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Abstract

Several transport mechanisms contribute to macrosegregation formation in Direct Chill (DC) casting
of aluminium. The latter include solidification shrinkage induced flow, thermal-solutal convection
and grain motion. The relative importance of these transport mechanisms depends on process
parameters such as cast velocity, inlet melt flow, cooling rate, cast dimensions etc. Of these, the inlet
melt flow due to vertical jet is known to cause significant modification in macrosegregation by
resuspending equiaxed grains at the center of the ingot/billet. In this paper, we investigate by means
of modeling the macrosegregation formation due to an inlet vertical jet. For this purpose, a three-
phase, multiscale solidification model accounting for above mentioned transport phenomena except
for shrinkage induced flow is applied on a DC cast billet. The model considers grain motion
accounting for both globular and dendritic equiaxed grain growth and we investigate their interaction
with the inlet vertical jet. We show that an interplay of morphology evolution of equiaxed grains and
inlet vertical jet together contribute to grain resuspension which in turn modifies macrosegregation
formation. We also compare these results with a case with open inlet.
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1. Introduction

Several transport mechanisms contribute to macrosegregation formation in DC casting of aluminium
alloys [1]. Of these, sedimentation of equiaxed grains is considered as a significant cause for
centreline solute depletion in DC cast products. Preventing sedimentation of equiaxed grains could
potentially eliminate negative segregation at the center of the ingot/billet [2].

Zhang et al. [3, 4] conducted a series of DC cast billet experiments of AA7050 to study the impact of
inlet melt flow on macrosegregation and microstructure formation. Of the two kinds of inlet melt
flow, one involved a vertical jet. By using inlet jet, complete resuspension of the equiaxed grains
away from the center of the billet was observed. Inspite of this, Zhang et al. [3] observed severe solute
depletion at the center of the billet due to washing away of the solute by the strong inlet vertical jet.
Wagstaff and Allanore [2] conducted experiments on an ingot with Al - 4.5% Cu binary alloy. They
directed vertical jet towards the center of the ingot and were successful in not only resuspending the
grains, but also in eliminating negative segregation in the center of the ingot. Wagstaff and Allanore
[2] proposed an optimal jet which had sufficient power to suspend grains and push them away from
the center without causing excessive depletion. Nonetheless, there was no description of the grain
morphology whereas Zhang et al. [3, 4] observed equiaxed dendritic grains.

The goal of this paper is to qualitatively discuss by means of modelling the impact of vertical jets with
varying strength on macrosegregation formation of AA7050 alloy in a billet, accounting for equiaxed
grain morphology. Based on this, we also discuss the link between grain morphology and inlet vertical
jet leading to the resuspension of the equiaxed grains. For this, we employ a three-phase (solid,
intragranular and extragranular liquid), multiscale solidification model accounting for thermal-solutal
convection and grain motion (both globular and dendritic) based on the model described in Ref [5].

2. Numerical Model

The three phase, multiscale numerical model [5] is an extension of the two-phase solidification model
proposed by Zaloznik and Combeau [6]. For a detailed description of the model the reader is referred
to these articles. Only the main model features are described here.

The Euler-Euler volume-averaged model considers macroscopic transport and microscopic growth.
The macroscopic transport accounts for solute and heat transport coupled to phase momentum transfer
accounting for thermal-solutal convection and grain motion. For the sake of simplicity solidification
shrinkage is not accounted for by considering equal and constant densities in solid and liquid phases.
Bousinessq approximation is used for the liquid density in buoyancy term. For the solid phase, two
flow regimes are considered depending on the envelope fraction (geny)-

For envelope fractions lower than a packing fraction (gp,qcx) the solid (equiaxed grains) is freely
floating. The interfacial drag is modeled in the same manner as Ref. [6] for spherical particles but by
considering the envelope fraction instead of solid fraction. The grain (solid) settling velocity v, — v;
is calculated using the algebraic relation described in Eq. (1). The description of the terms in the
equation below are provided in Table 4.
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We can simplify the equation by applying the relation describing the internal solid fraction g;ntern =
9s!Genv- This reduces to Eq. (2)
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where gintern accounts for the grain morphology. A globular morphology corresponds to internal
solid fraction values close to 1, whereas dendritic morphology is associated with low internal solid
fraction values.

For envelope 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 (K) is calculated from the Kozeny Carman relation for the character size, k.
This Darcy term is always limited to the upper bound of envelope fraction. The transition between
free floating grains and rigid porous solid matrix is done explicitly by considering a hard numerical
transition in the model. A Low Rayleigh number (LRN) turbulent energy-pseudoturbulent dissipation
(k — €) model was used to address the turbulence problem.

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 and co-workers [7], the critical undercooling for
free growth of a grain on an inoculant particle of diameter d is given by AT, = 4+ /d where [;7 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, Ng, and N},. becomes
locally zero. The model accounts for finite diffusion in both solid and liquid phases and local thermal
equilibrium is assumed.

3. Problem Description

The test case we employ for conducting this study is based on the experiments conducted by Zhang et
al. [3, 4]. The domain is modelled as a 2D axisymmetric problem as it can be seen in Fig. 1. Since we
use a Euler-Euler framework based on well established theoretical work [6], the solid grains are also
treated as a continuous phase similar to liquid phase. The assumption of symmetry applies to both the
phases consequently. We consider a variable inlet radius of x mm taking the values of 10, 15 and
157.5 mm. By increasing the value of x from 10 to 15 mm we reduce the inlet jet intensity. Assigning
x = 157.5 mm (radius of the billet) results in an open inlet. In this paper, a casting velocity V,,,; of 90
mm/min is chosen and the inlet temperature (T,,s:) of liquid metal is fixed at 680 °C. Detailed
boundary are given in Table 1. The inlet velocity is calculated from the global mass balance. The

primary and secondary cooling heat fluxes are modelled with a Fourier condition (q=h(T, -T)).

The secondary cooling heat transfer coefficient is modelled by the correlation given by Weckmann
and Niessen [8], as shown in Eq. (3)

(T - Tsat)3 (3)

1
Q 3
Rsecondary (T) = [~167000 + 352(T — Tpqeer)] * (—W;ter> +208 = S

Where Tamp is the ambient temperature, T is the surface temperature of the ingot, Twaer iS the water
temperature, Tsx is the boiling temperature of the water, Qwatr is the water flow rate, and P is the billet
perimeter. All parameter values are given in Table 1.
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Table 1 Boundary Conditions for Energy, Liquid Momentum and Solid Momentum

Boundary Energy Liguid Momentum | Solid Momentum
Inlet T.qst =680 °C calculated -

Metal Level h =20 W/(m?K) , Tgmp = 100 °C Slip -
Meniscus g= 0 W/m? No-slip No-slip
Mold Contact | h = 600 W/(m?K) , Tymp = 20 °C No-slip No-slip

Air Gap h =120 W/(m?K) , Tgmp = 20 °C No-slip No-slip

Based on Equation (3)
Direct Chill Tomp = Twater = 20 °C, No-slip No-slip
Tsqt = 100 °C,

Qwater = 40 I/min

Outlet - - Veast

The thermophysical data for the AA7050 alloy are given in Table 2 and the nomenculature can be
found in Table 4. 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 [9]. The solute diffusion coefficients were calculated from
[10] at the liquidus temperature of the nominal alloy. The packing fraction is set at 0.3. The density of
solid accounting for buoyancy effects is assumed to be constant.



Table 2 Thermophysical data for AA7050 alloy used in the numerical simulations
Property Unit Value Property Unit Value
Cp Jkg'eCt 1.3x10° i kg/m? 2468.7
Ly Jkgt 3.63x10° Ps kg/m? 2468.7
IGr K.m 1.9x10” Psb kg/m® 2538.9
i N.S.m? 1.28x10° Br °ct -1.1 x10*
K; w.mt ect 75.0 lc m 7.5x10°
K wW.m?, °c? 185.0 Opack - 0.3
Tm °C 667.0
Teut °C 450.0
Property Unit Zn Mg Cu
Coii wt.% 6.24 2.05 2.12
Kp,i - 0.39 0.29 0.09
mi,i °Cwt.%* -2.81 -3.88 -4.09
D, m? st 2.682x10e” 7.326x10°  4.372x10°
Ds;i m? st 2.385x10e*2  1.664x10*2  8.363x10*°
Bei (wt.%)* -1.23 x107 4.0x10° -7.3x10°

The size distribution for grain refiner particles is taken from [11] for 2 kg/ton of inoculants of type
TiB, . The distribution is modeled by an exponential function for inoculant diameters between 1 and
10 um. 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 Fig. 2. In the present study, the distribution is discretized into 20 classes with
undercooling intervals defined by increasing step size from 0.1 to 2.1 °C as shown in Fig. 2.

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 8192 cells (N:xN, =64x128) is employed. This results in an
averaged edge length of 2.5 mm. Since the solid domain also behaves as a continuous phase, the
current mesh resolution is sufficiently accurate to describe grain motion. The time step is set constant
to 0.03 s and the simulations are run until steady-state condition.

4. Results and Discussion

An overview of all the cases system are summarized in Table 3. A total of six cases (1-6) based on the
inlet radius value (x = 10, 15 and 157.5 mm) and grain growth model are considered. All the cases
include the same transport mechanisms: forced convection (x = 10 & 15 mm), thermal-solutal
convection and grain motion, in addition to forced convection for Cases 1, 2, . For Case 1, 2 and 3, the
globular morphology is realized by imposing solid fraction as envelope fraction ( ge., = gs). Case 3
and 6 correspond to an open inlet condition for globular and dendritic grain growth model,
respectively.



Table 3 Simulation Cases

Case Growth Model Inlet radius (x)
1 Globular X =10 mm
2 Globular X =15 mm
3 Globular X =157.5 mm
4 Dendritic X =10 mm
5 Dendritic X =15 mm
6 Dendritic x =157.5 mm

Fig. 3a shows the macrosegregation pattern of Zn together with relative velocity v; — V,.: Vectors
(black) for Case 1. The small inlet produces a vertical jet directed towards the center of the billet
causing a counter clock wise flow loop. An other flow loop is observed away from the center which is
clockwise in nature. Both loops collide around quarter distance from the center of the billet. The
resulting solid fraction profile shows a "cliff" shaped (almost vertical solidification front) pattern
around this region. 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. In the mid-section, we also observe some depletion. The forced
convection is not strong enough in this area and the major contribution for macrosegregation is
globular grain settling indicated by v, — v; vectors (white) in Fig. 3a. The grain settling is restricted
mainly in the mid-section of the billet. In the center, the strength of the jet is strong enough to
resuspend the grains and wash the solute away from the center of ingot. Fig. 4a shows the radial
profile of relative segregation for Case 1 (blue). Due to combination of strong flow in the center and
grain settling in the mid-section, severe solute depletion can be observed for most part of the billet.
Close to the surface we notice positive segregation due to solute transport towards this region.

In Case 2, the inlet radius is increased to 15 mm. This results in a jet flow not strong enough to
resuspend the globular grains. This can be seen in Fig. 3b where a larger region of grain settling is
observed with the grains settling towards the center of the billet. Unlike Case 1, the inlet jet does not
cause severe depletion of the solute at the center of the billet. The radial profile of macrosegregation
for Case 2 (red) can be seen in Fig. 4a and negative segregation due to grain settling is observed
towards the center of the ingot. Towards the surface, positive segregation is observed similarly to
Case 1. In Case 3, we consider an open inlet by considering the inlet radius equal to the radius of the
billet. This case can be similar to a case with an inlet melt flow and diffuser where there is limited
vertical momentum. In the current case there is no forced convection and the driving forces are
combination of globular grain transport and thermal-solutal convection. Zinc is heavier than
Aluminium and this results in a co-operating thermal and solutal convection. Consequently, the
thermal-solutal convection flow loop is clockwise in nature. The settling of the grains is towards the
center of the billet resulting in a clockwise flow loop. Combination of these two effects results in
reduced relative velocities between solid and liquid phase, a phenomena also observed and described
in detail in Zaloznik et al. [12]. Even though we observe regions of grain settling in Fig. 3c marked
with v, —v; vectors (white), the grain settling intensity is reduced which in turn reduces the
macrosegregation formation. The radial profile of relative macrosegregation for Case 3 (black) can be
seen in Fig. 4a. A flat profile with almost no segregation is observed.

For Case 4, a dendritic grain growth model is employed. 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 (gintern =
s geny) at the packing is plotted in Fig. 4c for Case 4 (blue). The internal solid fraction profile at the
center due to limited or non-existent grain motion is not plotted. From the mid-section towards the
center, the internal solid fraction for Case 4 (blue) is of the order 0.4 indicating the presence of
dendritic grains. Fig. 3d shows the macrosegregation pattern of Zn together with relative velocity v; —
Vease Vectors (black) for Case 4 over plotted with settling vectors (white). The flow pattern is very



similar to that observed in Case 1 where we consider globular grains. Vertical jet towards the center
of the ingot results in resuspension of grains due to which grain settling occurs in the mid-section of
the ingot. Since dendritic grains pack at lower solid fractions, the intensity of solute depletion is less
severe when compared to Case 1 with globular grains. The relative radial segregation profile is plotted
in Fig. 4b for Case 4 (blue).
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Fig. 3 Relative composition of Zn in % together with relative liquid velocity v; — V_,; vectors
(black), grain settling velocity vg — v; vectors (white) and iso-lines of envelope fraction for Case 1 to
6 are shown. For Case 1, 2 and 3 the grains are assumed to be globular by imposing

Genv = Ys-



In Case 5, as the radius of the inlet is increased, the jet intensity is reduced. Inspite of this, we observe
resuspension of grains as can be seen in Fig. 3e. The latter contrasts with Case 2 (same inlet radius)
for which the inlet jet did not result in resuspension of the grains. The main difference between Case
2 and 5 lies in the obtained grain morphologies. As shown in Eq. (2), relative velocities (v; — v;) are
lower for dendritic grains (gintern< 1) compared to the case of globular grains (gintern=1). In Case
5, the internal solid fraction is about 0.35 as can be seen from Fig. 4c. This results in reduced relative
velocities and promotes resuspension of the grains for Case 5, as it can be seen in Fig. 3e. The relative
radial segregation profile is plotted in Fig. 4b for Case 5 (red).
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Fig. 4 a) Radial profile of relative macrosegregation for Cases 1, 2 and 3. b) Radial profile of relative
macrosegregation for Cases 4, 5 and 6. c) Radial profile of internal solid fraction (g;,terr) fOr Cases
4,5and 6.

In Case 6, we consider an open inlet and the only driving forces for macrosegregation are thermal-
solutal convection and dendritic grain settling. Close to the surface, the grains are dendritic due to
higher cooling rates and associated local undercooling as seen Fig. 4c. As we move towards the center
of the billet, the cooling rate declines and grains become less dendritic. Close to the surface only a
narrow region of grain motion is observed as the grains pack at a low solid fraction. Liquid flow
through the packed region is possible as the permeability is sufficiently high. Consequently, the
negative macrosegregation close to the surface as shown in Fig. 4b is primarily formed by thermal-
solutal convection through the packed solid. Macrosegregation mechanism and the flow pattern
towards the center of the billet in this case is similar to Case 3 with globular grains. This can be seen
in Fig. 3e. However, the presence of dendritic grains in Case 6 results in slightly positive segregation
towards the center of the billet as can be seen in Fig. 4b (black).

5. Conclusions

A three-phase, multiscale solidification model coupling macroscopic transport and equiaxed grain
growth was used to study theoretically the impact of inlet jet intesity and grain morphology on
macrosegregation. The intensity of inlet jet is controlled by changing the inlet radius.We have shown
that inlet jet intensity can strongly affect macrosegregation formation in a DC cast billet by transport
of equiaxed grains. We have also showed that the resuspension of grains is dependant not only on the
inlet jet intensity but also on the morphology of the grain. Future work should focus on verifying
these aspects experimentally.
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Table 4. Nomenculature

liquid pressure, Nm~?2 Cp, drag coefficient, -

volume fraction, - dg diameter of the grain, m

time, s g  acceleration due to gravity, ms™2

intrinsic velocity, ms™!

permeability, m? Greek Symbols

temperature of liquidus, °C o) density, kg/m?

melting temperature of pure Al, °C y;  liquid dynamic viscosity, Pa s

eutectic temperature, °C K thermal conductivity, W.m?, °C?

Reynolds number Br  thermal expansion coefficient, °C*

specific heat, J.kg™°C? Bc: solutal expansion coefficient of solute i,
%w!

Latent heat of fusion, J.kg*

characteristic length for permeability, m Subscripts and Superscripts

liquid diffusion coefficient of solute i, I liquid

mZS—l

solid diffusion coefficient of solute i, S solid

m?s~?!

liquidus slope of solute i, °C wt.%* env  envelope

partition coefficient of solute i, - s,b  solid buoyancy density

nominal concentration of solute i, %owt pack packing
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