).
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Figure 3: a) Density as a function of solid fraction using the Scheil model for the solidification path
and b) inoculant distribution.

5. Results and Discussion

All studied cases are summarized in Table 4. A total of four cases (1-4) based on the inlet mechanism
and grain growth model are considered. Similar to the flow characterization done in Zhang et al. 2128,
a Low Rayleigh number (LRN) turbulent energy-pseudo turbulent dissipation (k — €) model was used
to address the turbulence problem in this simulation. For Case 1 and Case 3, a globular grain morphology
is realized by imposing g, = gs. For Case 2 and 4, the grain morphology is simulated, revealing the
impact of dendritic growth.

Table 4: Simulation Cases

Description Case
Inlet 1 — Globular Grain Growth Model 1
Inlet 1 — Dendritic Grain Growth Model
Inlet 2 — Globular Grain Growth Model
Inlet 2 — Dendritic Grain Growth Model

EE USR] o]

5.1. Inlet 1

Figure 4a shows the macrosegregation pattern of Zn (Mg and Cu closely follow Zn similar to
experimental observations and are not plotted in this work) together with relative velocity, #, — V,qs
vectors for Case 1. For the sake of simplicity, from now on we remove the averaging terms when
describing the solid and liquid velocities ((#,) = %, and (%) = ¥;). The impact of forced convection due
to the fixed disc is restricted close to the surface as can be seen from the direction of relative velocity
vectors. Close to the surface the cooling rate is high, which results in rapid grain growth and only a
narrow region of slurry regime (0<gy<guc) is observed. Thus, the contribution from grain motion is less
significant close to the surface and the macrosegregation formation is primarily from natural and forced
convection (liquid flow through packed solid phase) and shrinkage induced flow which acts in the
packed regime (indicated by arrows perpendicular to solid fraction contours). The cooling rate decays
towards the center of the billet and the size of the slurry region grows. Grain transport significantly
affects the shape of the sump and the evolution of the solid fraction towards the center of the billet.
Since the solid density is higher than liquid density up to solid fraction 0.5 (Figure 3a), grains tend to



settle down at the center of the billet resulting in negative segregation. The settling of the grains results
in expulsion of liquid in the upward direction which can be seen in Figure 4c. Shrinkage induced flow
also acts in this region but in the packed regime which also contributes to the negative segregation. The
overall macrosegregation profile as shown in Figure 6a for Case 1 has negative segregation at the center
of the billet and slightly positive segregation towards the surface. Comparing the radial profile for Case
1 with experimental profile shows an over prediction of negative segregation at the center of the billet
and in-sufficient prediction of the sub-surface and surface segregation.

For Case 2, we introduce the dendritic model. As the evolution of the envelope fraction differs from the
solid fraction, the instant of grain packing occurs at a lower solid fractions for increasing degree of
dendritic morphology. The radial profile of internal solid fraction (gimern = gs/genv) at the packing is
plotted in Figure 7a for Case 2. Globular morphology is observed for an internal solid fraction value
close to 1, whereas dendritic morphology is observed for internal solid fraction value close to 0. Due to
increased cooling rate and local undercooling, the grains become more dendritic towards the cooled
surface. As we move towards the center of the billet, the cooling rate decays but grain transport also has
a strong impact on the cooling rate. The cooling rate of an individual free-floating equiaxed grain
depends on the trajectory it makes through the mushy zone. At the center there are a lot of grains that
went through slow cooling not only because the distance between the liquidus and solidus is larger in
the center, but primarily because they traveled a long distance through a very weakly undercooled slurry
zone before settling. Their growth was thus even slower than that indicated by the estimation given by
the mushy zone thickness. As a result, the grains are more globulitic towards the center. This feature is
well reproduced by the radial profile in Figure 7a. The impact of the grain motion on the grain growth
is shown in Figure 8a the map of constitutional undercooling in the solidification zone clearly shows
that nucleation occurs only in a very limited region adjacent to the packing front in the outer half of the
billet. Grains found in the billet center are thus also generated in the nucleation region and go through a
prolonged stage of slow growth on their trajectory to the final position. We can also observe that the
maximum in the experimental profile of grain size (at around 100 mm from the centerline), shown in
Figure 6c, coincides with the point of detachment of the flow from the packing front. It is probable that
the peak in grain size appears here because there is no grain nucleation and only weak grain settling at
this location. Close to the surface only a narrow region of grain motion is observed as the grains pack at
alow solid fraction and the permeability is sufficiently high to allow a significant liquid velocity through
the packed region. This can be seen in Figure 4b. Consequently, the macrosegregation close to the
surface is primarily formed by forced and thermal- solutal convection through the packed solid, resulting
in negative segregation close to the surface and positive segregation towards mid-radius. Towards the
center of the billet as the grains become less dendritic, grain transport becomes an important mechanism.
Similar to globular grains in the previous case, dendritic (or slightly globulitic) grains settle at the center
of the billet. This results in expulsion of solute rich liquid indicated by the upward arrows in Figure 4d.
Since dendritic grains pack at lower solid fractions, the intensity of solute depletion is less severe when
compared with Case 1 with globular grains. Finally, the shrinkage induced flow acts in similar fashion
as in Case 1, producing negative segregation at the center and positive segregation towards the surface.

The grain morphology given by the dendritic model clearly indicates a tendency towards globularization
or dendritization of the local equiaxed microstructure but is not to be considered as quantitatively
predictive. The predictions depend somewhat on the choice of assumptions and constitutive models, the
envelope shape and the primary tip growth kinetics having the largest impact. The present model
assumes a spherical envelope shape and hemispherical dendrite tips. Different pertinent models have
been used in literature: envelopes of spherical®'#!#3] octahedrall*!!:124244] and hexapod!'? shape, and
dendrite tip growth laws based on hemispherical and paraboloidal tips. Generally, spherical envelopes
lead to smaller specific envelope surface area per grain volume and to larger fractions of intergranular
liquid!'!l. As shown in several studies!''*>#4%] spherical envelopes lead to predictions of somewhat
smaller internal solid fraction than octahedral envelopes. This is mainly due to the larger volume of the
envelopes, while the volume of the solid phase remains very similar. The stronger assumption is that of
hemispherical tips. At the same undercooling, hemispherical tips grow significantly faster than



paraboloidal tips. Detailed analyses have shown that at given solidification conditions the hemispherical
tip model predicts a more dendritic grain morphology than the paraboloidal tip model™*>#], While a
similar globular-dendritic transition is predicted with both models, the transition from dendritic to
globular is shifted to higher grain densities or lower cooling rates with the hemispherical tip model. For
example, Nielsen et al.[* argued that the spherical envelope and the hemispherical tip model gave better
predictions of the experimentally observed morphologies of interacting grains in inoculated Al-Cu
alloys than the paraboloidal tip model and octahedral envelopes. The physical reasons for this were not
explained, but it is clear that dendrite growth models based on models of free dendritic growth are rather
simplistic for describing the growth of strongly interacting grains and that improved constitutive models
are needed™’).

c) d)

Figure 4: a) & b) Relative composition of Zn in % together with relative velocity #, — V., vectors
and iso-lines of solid fraction for Case 1 and envelope fraction for Case 2; ¢c) & d) Relative
composition of Zn in % together with relative velocity # — #; vectors and iso-lines of solid fraction
for Case 1 and envelope fraction for Case 2. Only right half of the cross-section of the billet is
shown with the left vertical edge corresponds to symmetric axis. The liquidus and the packing front
are marked by thick red and black curves. ¢) The common color bar of relative segregation for all
cases.
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The final macrosegregation profile for Case 2 is shown in Figure 6a along with Case 1 and with the
experimental profile. The intensity of centerline negative segregation and mid-section positive
segregation is very well reproduced by Case 2 when compared with experiment. The surface and sub-
surface segregation is only qualitatively reproduced. This region is strongly influenced by forced
convection and this could be the main source of error. In the current simulation, the semi-horizontal melt
feeding scheme used in the experiments is simplified by an inlet-distributor setup. This might not
reproduce the accurate flow pattern which can affect the macrosegregation formation close to the
surface. Figure 6¢ shows the grain sizes for Case 1 and 2 against the experimentally measured grain
size. From the experimental profile, the grains are smallest close to the surface where the cooling rate is
high. Grains coarsen towards the center of the billet due to the decayed cooling rate. These variations
are not predicted by the numerical model that predict a rather flat profile. The grain size predicted by
Case 2 towards the surface compares well with experimental data.

5.2. Inlet 2

Figure 5a shows the macrosegregation pattern of Zn together with relative velocity #, — V.., vectors for
Case 3. Compared to the flow patten observed in Inlet 1, the flow pattern seen in Inlet 2 is completely
different due to vertical jet towards the center of the billet. Two flow loops can be seen — a counter
clockwise loop in the center area and a clockwise loop at the quarter and surface of the billet. They
collide around 40mm from the center of the billet. The resulting solid fraction profile shows a cliff
shaped (almost vertical solidification front) pattern around this region. A similar flow pattern and
solidification front is seen in the simulated profiles using ALSIM6 in the Reff*®),

At the center of the billet, macrosegregation formation is mainly due to washing of the solute due to the
strong upstream flow due to forced convection. This can cause severe depletion near the cliff shaped
region. Additonal cause of negative segregation is due to stacking up of globular grains which are
formed next to the cliff or formed earlier at other locations and arrived there with the melt flow. The
collision of two flow loops around this vertical solidifcation front blocks the horizontal movement of
the solid grains. Hence, the suspension of grains and washing away of solute due to forced convection
results in severe depletion in this region. In addition, shrinkage induced flow also adds to the negative
segregation. The segregation profile can be seen in Figure 6b. In the mid-section, we can observe some
depletion. The forced convection is not strong in this area and the major contribution for
macrosegregation is grain settling indicated by the solutal stratification (upward vectors) shown in
Figure 5c. Towards the surface we can see positive segregation which can be explained due to grain
settling in the mid-section region. As grains settle in the mid-section, the stratified solute is caught up
in the clockwise flow loop and gets deposited towards the surface resulting in positive segregation.
Shrinkage induced flow additionally contributes to positive segregation in this region. Comparison with
experimental profile shows that for Case 3 (Figure 6b) there is an over prediction of negative segregation
at the center and in-accurate prediction of macrosegregation at the mid-section and towards the surface.

For Case 4, we employ the dendritic model. The flow pattern for this case shown in Figure 5b is similar
to the flow pattern for Case 3 shown in Figure 5a. The only difference is that the grains are dendritic in
Case 4. A measure of dendritic morphology can be seen in Figure 7b. We could not track the internal
solid fraction profile at the center due to limited or non-existent grain motion. Around 40 mm away from
the center, some dendritic grains were observed with slightly globulitic morphology (giner ~ 0.6). The
stacking up of dendritic grains along the vertical solidification front was similar to what was observed
with globular morphology in Case 3 but the intensity of segregation was less severe due to packing of
dendritic grains at lower solid fractions. Nonetheless, additional depletion of solute occurs in the center
due to forced convection and shrinkage induced flow. In the mid-section, grain settling dominates which
can be seen in solutal stratification from Figure 5d. But due to the dendritic morphology in this region
(ginern ~ 0.3), the intensity of negative segregation due to grain settling is not severe. So is the
stratification of solute which gets caught up in the clockwise flow loop to get deposited towards the
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surface. The main contributor for macrosegregation in sub-surface and surface area is shrinkage induced
flow which results in negative and positive segregation respectively.

(€ —Cy)/C,

C) d)

Figure 5: a) & b) Relative composition of Zn in % together with relative velocity &, — V.5 vectors
and iso-lines of solid fraction for Case 3 and envelope fraction for Case 4; ¢) & d) Relative
composition of Zn in % together with relative velocity 4, — % vectors and iso-lines of solid fraction
for Case 3 and envelope fraction for Case 4. Only right half of the cross-section of the billet is
shown with the left vertical edge corresponds to symmetric axis. The liquidus and the packing front
are marked by thick red and black curves. e) The common color bar of relative segregation for all
cases.
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Figure 6: a) Radial profile of macrosegregation in Zn from simulation shown for Case 1 and Case
2; b) Radial profile of macrosegregation in Zn from simulation shown for Case 3 and Case 4; c)
Radial profile of grain size from simulation shown for Case 1 and Case 2; d) Radial profile of grain
size from simulation shown for Case 3 and Case 4. Experimental profile shown in black for both
macrosegregation and grain size.

Comparison with experimental profile shows that for Case 4 (Figure 6b) there is an over prediction of
negative segregation at the center. Though it should be noted that depletion of solute in the center is not
as intense as in Case 3 where we consider globular grains. In the mid-section the simulated profile from
Case 4 qualitatively follows the experimental profile and a very good co-relation between the both can
be seen towards the surface. Case 4 macrosegregation profile compares reasonably well with experiment
with some discrepancy in the center. This could possibly be explained by over prediction insufficient
resolution of turbulence (only 2 equation model) which results in washing away of the solute in the
center. In Figure 6d, we compare the radial profile of grain sizes measured during experiment with
simulated profiles from Case 3 and 4. In the vertical melt feeding scheme, intense flow is observed at
the center. Also due to a vertical solidification front, the cooling rate is quite high in the center. As a
result, small grains are observed in the central part of the billet. The grain size increases towards the
mid-section and slightly decreases at the surface. Case 3 predicts an almost flat profile for grain sizes.
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The order of magnitude of the grain size predicted is right for Case 4 but the variations across the billet
diameter are not correctly predicted. The mid-section coarse grain structure seen in the experiment is
not directly predicted by Case 4. A more detailed analysis of grain nucleation, growth, and transport,
shown in Figure 8b, shows that the reported coarse grain region is located at the meeting point of the
two flow circulations. Because of the flow orientation the deposition rate of free-floating equiaxed grains
at the meeting point is weak. Also, the meeting point is a region of very low undercooling, i.e., without
nucleation of new grains. The structure at this location is therefore composed of few slowly growing
grains, resulting in a localized band of coarse grain morphology.
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Figure 7: Radial profile of internal solid fraction ( gimen) at instant of packing for a) Case 2 and b)
Case 4
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Figure 8: Undercooling (given by Eq. 20) in the billet for a) Case 2 and b) Case 4, indicating
regions of nucleation (blue and green), grain growth (yellow) and grain remelting (red). The solid
velocity vectors (black) show the grain trajectories through the solidification zone. The lines are
isopleths of envelope fraction.
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6. Conclusions

A simplified three-phase, multiscale solidification model coupling macroscopic transport and equiaxed
grain growth was previously proposed™. This model was novel in its approach as it introduces three
phases in describing equiaxed grain growth but solves only two-phase macroscopic transport equations.
A limited demonstration of the model to predict macrosegregation in DC casting accounting for grain
morphology was done previously. In this paper we conducted a proper validation study by both imposing
globular morphology and simulating dendritic morphology and comparing with experiments.

Two different types of inlet melt flow were considered. In the first type, the geometry was simplified in
simulation which resulted in slight variations in macrosegregation prediction towards the surface of the
billet when compared with experiment. But the center line depletion and mid-section segregation were
well predicted when dendritic morphology was considered. In the second type of inlet, macrosegregation
formation predicted by the numerical model considering dendritic morphology could be qualitatively
compared with the experimental data. For both types of inlets, globular grain growth model
overpredicted the negative segregation at the center and in-accurately predicted macrosegregation in
other parts of the billet indicating the necessity of accurate morphology modelling.

Grain size predictions are of the right order of magnitude when compared with experimental
observations, especially when dendritic morphology is accounted for. But the variation of the grain size
across the cross section of the billet is not accurately predicted by the model for both the type of inlets.
Several modelling aspects can affect the grain size and morphology prediction. Packing fraction is one
of them and its value is ambiguous. Another aspect is the inaccurate resolution of nucleation zone. In
DC casting process, the nucleation zone is quite small and even reasonably fine grids might not be able
to resolve it completely. Therefore, this could be a critical factor. Lastly, the current model uses
simplified constitutive models to predict grain growth in the presence of important solutal interactions
between growing grains. Advanced constitutive models have been proposed recently!*”! which could be
integrated in the current model. These are some of the aspects which could be clarified in future work.
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Table 5: Nomenclature

< (; > average mass concentration of solute i, T,us casting temperature, K
wt. %

< C” > average equilibrium mass concentration T;q temperature of liquidus, K
of solute i, wt. %

Coi mean concentration of solute i, wt. % T,,  melting temperature of pure Al, K
Cp specific heat, J.kg'K T.y+ eutectic temperature, K
Cp drag co-efficient, - AT undercooling, K
d diameter of inoculant particle, m AT,  critical undercooling for nucleation, K
D; diffusion coefficient of solute i, m?s~* (#;)! intrinsic average velocity of liquid
phase, ms™!
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Twater
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volume fraction, -

packing fraction, -
internal solid fraction, -
acceleration due to gravity, ms ™2

averaged liquid enthalpy, Jkg ™!

averaged solid enthalpy, Jkg ™!

mixture enthalpy, Jkg™!

primary cooling heat transfer coefficient,
Wm™2K ™1

secondary  cooling
coefficient, Wm™2K~?!
partition coefficient of solute i, -

heat  transfer

permeability, m?
Latent heat of fusion, J.kg™!

characteristic length for permeability, m

liquidus slope of solute i, K wt.%!

volumetric population density, m~3

grain density, m ™3
liquid pressure, Nm ™2
perimeter of the ingot, m
water flow rate, m3s~1
radius of the envelope, m
radius of the solid grain, m
Reynolds number

interfacial area density, m™?

Schmidts number

time, s

temperature, K

temperature of cooling water, K
temperature of boiling water, K

(vs)°
Vcast
Vtip
Br
Bc,i

8(0)

FGT

P
Ps

P

Pm
H

Lb

intrinsic average velocity of solid
phase, ms~?!

casting velocity, ms™!

velocity of dendrite tip, ms™1

thermal expansion coefficient, K
solutal expansion coefficient of solute i,
%w'!

diffusion length of solute i, - m

Dirac function

Gibbs Thomson co-efficient, Km

growth rate, kgm 351

thermal conductivity, W.m™!. K
liquid density, kgm™3

solid density used to account for
shrinkage, kgm™3

liquid buoyancy density used to
account for Bousinessq approximation,
kgm™3

solid buoyancy density used to account
for grain motion, kgm™3

mixture density, kgm™3

liquid dynamic viscosity, Pa s

Subscripts and Superscripts
liquid

solid

envelope

extragranular liquid

intragranular liquid

solid-liquid interface

intra-extra granular liquid interface
equilibrium

liquid buoyancy

solid buoyancy
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