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Abstract

Direct Chill (DC) Casting of Aluminium involves alloys employing different solute elements. In this
paper a qualitative analysis and comparison of macrosegregation formation is presented for three
different alloy systems: Al-Mg, Al-Zn and Al-Cu. For this purpose, a multiphase, multiscale
solidification model based on volume averaging method accounting for shrinkage induced flow,
thermal-solutal convection and grain motion is used and applied to an industrial scale DC Cast ingot.
The primary difference between these alloys is thermal-solutal convection with Al-Mg having a
competing thermal and solutal convection whereas the other two systems have a co-operating thermal
and solutal convection. In the study, the combined effect of the macrosegregation mechanisms is
analyzed for each alloy in order to assess the role of the alloy system on the final macrosegregation.

Keywords: Macrosegregation, Solidification, DC-Casting

1. Introduction

The redistribution of solute at the scale of cast product due to relative motion between solid and liquid
phase is referred to as macrosegregation. This relative motion is driven by shrinkage induced flow,
natural convection due to thermal and solutal gradients, movement of the equiaxed grains and
thermally induced deformations of the mushy zone. A rather comprehensive description of these
mechanisms can be found in literature™,

Due the severity of this casting defect, a significant effort has been dedicated to to understanding and
modelling of macrosegregation formation in DC casting. A study on the effect of shrinkage induced
flow and thermal-solutal convection in DC Casting was made by Reddy and Beckermann(? which
was based on volume averaging method proposed by Ni and Beckermannf®l. Reddy and Beckermann
studied Al-Cu billet and controlled natural convection intensity with the mushy zone permeability.
For a moderately permeable mush, they observed positive segregation at the center and negative
segregation close to the surface. Significant improvements in modeling has been achieved over the
years, especially pertaining to grain motion. Wang and Beckermann[*%! proposed the first model to
numerically simulate equiaxed dendritic solidification in the presence of natural convection. Vreeman
and Incroperal®” conducted a study on DC cast billets with Al-Mg and Al-Cu. Their model accounted
for grain motion and thermal-solutal convection. Several recent advances were made in modelling of
solidification® 4 and dc casting processt*>2%. Zaloznik and Combeau™ proposed an operator
splitting scheme to couple macroscopic transport and grain growth in a two phase multiscale
solidification model. The model was further extended to include inoculant motion[t624],
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Zaloznik et all*®l. conducted a systematic study of influence of various transport mechanisms
contributing to macrosegregation in an Al-Zn system. For a case with only thermal-solutal convection
as driving force, they also observed positive segregation at the center and negative segregation at the
surface respectively. This pattern was attributed to both copper and zinc being heavier than
aluminium resulting in contributing thermal and solutal convection. In contrast, Jalanti®®! and
Bedel™® both independently concluded that the thermal-solutal convection in DC Casting of Al-Mg
contribute to negligible macrosegregation. Magnesium being lighter than aluminium results in
competing thermal-solutal convection.

In the current paper a two-phase, multiscale solidification model in which shrinkage induced flow,
natural convection, grain transport, heat transfer, solute transport and grain growth based on Zaloznik
and Combeau and Tveito et al®! is used to study macrosegregation formation in three binary
alloys: Al-Mg, Al-Zn and Al-Cu. The goal of this paper is to assess the impact of alloying element, if
any, on transport mechanisms which inturn affect the macrosegregation formation.

2. Numerical Model

The two-phase, multiscale numerical model used is based on the splitting method*?.. For a detailed
description of the model the reader is referred to the paper. Only the main features are described here
and the system of equations are summarized in Table 1 followed by description of the terms in Table
2. The Euler-Euler volume-averaged model considers macroscopic transport and microscopic growth.

The two-phase macroscopic transport accounts for heat, mass and solute transport coupled to phase
momentum transfer accounting for liquid flow induced by shrinkage, thermal-solutal convection and
grain motion. The density 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. For the solid phase,
two flow regimes are considered depending on the solid fraction (g;). For solid fractions lower than
packing fractions (gpqck) the solid (equiaxed globular grains) is freely floating. The interfacial drag
term Cp in Equation (8) is modeled in the same manner as Refl'? for spherical particles. For solid
fractions greater than packing fractions, grains are assumed to form a rigid porous solid matrix

—

moving with the casting velocity, V.. The interfacial drag now is modeled by a Darcy term, where
the permeability is calculated from the Kozeny Carman relation for the characteristic size, lg..

The microscopic part is treated locally within each control volume and accounts for both nucleation
and growth kinetics. 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 I 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 density, Ny, and Ni,. becomes locally zero. The conservation
equations for the density of each inoculant class and the grain density are shown in Equations (9) and
(10), respectively, where @ represents the transfer of population density from inoculants to grains
upon nucleation. We assume grains nucleate on grain refiners and the morphology of the grain is
assumed to be globular. The model accounts for finite diffusion in both solid and liquid phases and
local thermal equilibrium is assumed.



Table 1: System of Equations

Macroscopic Conservation Equations

Averaged mass balance d(gip0) , (1)
of liquid phase a TV (gipiv) = 1
Averaged mass balance d(gsps) R (2)
of solid phase T + V.(gspsVs) = Iy
Averaged solute d(gipicy) R . SypiD) ., 3
balance of liquid phase —a TV wed) =V.(gpDive) +eili+ VT(Q - )
Averaged solute d(gspsCs) R . (SypsDs) ., 4
balance of solid phase % + V. (gspsess) = V. (gspsDsVes) + il + % (s =) @
Averaged mixture d(php,) R R
er?thalpy dtm + V. (glplhlvl + gspshsvs) =V [(gsks + glkl)VT] (5)
Averaged liquid d(g,pv;) L. R 6
momentum —a TV (P ) = —g.Vp, + V. (quu Vo) + gipg + MY ©)
Averaged solid s < YIpack, 0= _gsvpl + 9sPsp9 — Mld (7)
momentum 9s > YGpack» 13>s = Veast
2
grth o .
Source term in a (—K Ws — ) if 9s > Gpack ©)
momentum equation My = 39:p:Cp Y . ]
4’(2Rs) | s = vll(vs - vl) lf gs < YIpack
Nucleation Modelling
Innoculant Motion 2, . Lo .
E(N;mc) + V(3 Nipye) = —! ©)
Grain Population F UL (10)
Balance E(Ng) + V(U Ng) = Zq’l
i=1
Source term in i _ (Ni,o() AT < AT . _ (11)
nucleation modelling o= { 0, else T Loym
Microscopic Conservation Equations
Mass balance at solid- L+1I;=0 (12)
liquid interface
Solute balance at solid- . SypiDD) |, (SypsDs) 13
liquid interface (i =)l = v(gl e/ —e)+ ugz = (cs —c) (13)
Diffusion lengths 5, = R (14)
5
1 -1
s e 1 Sc3Re™Re) R
I B TR B (15)
where,
2Re*?8+4.65 p1(1-g5)(2Rs) | N
n(Re) = 3R T ra6s) €T ZT 1% =%
H
Sc=——
piD;




102

103
104

Thermodynamic
relations at solid-liquid
interface

Geometrical Relations

Radius of the grain

Interfacial area density
of liquid-solid surface

R

cs = kpcl* (16)

Tliq =Tn+ mlci (17)
39, \'°

4nNg> (18)

S, = 4m(R5)?N, (19)

Table 2: Nomenculature

c average mass concentration, wt. %
g volume fraction, -
t time, s
vV Intrinsic velocity, ms™?!
K permeability, m?
Cp drag co-efficient, -
p;  liquid pressure, Nm~?2
Sc  Schmidts number
Re  Reynolds number
T,  temperature of liquidus, °C
h,,  mixture enthalpy, Jkg~?!
k thermal conductivity, W/(mK)
g  acceleration due to gravity, -9.81 m/s?
S, solid liquid interfacial area density,
m—l
Ipack packing fraction, -
Veast  cCast velocity, mm/min
psp  solid buoyancy density, kgm ™3
T,,  melting temperature of pure
Aluminium, °C
m;  liquidus slope, °C/ wt. %

H
NTlluC
Ng
5(t)
AT
AT}

R

S

liquid dynamic viscosity, Pas

innoculant density for class i, m™3

grain density, m~3

Dirac function

undercooling, °C

critical undercooling for inoculant class i,
°C

radius of the grain, m

Greek Symbols

growth rate

solid mass generated due to nucleation
diffusion length

Subscripts and Superscripts
liquid
solid

solid-liquid interface
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3. DC Casting Case Study
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Figure 1: Ingot Geometry with corresponding Figure 2: Innoculant Distribution
boundary conditions given in Table 3

The DC Casting geometry is based on the case study performed by Zaloznik et al®*® with slightly
different boundary conditions. An industrial scale ingot with thickenss of 350 mm is considered. The
geometry is simplified to 2D and symmetry is assumed at the central axis. The schematics can be seen
in Figure 1. The 2D slice marked in red represents the simulation domain and the dashed line
indicates symmetry axis. Liquid metal maintained at casting temperature T,,.:, reference solute
concentration C, and inoculant density N}, enters the domain through the inlet at the top. The inlet
velocity is calculated based on mass balance accounting for solidification shrinkage. The solidified
metal leaves the domain from outlet at the bottom at predefined casting speed V., of 60mm/min and
acceleration due to gravity, g = -9.81 m?/s is in the vertical direction.. The primary and secondary
cooling heat fluxes are modelled with Fourier condition (g = h(T,,,;, — T)). Primary cooling consists
of three zones — meniscus, mold and air gap. The boundary conditions are specified in Table 3. The
secondary cooling heat transfer coefficient is modelled by the correlation given by Weckmann and
Niessen®’, as shown in Equation (20).

s Ty’ (20)
hsecondary (T) = {A +B- (T[K] + Twater[KD}' (%)3 +C- (T ~Tsar)

T-Twater
1
Where A = —167000 [W-s3-m~8/3];
B = 352 [W-s'/3-m™8/3.K1]; C=20.8 [W-m 2:K?]
Where hsecondary 1S the heat transfer coefficient, T is the surface temperature of the ingot, Twaer iS the
water temperature, Tsa is the boiling temperature of the water, Qwaer iS the water flow rate per ingot,
and P is the ingot perimeter. The values assumed for the variables in it are presented in Table 3.
The size distribution for inoculant particles taken from!?® for 2kg/ton of innoculants of type TiBi, is

shown in Figure 2. The distribution density against the undercooling is plotted which increases to a
maximum at around 0.5 °C and decreases. In this study, the inoculant distribution is discretized into
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20 classes (m=20). The inoculant distribution considered here is inadequately characterized and
cannot be taken as accurate representation of realistic casting conditions for the different alloy
systems used. For the sake of simplicity, the distribution in Figure 2 will be used for the studied cases.

Table 3: Boundary Conditions for Energy, Liquid Momentum and Solid Momentum

Boundary Energy Liquid Momentum | Solid Momentum
Inlet Teast = 953.15 K calculated -
Meniscus h=1W/(m?K), Tymp = 293.15K Nonslip Nonslip
Mold Contact | h = 350W/(m?K) , Tymp = 293.15 K Nonslip Nonslip

Air Gap h =50 W/(m?K) , Tymp = 293.15K Nonslip Nonslip

Based on Equation (20)
Direct Chill Twater = 293.15 K, Nonslip Nonslip
Teqr = 373.15K,
Qwater = 20 I/min

Outlet - - Veast

The thermophysical data for the different binary alloys are given in Table 4 which are based on the
data obtained from Jalanti®® for Al-Mg and Al-Cu and from Zaloznik et al™*® for Al-Zn. The diffusion
co-efficients of solid and liquid for Al-Cu are obtained from Tveito et al®!! A linearized phase
diagram is assumed defined by the constant liquidus slope, partition coefficient and the pure melting
temperature. The liquid density is assumed to be constant in all terms except the buoyancy terms
invoking the Boussinesq approximation. The density of solid accounting for buoyancy effects in solid
momentum equation is assumed to be constant. The packing fraction is set at 0.3.

The transport equations are solved with a Finite Volume Method and the SIMPLE-algorithm for
staggered grid is used for pressure-velocity coupling. 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 16384 cells (NxxN,=64x256) is employed. A constant time step of
0.02s is used and the calculations are run until steady state.
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Table 4: Thermophysical Data Used in Numerical Simulations

Property Unit Al-Mg® Al-Cul®] Al-Znlel
Specific Heat Jkg71K™! 1107.0 1107.0 1300.0
(cp)
Latent Heat Jkg™! 3.92e5 3.92e5 3.63e5
L)
Solid Thermal Wm-tK™?! 100.0 100.0 185.0
Conductivity (k)
Liquid Thermal Wm-tK™?! 100.0 100.0 75.0
Conductivity (k;)
Melting Temperature K 933.65 933.65 950.95
(Tin)
Eutectic K 723.15 821.35 750.7
Temperature
(Teut)
Dynamic Viscosity Pas 1.2e-3 1.2e-3 1.28e-3
(1)
Solid Density Kgm™3 2550 2550 2662.5
(ps)
Liquid Density Kgm™3 2400 2400 2519.0
()
Solid Buoyancy Kgm™3 2550 2550 2662.5
Density
(Ps,p)
Thermal Expansion K1 1.245e-4 1.245e-4 1.5e-4
Co-efficient (Br)
Solutal Explansion (wt%) ! 4.0e-3 -1.09e-2 -1.23e-2
Co-efficient (B¢)
Characteristic m 1.0e-4 1.0e-4 1.0e-4
Length for
Permeability (Ix¢)
Packing Fraction - 0.3 0.3 0.3
(gpack)
Reference Solute wt% 4.5 45 8.375
Concentration (C,)
Partition Co-efficient - 0.485 0.173 0.257
(Jep)
Liquidus Slope K (wt%) ™1 -5.831 -3.434 -6.05
(my)
Liquid Diffusion Co- m?s~1 7.7e-9 3.8e-9 5.66e-9
efficient (D))
Solid Diffusion Co- m?s~! 1.8e-12 4.2e-13 5.60e-13

efficient (Dy)
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4, Results and Discussion

A brief overview of all the cases for each alloy system are summarized in Table 5. The study
considers a total of five Cases (1-5) based on the driving mechanisms considered. Each case is further
divided into a,b,c depending on the alloy used — magnesium (a), copper (b) and zinc (c). Cases 1-3
deal with individual transport mechanisms considering shrinkage induced flow (SH), natural
convection (NC) and grain motion (GM), respectively. In Cases 1 and 2, a fixed solid velocity is
employed by imposing (v,)° = _)Cast. Cases 4 and 5 deal with combinations. Case 4 is constructed
by accounting for both natural convection and grain motion. Case 5 is constructed by adding
shrinkage induced flow to Case 4. Macrosegregation plots overplotted with relative liquid velocity
(v, — Vcast) for Cases 1-5 are depicted in Figure 3 - Figure 5 and in Figure 8 and Figure 9. Relative
segregation plotted against the cross-section of the ingot from center to surface for all the cases are
show in Figure 6 and Figure 10 respectively.

Table 5: Simulation Cases

Driving Mechanisms Al-Mg | Al-Cu Al-Zn Description
Shrinkage Induced Flow (SH) | Case 1a | Case 1b | Case 1c Ipack = 0 and
Br= Bc=0

Natural Convection (NC) Case 2a | Case 2b | Case 2¢ ps = prand gpacr = 0

Grain Motion (GM) Case 3a | Case3b | Case3c | ps = p;, Jpack = 0.3and
Br= Bc=0

Natural Convection (NC) and | Case 4a | Case 4b | Case 4c ps = prand gpgcr = 0.3
Grain Motion (GM)
Natural Convection (NC) + Case 5a | Case 5b | Case 5c Ipack = 0.3
Grain Motion (GM) + Shrinkage
Induced Flow (SH)

4.1. Macrosegregation due to individual transport mechanisms

Figure 3 (a,b,c) shows the macrosegregation pattern for different alloys due to shrinkage induced
flow. Flow is induced by pressure drop created to feed shrinkage. In the mushy zone, the velocity
vectors are nearly perpendicular to the solid fraction iso-contours with significant deviations in flow
direction close to the surface and center of the ingot where the shape (curvature) of the mush changes.
The diverging flow pattern close to the center transports solute rich liquid away from center resulting
in negative segregation. Slightly positive segregation in most part of cross section and positive
segregation at the surface is observed similar to results in Ref'8l, The flow patterns observed in
different alloy systems in Figure 3 are similar. Figure 6a show the relative segregation for the same
cases and the curves are qualitiatively quite similar with some differences in the intensity and extent
of the negative or positive segregation at the center and surface respectively.

For Case 2 (a,b,c) the driving force is natural convection (thermal-solutal) convection. Case 2a has a
competing thermal and solutal convection whereas Case 2b and 2c have co-operating thermal and
solutal convection. Thermal convection tends to set up clockwise flow loop as heavy cooled liquid
descends along the inclined mushy zone and hotter liquid ascends in the center*®l, Solutal convection
on the other hand can result in clockwise or counter clockwise flow loop depending on the alloying
element being heavier or lighter than aluminium. Figure 4a shows the macrosegregation profile with
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relative velocity vectors for Case 2a consisting of magnesium as the alloying element. Magnesium is
lighter than aluminium and results in a counter clockwise flow loop close to the center whereas the
rest of the liquid pool has a clockwise loop due to thermal convection. The overall macrosegregation
profile is a result of competition of thermal and solutal convection. This results in close to zero
relative macrosegregation as it can be seen in Figure 6b for Case 2a and it is quite similar to the ones
observed by Jalanti®! and Bedel™®. Figure 4b and Figure 4c show the macrosegregation profile for
Al-Cu and Al-Zn. Both copper and zinc are heavier than aluminium and result in a co-operting
thermal-solution convection. The flow pattern due to the clockwise loop is also quite similar for both
the cases. This results in negative segregation close to the surface as flow enters the mushy zone

satisfying the criterion (ﬁl - Vcast).VT < 0P, Towards the center, flow leaves the mushy zone
resulting in positive segregation by satisfying the criterion (ﬁl - Vcast).VT > 0. Figure 6b shows the

relative segregation for Cases 2b and 2c¢ along with 2a. Qualitatively Al-Cu and Al-Zn exhibit similar
segregation behavior with differences in the intensity and together exhibit a strong contrast to Al-Mg.

c)

Figure 3: Relative composition of Magnesium (a), Copper (b) and Zinc (c) in % and iso-lines of solid
fraction for Case 1a, 1b and 1c. Relative velocity v, — IZ,M are also over plotted.

Figure 5 (a,b,c) shows macrosegregation pattern for Case 3(a,b,c). Grains are assumed to freely move
in the slurry region (gs < gpack)- Grain transport affects the shape of the mush. Close to the surface,
cooling rate is high resulting in rapid growth of solid fraction resulting in a narrow slurry region.
Hence, the influence of grain motion is nonexistent in this region. Away from the surface, the cooling
rate reduces resulting in a larger region of the slurry zone. Macrosegregation formation due to grain
motion is primarily due to the settling of heavy solute lean grains along the inclined mushy zone
towards the center of the center resulting in negative segregation*®l, This accumulation of grains
results in expulsion of solute rich liquid upwards which causes an enrichment above the slurry zone.
The enriched liquid is carried into the liquid pool and then towards the mid-section of the ingot
resulting in positive segregation in the immediate vicinity of the center towards the surface. The flow
pattern due to grain settling shown in Figure 5 for different systems exhibit similar behavior and
consistent with relative segregation seen across the cross section shown in Figure 6¢ - negative
segregation in the center, positive segregation in the midsection and little to no segregation towards
the surface.
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Figure 4: Relative composition of Magnesium (a), Copper (b) and Zinc (c) in % and iso-lines of solid
fraction for Case 2a, 2b and 2c. Relative velocity %, — V., are also over plotted.
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Figure 5: Relative composition of Magnesium (a), Copper (b) and Zinc (c) in % and iso-lines of solid
fraction for Case 3a, 3b and 3c. Relative velocity %, — V., are also over plotted.

Figure 7 shows the grain diameter plotted across the cross section of the ingot for the different alloy
systems for Case 3(a,b,c). All exhibit a similar trend of relatively uniform diameter with some
fluctuations close to the surface. It can be seen that Case 3a and 3b have almost same grain structure
wherease Case 3c exhibits smaller grain structure compared to the other two. This can be attributed to
Growth Restriction Factor (GRF) given by m;(k, — 1)C,. Grain diameter is inversely related to
GRFEI. Al-Zn (Case 3c) has GRF value of 37.6 whereas Al-Mg (Case 3a) and Al-Cu (Case 3b) have
13.5 and 12.7 respectively.

10
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Figure 6: Horizontal relative segregation profiles of the ingot for a) Cases 1, b) Case 2 and ¢) Case3
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229  4.2. Macrosegregation due to combined transport mechanisms
230

b)

Figure 8: Relative composition of Magnesium (a), Copper (b) and Zinc (c) in % and iso-lines of solid
fraction for Case 4a, 4b and 4c. Relative velocity v, — I7wst are also over plotted.
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Figure 9: Relative composition of Magnesium (a), Copper (b) aniZinc (c) in % and iso-lines of solid
fraction for Case 5a, 5b and 5c. Relative velocity v, — V. are also over plotted.
233

234 Case 4 (a,b,c) has combined phenomea of grain motion and natural convection. The macrosegregation
235  plots are shown in Figure 8. Case 4b and Case 4c exhibit similar flow pattern. Close to the surface due
236  to high cooling rates and thin slurry region, natural convection is driving cause for macrosegregation
237  and this results in negative segregation as flow enters the mushy zone. Due to co-operating thermal
238  and solutal convection, the flow loop is in the same direction as grain settling towards the center of
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the ingot. This reduces the relative velocity between liquid and solid resulting in lowered settling
velocities of solid grains. Due to this, reduced negative intensity for Case 4b and slightly positive
segregation for Case 4c is observed (Figure 10a). These slight differences could be attributed to
differences in solid to liquid density ratios for copper and zinc. Similar patterns for zinc are observed
by Zaloznik et all*®l. The same discussion cannot be held for Case 4a which has a different natural
convection profile. When we refer to Figure 4a, natural convection individually results in two
convective loops for Al-Mg — clockwise in the liquid pool due to thermal effects and counter
clockwise close to the center of the ingot and mushy zone due to solutal effects. This breaking of flow
loops has little to no impact on the grain settling. The relative velocity is not reduced and grains
settling leads to more negative segregation when compared with Al-Cu or Al-Zn. Infact if we compare
Figure 6¢ (grain motion only) and Figure 10a (grain motion with natural convection) for Al-Mg, the
relative segregation profiles remain largely same, especially in the center and mid-section. The
coupling of grain motion and natural convection also results in slightly different flow pattern for Case
4a as can seen in Figure 8a when compared with Case 4b and 4c in Figure 8b Figure 8c
respectively. The flow pattern in the slurry and liquid zone at the center of the ingot in Figure 8a
shows expulsed solute due to grain settling rising towards the inlet (Mg is lighter than Al). This solute
meets the incoming solute from the inlet and could lead to turbulent behavior, a phenomena which
was also mentioned by Vreeman and Incroperal”,
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Figure 10: Horizontal relative segregation profiles of the ingot for a) Cases 4 and b) Case 5 and case
notation a,b and c indicate Al-Mg, Al-Cu and Al-Zn respectively.

Case 5 is an extension of Case 4 with additional effect of shrinkage induced flow which acts at higher
solid fraction regions where the effects of grain motion and natural convection are negligible. The
shape of the mushy zone changes due to grain motion and this affects the shrinkage induced flow as
described in Refl*®! but shrinkage induced flow does not have any impact on grain motion or natural
convection. This one way coupling does not change the flow pattern in slurry and liquid regions
which can be observed when we compare Figure 9 with Figure 8. This reasoning holds well for all the
three alloy systems. Figure 10b shows the relative segregation profiles across the cross section of the
ingot for all three alloy systems. These profiles are quite similar to the ones observed in the
experimentst®, All the three predict negative segregation at the center followed by positive
segregation in the mid section. A slightly negative (copper and zinc) to positive segregation
(magnesium) close to the surface and a slightly positive segregation at the surface. The contribution to
negative segregation at the center changes with the alloy system and can be seen in Figure 11, which
has the vertical relative segregation profiles on the x axis and vertical distance from the bottom of the
ingot on the y axis. Al-Mg with cases 4a (GM+NC) and 5a (GM+NC+SH) is plotted in Figure 11a.
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Case 4a already predicts ca -2.5% negative segregation at the center and addition of shrinkage induced
flow doubles this value. Almost zero (Figure 11b) and slightly positive (Figure 11c) segregation is
predicted by Al-Cu and Al-Zn respectively when shrinkage induced flow is not considered. Analysis
indiciates that the combined effect of natural convection and grain motion on centerline segregation
for Al-Cu and Al-Zn is minimum. Thereby revealing the significant negative segregation induced by

shrinkage induced flow at the center of the ingot!™.
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Figure 11: Vertical relative segregation profiles of the ingot for Cases 4 (GM+NC) and 5

(GM+NC+SH) for each alloy: a) Magnesium, b) Copper and ¢) Zinc

Table 6: Relative centerline segregation for different cases (measured in %)
Cases (Transport Mechanisms) Al-Mg (a) Al-Cu (b) Al-Zn (c)
Case 1 (SH) -4.5 -8.8 -5.4
Case 2 (NC) 0.2 15.5 22.5
Case 3 (GM) -2 -3.4 -2.5
Case 4 (NC+GM) -2.5 -0.9 1.2
Case 5 (NC+GM+SH) -4.7 -6.7 -2.5
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In Table 6, we have summarized the relative macrosegregation values (in %) at the center of the ingot
for the different binary alloys and transport mechanisms considered in this study. For Al-Mg binary
alloy, shrinkage induced flow and grain motion taken separately result in negative segregation
whereas natural convection results in almost no segregation. The weak natural convection barely
affects the grain settling and as a consequence, combining grain motion and natural convection does
not affect the negative segregation. By including shrinkage induced flow, we further deplete solute
elements at the center of the ingot. For Al-Cu binary alloy, shrinkage induced flow and grain motion
when considered separately, also result in negative segregation as in the case of Al-Mg binary alloy.
Strong natural convection, however, results in substantial positive segregation at the center. This
reduces the contribution due to grain settling and leads to almost no segregation at the center. In the
end, shrinkage induced flow remains as the major contributer to negative segregation at the center
when all transport mechanisms are combined. A similar conclusion holds for the Al-Zn alloy. The
differences in the intensities of segregation between Cu and Zn can be attributed to the difference in
their partition coefficientstl.

5. Conclusions

A systematic qualitative study on impact of alloying elements on macrosegregation formation in an
industrial scale DC cast ingot is made. Three different binary alloys are chosen for this purpose — Al-
Mg, Al-Zn and Al-Cu. For the given casting conditions, it was seen that all three alloys exhibit similar
macrosegregation profiles when all the transport phenomena are considered simultaneously. Only
with the study of impact of individual transport mechanisms, the relative importance of each
phenomenon could be established.

Based on the presented analyses, the main difference between the considered Al-Mg, Al-Cu or Al-Zn
alloys lies in the role and intensity of natural convection. This difference invariably leads to different
transport phenomena contributing to negative segregation at the center. Shrinkage induced flow and
grain motion together contribute to negative segregation in the center for 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 ingot is reduced by co-operating thermal and solutal convection.

Note, however, that several simplifications have been introduced in the present work. The alloy
system can impact on grain growth kinetics and morphology evolution, which in turns can affect the
packing fraction also assumed constant in the present work. These can have an impact on grain
motion and the intensity of macrosegregation due to the interplay between natural convection and
grain motion.

In addition, based on the results from this work it becomes important to consider further
improvements in modelling transport in the packed porous portion of the mushy zone. The
permeability of the mush depends on the characteristic length size (Ix.-) which is assumed constant.
This can change depending on grain morphology and grain diameter and this effect can be significant
close to the surface of the ingot where the impact of grain motion is minor. An improved estimation of
characteristic length size by considering its dependance on the grain structure needs to be included in
the model. Also, the work done in this paper uses simple binary alloys and it is worth investigating the
behavior of a system with multicomponent alloys.
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