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Abstract

Macrosegregation is a result of the interplay of various transport mechanisms, including natural
convection, solidification shrinkage, and grain motion. Experimental observations also indicate the
impact of grain morphology, ranging from dendritic to globular, on macrosegregation formation. To
avoid the complexity arising due to modelling of an equiaxed dendritic grain, we present the
development of a simplified three-phase, multiscale equiaxed dendritic solidification model based on
the volume averaging method, that accounts for the above-mentioned transport phenomena. The validity
of the model is assessed by comparing it to the full three phase model without simplifications. It is then
applied to qualitatively analyze the impact of grain morphology on macrosegregation formation in an
industrial scale direct chill (DC) cast aluminium alloy ingot.

Keywords: Solidification, Dendritic growth, DC casting, Macrosegregation

1. Introduction

Macrosegregation is a severe defect in DC casting of aluminium alloys. It refers to the solute
inhomogeneity at the scale of the casting and is a direct result of microsegregation at the scale of the
dendrite arm spacing. As the solubility of solute elements in the solid phase is lower than in the liquid,
solidification is accompanied by rejection of the solutes into the liquid phase. Rejected solutes are
transported due to the relative motion of solid and liquid phases, which eventually results in
macrosegregation. Different mechanisms contribute to this relative motion in DC casting: solidification
shrinkage induced flow, thermal and solutal natural convection, movement of the equiaxed grains and
thermally induced deformations of the mushy zone. For a detailed description of these mechanisms, the
reader is referred to Refl*],

Several modelling attempts have been made to describe macrosegregation formation>“. Many
researchers attempted to numerically analyze the formation of macrosegregation in DC casting® 7 using
models based on the volume averaging method®. It is commonly agreed that accounting for grain
motion is important in order to provide a sound description of macrosegregation formation. Reddy and
Beckermann® made the first attempts to account for the impact of grain motion on macrosegregation
formation assuming spherical grains. In DC casting, both globular and dendritic grain morphologies can
be observed(*®Y, Simplifications of the dendritic morphology by considering globular grains in
numerical models resulted in large discrepancies between model predictions and experiments!*?l. Rappaz
and Thévoz[**-1% were the first to propose a multiscale diffusion model to numerically simulate equiaxed
dendritic solidification in castings accounting for grain morphology. To accurately describe the growth
of dendritic grains they introduced the notion of the dendrite envelope and of three hydrodynamic phases
— solid, intragranular (also called interdendritic) liquid and extragranular (also called extradendritic)
liquid. Wang and Beckermann*®-*8l introduced these ideas into volume-averaging multiphase models
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and proposed the first model of equiaxed dendritic solidification that accounted for grain morphology
in the presence of convection and grain motion. Wu and Ludwig!*®! proposed a 5-phase solidification
model by adding two hydrodynamic phases to the three thermodynamic phases. Vreeman et al?%
proposed a numerical model accounting for grain motion to predict macrosegregation formation in DC
cast aluminium alloys and applied the model to conduct a study on DC cast billets with Al-Mg and Al-
Cul?l, Solidification modelling with grain motion introduces complexities due to coupled macroscopic
transport phenomena and microscopic growth kinetics. To overcome this issue, Zaloznik and
Combeau??  proposed a splitting scheme for two-phase solidification models. In this scheme the
contributions due to macroscopic transport and grain growth kinetics are solved in two separate stages.
Their model was further extended to predict macrosegregation formation in DC casting but the
morphology of the grain was limited to globular equiaxed grains(?®l.

Although a a more detailed description of the grain morphology is possible by introducing additional
phases, the complexity of the model also increases due to the larger number of transport equations. To
avoid this pitfall, a simplification of a three-phase solidification model for the growth kinetics of
dendritic equiaxed grains is proposed in this paper. The simplification allows us to integrate the three-
phase grain growth model into the framework of two-phase macroscopic transport equations. This
solidification model is then solved with the splitting scheme by Zaloznik and Combeau!??. First, a
validation study is conducted by comparing this simplified three-phase model with the full three-phase
model. Subsequently, a preliminary application of the model to study the impact of grain morphology
at the process scale is made by applying the model to predict macrosegregation formation in an industrial
scale DC cast aluminium ingot in a qualitative manner.

2. Model Description

The volume-averaged model of dendritic solidification is described in the following subsections. We
first describe the general three-phase approach to dendritic equiaxed solidification, which is based on
the model proposed by Wang and Beckermann!®l, We then go through the conservation equations and
derive the complete dendritic model. Starting from the complete model we introduce several simplifying
assumptions. These assumptions lead us to an approximate model that is formulated in a similar way
and with the same number of equations as a two-phase model, although it retains the concepts and the
physical ingredients of the three-phase model. We then carry out a validation study of the approximate
model by comparing the most critical model outputs to the complete model. Note that only equiaxed
solidification is considered here, but that the model can be combined with a model of columnar
solidification.

2.1. Three-phase approach to dendritic equiaxed solidification

Figure 1 shows an illustration of a representative elementary volume (REV) in the mushy zone. The
REV contains solid in form of equiaxed dendritic grains and liquid. The morphology of the solid grains
is characterized by the primary dendrite arms, with its tips marking the extremities of the grain and the
secondary and higher-order dendrite arms growing out of the primary dendrites. The growth of the grains
is controlled by solute rejection from the growing solid into the surrounding liquid. While solute
transport at the scale of the REV is determinant for the growth, all phases in the REV can be considered
to be thermally in equilibrium due to the high Lewis numbers of metals (Le ~ 10* for Al alloys). The
extraction of sensible and latent heat is controlled by macroscopic heat transfer processes. Due to the
intricate morphology, the solute transport from the growing grain into the surrounding liquid is
controlled by diffusion and convection at multiple length scales. At the smallest scale, there is diffusion
in the boundary layer around the dendrite tips, which controls the tip growth. In the liquid between the
branches of the dendritic structure the solute transport is mainly by diffusion and the diffusion length is
characterized by the spacing of the secondary dendrite arms. Outside the dendritic structure the
convection and diffusion are characterized by the grain size and by the distance between the grains. To
model dendritic solidification all these length scales need to be considered in the model. In a volume-
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averaging framework all local quantities (grain size, growth velocity, concentrations, etc.) are of course
considered as spatial averages over the REV.
To model the dendritic solidification, three separate regions (or hydrodynamic phases) are considered:
i) the solid phase (denoted s), ii) the intragranular liquid (denoted d) and iii) the extragranular liquid
(denoted e). It should be noted that the intra- and extragranular liquid are same as the inter- and
extradendritic liquid described in Reff!él, The intra- and extragranular liquids are separated by the grain
envelope, i.e. asmooth surface enveloping the entire dendritic structure. While the two liquids are indeed
the same thermodynamic phase, they are modeled separately in order to describe the different scales of
diffusion arising from the dendritic morphology in a volume-averaged framework.
Before deriving the dendritic model, its main assumptions are summarized:
o Local thermal equilibrium.
e Thermodynamic equilibrium in the intragranular liquid due to fast diffusion at the scale of the
secondary dendrite arm spacing.
e The densities of the intra- and extragranular liquids are identical and equal to the average liquid
density (pg = pe = p1)-
e The diffusion coefficients of the solid and liquid phases are assumed constant, but unequal.
e Macroscopic diffusion in solid and liquid phases is neglected.
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Figure 1: Representative Elementary VVolume Figure 2: 1D Schematics of the three-phase

model

2.2. Volume-averaged mass conservation equations

The complete derivation of the volume-averaged conservation equations is described in® and only the
final results are shown here. By starting with the local single-phase mass and solute mass conservation
equation and applying volume-averaging theorems, the averaged mass conservation (Eq. (1)) and the
averaged solute conservation equation for species i of phase k (Eq. (2)) are obtained. The interface
balances between phases k and j are given in Egs. (3) and (4) for mass and solute mass, respectively.

Cl.*’k_j is the interface concentration of solute i in phase k at the k-j interface, r*=/ is the mass transfer

rate per unit volume from phase j to phase k due to phase growth, 51’,‘_’ is the specific surface area of
the k-j interface, and 6ik_’ is the diffusion length in phase k at the k-j interface. The volume fraction,
density, diffusion coefficient, velocity, and the average solute concentration of phase k are given by
Jir Pro» Dy, (Br)* and (C; . )¥, respectively.



136
137
138
139

140

141
142
143
144
145
146
147
148
149
150
151

152
153
154
155
156

a . . 1
a(ﬂkgk) + V. (prgi{i)*) = sz J @
=k
a -
7t (PrgrfCis)®) + V. (Pr g (D) (Ci 1)) = V. (preDir gk V{Ci1c)¥) + @
e SYID el
> [ 2P - )
j*k i
rk=J +ri-k =0 (3)
. peSkIp, .
[r’f‘lci*'"‘f + Tk (;’k_j L (i (Ci,k)")] (4)
i
j—k
ek PiSy Dij o, ik N
+ [T+ (Sj—_k(ci] —<Ct,j>’)]—0
i

We neglect the first term on the right hand side of Eq. (2) based on the last assumption mentioned in the
previous section.

2.3. Three-phase volume-averaged approach to dendritic equiaxed solidification

For equiaxed dendritic solidification, three phases are modeled: the solid (s), intragranular liquid (d) and
extragranular liquid (e). We assume no direct interaction between the solid phase and the extragranular
liquid, as expressed in Eq. (5). A simple 1D illustration can be seen in Figure 2. Using of the interface
balance in Eq. (3) and introducing the averaged transfer rates of solid mass and of envelope mass r*and
re™v, respectively, the notation of the phase mass transfer rate is reduced to Eq. (6). Similarly, we
simplify the notation for the specific surface area, as given by Eq. (7). Furthermore, since the intra- and
extragranular phases represent the continuous liquid phase, the interface concentrations at the e-d
interface must be identical, as expressed by Eq. (8). The solid-liquid interface, s-d, is assumed to be at
thermodynamic equilibrium, as expressed by Eq. (9). Also, the densities of the intragranular and
extragranular liquid are equal (p; = pg =pe)-

rse=res =0, S5¢=5S¢=0 (5)

S =rs—d = _pd-s  penv _ pd-e _ _pe-d (6)
S;=S74= 5837, S =siTc= 15579 (7)
Ci*,d—e _ Ci*,e—d (8)

€ = kyiC? 9)

Now the complete set of averaged mass and solute balance equations for the three phases, s, d, and e,
respectively, is presented from Eq. (10) through (15). Interface solute balances are given in Eqgs. (16)
and (17) for interfaces s-d and e-d, respectively.

i v 10
57 (Ps95) + V. (psgs(Vs)) = ° (10)
’ v 11
E(plgd) + V. (prga())?) = —rs+rem (11)
d Y 12
3¢ (Pige) + V. (puge(W)) =~ (12)
6 S 2> \S Sy — S *,s—d ,OSS{EDL-,S *,S—d s
g P+ (CLal) + T (uguBIGI) = PP P (G () (13)
L
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2.4. A simplified formulation of the three-phase model

In this section we introduce several assumptions that will enable us to simplify the formulation of the
model, while retaining its principal physical ingredients. First we introduce the assumption of perfect
diffusion in the intragranular liquid, as expressed by Eq. (18).

SyDiy Sy"Dyy

§a-s 7 Taame
Because the diffusion time at the scale of the secondary arm spacing is much smaller than the
solidification time in typical process conditions, the concentration gradients in the intragranular liquid
vanish and the average concentration of the intragranular liquid becomes identical to the interface
concentration. This is expressed in (19) and we introduce the sole liquid interface concentration, C; )

xl _ ~*xd—Ss _ pxd—e _ pxe—d _ d

4

— 00 (18)

(19)
Under this assumption the diffusion length in the intragranular liquid tends to infinity and the
expressions for the averaged solute diffusion fluxes in the last two terms on the right-hand side of Eq.
(14) become indeterminate. By expressing these indeterminate formulations of the flux via the interface
balances of Eqgs. (16) and (17), a determinate form of the solute conservation equation for the
intragranular liquid is obtained:

a * - * * * p SSD', *,5—
3z (P9aC) + V- (pga(@?C) = 1Pt = o0 === (677 = (Ge)) (20)
L
LSy )
S (G - (6)

i

By expanding the first term on the left hand side of Eq. (20) and applying the mass balance for the
intragranular liquid in Eq. (11) we finally arrive at Eq. (21) — a formulation of the balance of the solute
flux passing from the solid through the intragranular liquid to the extragranular liquid.
DC'*’l * *,S— P Sy D; *,S— plS l *
P9 = (G = G === (6 = (G)) - %(c T (Ge) @)
l

i

A key step for the simplification of the model is the assumption of identical velocities of the intra- and
extragranular liquid phases ({¥4)¢ = (¥,)¢=(¥;)"). This assumption allows us to simplify the model to
a three-phase growth kinetics model coupled with two-phase macroscopic transport equations. This
treatment is different from previous three-phase models, which proposed various assumptions on the
velocity of the intragranular (interdendritic) liquid. Appolaire, Combeau & Lesoult?!, Wu & Ludwig™®,
and Wu, Fjeld & Ludwig® supposed that the interdendritic liquid moves with the same velocity as the

5
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solid. Wang & Beckermann®8 introduced a flow partitioning model based on the intragranular drag
model of Wang et al?l. The flow partitioning model indeed indicates that the intragranular velocity at
low and moderate grain volume fractions should be closer to the solid than to the liquid velocity. Yet,
simplified treatments are viable; Combeau et al?” successfully used a two-phase dendritic model with
a single liquid phase for the simulation of large industrial ingots. By assuming equal velocities of the
intragranular and the extragranular liquid we can conveniently sum the conservation equations for the
solute in both liquids, Egs. (14) and (15), respectively. We obtain a solute conservation equation for the
whole liquid, i.e. the extra- and intragranular liquids combined. If we additionally account for the mass
balances of Egs. (11) and (12), the equation can be further simplified and the indeterminate diffusion
terms are canceled out. It is convenient to express the solute mass balance for the whole liquid in terms
of the averaged liquid concentration, (C;,;)*, defined by

G{Ci) = gaCt + go(Cie)®. (22)

The newly formulated solute conservation equation for the liquid is given in Eq. (23).

o PSE D g
2 (00{C") + 7. (g BOC) = —1°C; l+% PRI Y (23)
s DC;t L
P19a Dt
0 . ‘o PsSoDis o
a (psgs(ci,s)s) + V. (psgs(vs)s<ci,s)s) = FSCi s-d + 56-:_;5 (Ci sl (Ci,s)s) (24)
L
Fs(l - kp,i)ci'l 55: dls (kplc ! —(Cis)° ) +% : (C - (Cip) ) (25)
L
.\ Dc;t
P19a Dt

Egs. (23) and (24) now describe the evolution of the averaged concentration in the liquid and solid
phases. The solute conservation equation for the intragranular phase, which would give the respective
concentration, (C; 4)%, is eliminated and the equilibrium concentration, C , is determined from
thermodynamic relations. Eq. (21) takes the form of a solute flux balance that the mass transfer rates
and solute diffusion fluxes must satisfy. This balance is also reformulated in Eq. (25) in terms of the
average liquid concentration, (C;;), to replace the extragranular concentration, (C; . )°.

Through the process of assuming equal velocities of intragranular and extragranular liquid, and perfect
mixing in the intragranular liquid, the three transport equations and two interface balances in Egs. (13)
through (17) have now been reduced to two transport equations and one flux balance in Egs. (23) through
(25). The variables (C; 4)¢ and Ci*'d‘e were eliminated in the process. The term involving the material

time derivative of Ci*'l in Egs. (24) and (25) is the variation of the concentration of intragranular liquid
concentration during the growth of the grain. It corresponds to the sum of the total local variation at a
fixed Eulerian point (partial derivative of the intragranular concentration) and of the contribution due to
convection of the intragranular liquid. Because the model is in an Euler-Euler formulation, only the total
local variation of the intragranular liquid concentration is known. It is calculated from thermodynamic
equilibrium relations. The contribution of convection is calculated only for the average liquid and is not
known separately for the intragranular liquid. This information was lost due to the simplification of the
model that eliminated the distinct macroscopic solute transport equation for the intradendritic liquid.
Generally, the material derivative DCl.*'l /Dt therefore cannot be evaluated. We therefore propose to
neglect this term:
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By introducing this approximation, the volume-averaged dendritic model, which conceptually remains
a three-phase model, is now formulated as a two-phase model, where the averaged liquid and solid
phases are the primary unknowns. Instead of three, only two macroscopic transport equations need to
be solved for the solute concentration, and the microscale solute transport is described by a single
interface balance. As such, the reformulated three-phase model has a structure similar to a two-phase
model and is thus significantly easier to implement as a numerical model. A validation study assessing
the validity of the approximation introduced in Eq. (26) is conducted in Section 3.

This model is solved using the splitting method?. The scheme for operator splitting is described in full
detail in the reference and only the main features of the scheme are described here. Two separate stages
are considered in the splitting scheme, where in the first, the transport stage, the macroscopic transport
terms are integrated globally on the whole domain, while neglecting the growth and nucleation terms.
Then, in the second, the growth stage, the contributions from the phase interaction terms are integrated
locally, initialized from the transport solution. Effectively, the two contributions are summed to obtain
the total variation. In a fully implicit timestepping formulation this integration scheme is iterated at each
timestep.

2.5. Closing relations for the dendritic growth model

Closing relations for the dendritic growth model are given in Table 1. The specific surface area of the
solid phase is approximated by that of an equivalent sphere of radius R%¢4, based on the volume of solid.
The grain envelope is assumed spherical and the growth of the envelope is calculated from the velocity
of the primary dendrite tips. The envelope shape can have a noticeable influence on the model
predictions® 2, Nielsen et al?®l have shown that spherical envelopes tend to result in lower predicted
internal solid fractions in the dendritic grains than octahedral envelopes. The proposed model can
however easily accommodate other envelope shapes. The dendrite tips are assumed to be hemispherical
and the expression for the dependence of the tip velocity, V;,,, on the supersaturation of the liquid is

taken from Ref.?"! for multi-component alloys. The average diffusion length for the solid phase, 67 ~¢,
is taken from Ref.?? and is calculated for the equivalent solid sphere of radius, RS¢9. For the
extragranular liquid phase the average diffusion length at the grain envelope, 6¢~¢, is calculated by the
stagnant-film model described in Ref.%. This model gives the diffusion length for solute transfer from
a spherical envelope growing in confined space (due to the presence of other grains) under the influence
of convection. The influence of the interface motion is accounted for and the influence of convection is
described by a stagnant-film formulation. The corresponding relations for dimensionless supersaturation
(©2), Reynolds number (Re), Sherwood number (Sh), and Schmidt number (Sc) are also presented. The
temperature and equilibrium interface composition are linked by a simplified multicomponent phase
diagram. The liquidus temperature, Tj;,, is linearly dependent on the alloy concentration, and the

liquidus slopes, m, ;, and partition coefficients, k,, ;, for each species, i, are assumed to be constant.
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Table 1: Closing relations for the dendritic growth model

Geometrical relations for the dendritic grains
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2.6. Modeling of nucleation

Nucleation of grains in aluminum alloys is assumed to occur on grain-refiner (inoculant) particles.
According to the athermal nucleation theory of Greer et al.®4, the critical undercooling for free growth
of a grain on an inoculant particle of diameter d is given by AT¢(d)=4I1/d, where It is the Gibbs-
Thompson coefficient. According to this model the activation of an inoculant particle is instantaneous
as soon as the constitutional undercooling of the liquid becomes large enough. The undercooling is given
by Eqg. (27). 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 given by Eqg. (28).

AT = z ml,i(Ci*'l - (Ci,e>e) (27)
i N d
n(d) = d_z exp (— d_o) (28)

No is a characteristic inoculant population density and do is the characteristic width of the distribution.
This representation holds for the largest particles, which are activated at small undercoolings and
therefore successful as nuclei. The full distribution, including the smaller particles, can be described by
a Gaussian%2 or a log-normal distribution3, In our modeling, the size distribution is first transformed
into a distribution with respect to the activation undercooling, AT.. This gives the following distribution
density function.

n(4T,) =

4I.rN, ( 41t ) 29)

A12d, P\ dyaT,

This distribution is then discretized into m classes of inoculants. Each class, i, is represented by a
volumetric population density, N'..c, and a critical undercooling, AT}. They are determined by taking the
portion of the distribution in Eq. (29) that covers the range between the smallest and the largest inoculant
particles measured experimentally and dividing it into m intervals with respect to the undercooling, AT..
N'nc is then the integral of the distribution density function (Eq. (29)) over the i-th interval. AT/ is the
arithmetic mean of the two undercoolings delimiting the i-th interval. 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 population balances for the density of each
inoculant class and for the grain density are Egs. (30) and (31), respectively, where @' represents the
transfer of population density from inoculants of class i to grains upon nucleation and & is the Dirac
delta function.

i(Ni )+ V. (BN, ) = — 30
' ot nuc . l nuc ' ( )
i = {Nﬁuc 6(t—t,), AT(ty) < AT} i=1 . m
0, else ’ T
N‘;:luC

9 R . 31
(Vo) +V.(5)°Ng) = ) o 3D
i=1

2.7. Conservation of energy

As local thermal equilibrium is assumed, the enthalpy of the intra- and extragranular liquid is identical
and equal to the averaged liquid phase. The definition of the volume-averaged mixture enthalpy and the
energy conservation equation follow from Ref.[?2l and are given by Egs. (32) and (33), respectively.

(hs)s = CPT: (hl)l = CPT + Lf' hm = psgs(hs>s + plgl<hl)l (32)

)
3¢ Pmhm) + V. (psgs(Vs)S(hs)®) + V. (prgi (D) )Y = V. ((g1k; + gsks)VT) (33)
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2.8. .Conservation of momentum

As the intrinsic velocities of the intra- and extragranular liquid are assumed equal, the momentum
equations are derived for the averaged liquid and solid phase. The grains move freely everywhere where
the envelope fraction, g, is smaller than the imposed volume fraction for grain packing, gpqck. When
the envelope fraction exceeds the packing fraction, the grains are assumed to form a rigid porous solid

matrix moving with the casting velocity, V4. For the moving solid phase, the inertial and viscous
terms are neglected in the momentum balance. Furthermore, the inter-phase momentum transfer due to
nucleation and growth is assumed to be negligible. Following the derivation in Ref.[??, the liquid and
solid momentum equations are given in Egs. (34) and (35), respectively. The interfacial drag term, given
in Eq. (37), is modeled in the same manner as in Ref.[*4 for spherical particles, with the exception that
the particle size is now evaluated based on the envelope volume and radius (gen,,, R€™" ) rather than the
solid volume and equivalent radius (g5, R¥°? ). As a result, for a given solid fraction the drag force
increases as the grain becomes more dendritic. When the envelope volume fraction exceeds the packing
fraction, g,,cx, and the solid phase forms a porous rigid structure, the interfacial drag is modeled by a
Darcy term. The hydrodynamic permeability, K, is calculated from the Kozeny-Carman relation, using
a characteristic length of the porous structure, lgc.

a - - - - -
=2 (P9 @) + V. (P g @) B)') = —gupu + V- (guuV(B)') + 9Pl G + Mis (34)
{0 =—gsVpi + gsp.?j — M Jenv < Gpack (35)
(U5)° = Vegst Jenv > Ipack
b l (36)
Pl =po|1-— BT(T - Tref) - Z BC,i((Ci,l) - Cref)
( 3genvCDMZRe - i 1
4(2Renv)2(1 —9.) ((vs>s - (V) ) Jenv < Ipack (37)
My =1 2 2 3
TN N l g
llTl (<Us>s - (Ul)l) K= %—lz Jenv > Gpack
(1 - gz)

3. Validation of the approximate dendritic model

The approximation introduced in Eq. (26) could significantly affect the predictions of the model. The
approximate model must therefore be tested by comparison to the full three-phase model. The
comparison will enable us to estimate the error made by neglecting the accumulation of solute in the
intragranular liquid. The test configuration is a small, initially liquid sample of a binary alloy, solidified
by cooling with a constant heat flux. This corresponds to a closed isothermal system, without mass and
solute exchange with the environment (which is equivalent to setting all velocities in the conservation
equations to zero: (,)° = (#;)' = 0). A constant volumetric heat sink (§) extracts the heat necessary
to solidify the binary alloy. In this situation, there is no fluid and no solid motion, thus all convective
terms are nil. The substantial derivative of the intragranular concentration is then simply equal to the
et act

total time derivative, e = o This means that the accumulation term that is neglected in the

approximate model can be easily calculated and the full three-phase model is thus recovered.
Consequently, the complete dendritic model can be resolved and the error arising from the approximate
model can be assessed. Both the full and the approximate three-phase models are additionally compared
to the three-phase model of Wang and Beckermannt*®l,
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Figure 3: Evolution of a) the dimensionless temperature and b) envelope volume fraction as a function
of dimensionless time shown for the proposed complete dendritic model (solid lines) and approximate
dendritic model (dashed lines). The three cases are defined as A: Ng=2.39x10% m?, B: Ny=2.39x10®

m3, C: Ng=2.39x10° m3. The dimensionless temperature is given by 8 = ToT ,and the dimensionless

[ eut

time is givenby t = (%)t.

The test case is that of solidification of a binary Al-5wt.%Si alloy, described in Ref.[*323, Three densities
of the grain population, N, are considered, leading to different levels of solutal interaction between the
grains and thus to different levels of growth kinetics. All thermophysical properties are defined in
Ref.['%l, The diffusion in the solid is assumed to be nil in this test case. The evolution of the dimensionless
temperature, 6 = (Ty — T)/(Ty — Tey), and of the envelope volume fraction as a function of

dimensionless time, T = (Li)t, are shown in Figure 3 for the complete and the approximate model for
f

the three cases. The complete dendritic model perfectly matches the results of Wang and Beckermann[él;
the comparison is not shown in Figure 3 because the curves superpose entirely. In all three cases the
nucleation is triggered at the liquidus temperature 8 = 0 at 7 = 0. The temperature then drops quickly
down to a minimum and then undergoes recalescence. This stage indicates a strong departure of the
extradendritic liquid from equilibrium (constitutional undercooling). As growth progresses, interaction
between grains starts due to soft impingement and the concentration of the extradendritic liquid starts to
approach equilibrium. Equilibrium is indicated by the baseline of the temperature curve in the plot in
Figure 3a. Interactions start later for smaller grain densities and the maximum departure from
equilibrium (undercooling) is thus larger. A substantial decrease of the envelope growth rate is noticed
when the liquid approaches equilibrium (Fig. 3b). Although the tip growth speed is much larger at higher
undercoolings, the time needed for the envelopes to fill the space is longer at lower grain densities. Note

that the mean distance between grains varies as dy < N, 13,
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Figure 4: Evolution of the internal solid fraction, Qinern, for a) Ng=2.39x10** m?, b) Ny=2.39x10° m?
and c¢) Ng=2.39x10° m?, for the proposed complete dendritic model (colored line) and approximate

dendritic model (black line). The dimensionless time is defined as: T = (%)t.

The approximate model predicts the same temperature evolution as the complete model up to the lowest
recalescence temperature. The two models start to differ during the temperature increase. Initially the
approximate model displays a steeper temperature increase after recalescence. Consequently, the
undercooling is smaller compared to the complete model and the envelopes therefore grow at a slower
rate. During later stages of recalescence the approximate model gives a higher undercooling than the
complete model and the envelopes thus keep growing, while the envelope growth slows down for the
complete model because of the smaller predicted undercooling. As a result, the approximate model gives
a less dendritic morphology during the early stages of recalescence, while the final grain morphology is
more dendritic than that predicted by the complete model, especially for Case A, as shown in Figure
4(a-c). Morphology description here is given by measuring the internal solid fraction (gintern =
s/ Genv)- The grain is globular as gintern approaches one and is dendritic as gintern < 1. In order to
analyze the role of the different solute fluxes in the predicted growth kinetics, Figure 5 shows the
evolution of the individual terms in the solute flux balance of Eq. (25) as a function of dimensionless
time. Note that the case is defined with zero solid diffusion, thus only three terms are shown. The
variation of the intragranular liquid concentration depends linearly on the temperature variation and can
thus be directly related to the cooling curves shown in Figure 3a. During the initial sharp temperature
decrease the fraction of the intragranular liquid is very small and therefore the neglected term of the

*,1

. act . - .
approximate model, g4 a; , is negligible. During recalescence the neglected term represents around

20% of the contribution of the remaining terms, which can be seen in Figure 5a, Figure 5b, and Figure
5c. By neglecting the term, the solidification rate is increased (r®), and the release of latent heat
decreases the undercooling, as noted in the previous paragraph. It should be noted that when the
constitutional undercooling of the extragranular liquid becomes small, this neglected term becomes
important, as can be seen from Figure 5b. The reason is that when the envelopes coalesce (at T = 0.09,
in Case B) the only liquid remaining is the intragranular liquid. All solute rejected by the growing solid
is thus rejected into the intragranular liquid.
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Figure 5: Evolution of the different terms in Eq. (25) for a) Ng=2.39x10* m?, b) Ng=2.39x108 m® and
¢) Ng=2.39x10° m?, calculated with the complete dendritic model. The different terms are shown as:
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The cases shown in Figure 3 and Figure 5 test the approximate model for a wide range of grain
interaction levels due to the varying distance between grains. The neglected term is generally expected
to be larger at fast temperature variations and strongly dendritic grain morphologies (large intragranular
liquid fraction). This corresponds to Case C, which has a high cooling rate and a small grain density. In
order to assess the error in a more general manner and for a wider range of process and material
parameters, the case by Wang and Beckermann(®! is additionally calculated for three different nominal
solute concentrations of the alloy, C,, and over a larger range of grain sizes. In a more general
framework, the influence of C, shows the influence of the growth restriction factor, Qg =
Co,simysi(kpsi — 1), a characteristic temperature range of solidification. The influence of the grain size
can be generalized to the influence of the Fourier number in the liquid. The Fourier number is the ratio
between the solidification time tso and the diffusion time in the liquid at the grain scale, and thus
characterizes the grain growth Kinetics. It is defined as Fo = Dg; it /R}?, where Ry is the final grain
radius. The error of the approximate model is assessed in terms of the maximum undercooling occurring
during solidification and of the morphology factor, defined in Eq. (38).

1
fmorphology = <— - 1> (38)

genvlggzo.s

By recording the value of the envelope fraction at the instant when the solid fraction reaches 0.5,
Jenvlgs=0.5, @ measure of morphology can be formulated. The factor ranges from 1.0 for globular
morphology (genylg,=0s) to 0.0 for dendritic morphology (genvlg,—0s = 1.0). The maximum
undercooling is an essential output of the growth model for coupling with nucleation. The predicted
maximum undercooling and morphology factor are shown in Figure 6 for the complete and approximate
models. It is observed that the maximum undercooling is generally predicted very accurately by the
approximate model and the relative error remains between 0.0% to +0.5 % for all data points. This is in
accordance with the recalescence curves shown in Figure 3a, where the error at maximum undercooling
was already shown to be small. Figure 6b shows that the transition from globular to dendritic
morphology occurs in the range of Fourier numbers between 0.01 to 10 for the complete model. On the
other hand, the approximate model displays a narrower transition range and fully dendritic morphology
occurs at a Fourier numbers that are an order of magnitude higher than in the complete model. Thus, the
approximations made in the solute conservation equations result in the prediction of a more globular
microstructure compared to the complete model.
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Figure 6: Predicted a) maximum undercooling and b) grain morphology shown for complete dendritic
model (solid lines) and approximate model (dashed lines) for three different growth restriction factors
(Qsi = Co simysi(kpsi — 1)) as a function of the liquid Fourier number (Fo = Dsi,ltsol/R]Z).
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4. Application of the model to DC casting
4.1. Case description
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Figure 7: Ingot geometry with corresponding Figure 8: Distribution of the inoculant particle
boundary conditions given in Table 2. population density with respect to the activation
undercooling. 20 particle classes were used.

As a first application of the simplified three-phase dendritic model on a casting process we simulate an
industrial scale aluminum-alloy DC casting and we study the impact of the equiaxed grain morphology
on macrosegregation. The DC casting geometry and the alloy system used are based on the case study
performed by Zaloznik et al.?®! with slightly different boundary conditions. An industrial scale ingot
with thickness of 350 mm is considered. The geometry is simplified to 2D and symmetry is assumed at
the central axis. The schematics of the simulation domain is shown in Figure 7. Liquid metal maintained
at the casting temperature, T.,s:, the reference solute concentration, C,, and the nominal inoculant
population density, N}, enters the domain through the mold inlet at the top. The inlet velocity is
calculated based on a mass balance accounting for solidification shrinkage. The solidified metal leaves
the domain at the bottom at a predefined casting speed, V,,s:, of 60 mm/min. The acceleration due to
gravity, g = -9.81 m/s? is in the vertical direction. The heat is extracted by primary cooling through the
mold by 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. The heat transfer coefficient due to secondary cooling is modeled using the
Weckmann-Niessen[®®! correlation,

1 o (39)
hsecondary (T) = {A +B- (T[K] + Twater[K])}' (Qwater)s +C- w

p T-Twater

1
A= —167000 [W-s3-m~%/3]; B = 352 [W-s'/3:m™8/3.K1]; C=20.8 [W-m%-K™?]
Where hsecondary IS the heat transfer coefficient, T is the surface temperature of the ingot, Twater iS the water

temperature, Tsa is the boiling temperature of the water, Qwater iS the water volumetric flow rate per ingot,
and P is the ingot perimeter. All parameter values are given in Table 2.
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Table 2: Boundary Conditions for Energy, Liquid Momentum and Solid Momentum

Boundary Energy Liguid Momentum | Solid Momentum

Inlet Tease =953.15K calculated -

Meniscus h=1W/(m?K) , Tgmp = 293.15K Nonslip Nonslip

Mold Contact | h = 350 W/(m?K) , Tgmp = 293.15K Nonslip Nonslip

Air Gap h =50 W/(m?K) , Tgmp = 293.15K Nonslip Nonslip
Based on Equation (39)

Direct Chill Twater = 293.15K, Tgqe = 373.15K Nonslip Nonslip

Quater = 20 I/min
Outlet - - Veast

The size distribution of TiB: inoculant particles taken from Ref.? for 2 kg/ton of Al-Ti-B grain refiner
is shown in Figure 8. The distribution of inoculant particle population density against the undercooling
is plotted. In this study, the inoculant distribution is discretized into 20 classes (m=20). It should be
noted that the grain refiner type and particle distribution density used here are different from the one
used in Zaloznik et al®?®l, where 0.4 kg/ton of Al-Ti-C grain refiner was used.

The 7449 alloy system was modeled as an equivalent pseudo-binary Al-Zn alloy?®. The linearized phase
diagram of the binary alloy, defined by the liquidus slope, the partition coefficient, and the melting
temperature of pure Al, has been adjusted to fit the solidification path of AA7449, calculated from a
CALPHAD model?®. The upper limit of the envelope fraction for moving grains, called packing
fraction, is set to 0.3. The thermophysical properties of the pseudo-binary alloy are given in Table 3. For
the mass balances the densities of solid and liquid phase are different, but are assumed to be constant.

The transport equations were solved with a finite volume method and the SIMPLE algorithm for
staggered grid was used for pressure-velocity coupling. The convective terms were discretized with a
first-order upwind scheme and for time discretization a fully implicit first-order scheme was used. For
all simulations, a structured grid of 16384 cells (NxxN,=64x256) was employed. A constant time step of
0.02 s was used and the calculations were run until steady state.

Table 3: Thermophysical data for Al-Zn binary alloy used in the numerical simulations.

Property Unit Value Property Unit Value

Co JkgiK? 1.3x10° P kg/m?® 2519.0

Ly Jkg?! 3.63x10° s kg/m? 2662.5
Tor K.m 1.9x107 s kg/m? 2662.5

W N.S.m?2 1.28x10° pio kg/m?® 2519.0

ki W.miK! 75.0 fr Kt 1.5 x10*
Ks W.m?K*? 185.0 lkc m 1.0 x10*
Tm K 950.95 Opack - 0.3

Teut K 750.70 D m? st 5.66 x10°°
Co wt.% 8.375 Ds m? st 5.60 x1013
ko - 0.257 Be (Wt.%) ™ -1.23 x10%
m, Kwt. % -6.05
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4.2. Results and Discussion

We investigate the impact of grain morphology on macrosegregation in the DC cast ingot. This study
extends the investigation of Zaloznik et al.[?*%¢1 on the influence of the motion of globular grains on
macrosegregation. For a given alloy and for given solidification conditions the grain morphology
depends principally on the final grain size, which is given by the number of nucleated grains per unit
volume. At high grain densities the grains become globular due to the strong solutal interactions between
growing grains; at lower grain densities the grains develop a dendritic morphology®’l. We can thus
control the grain morphology by varying the inoculant particle population density. The reference
inoculant particle density distribution, given in Figure 8, is for 2 kg/t of Al-5Ti-1B grain refiner. This
corresponds to two cases — Case 2a and Case 2b. In Case 2a, globular grain growth is assumed by
imposing geny, = gs- By doing this, the grain envelope is assumed to be same as the solid volume,
resulting in the internal solid fraction of 1. This imposes a globular grain morphology. In Case 2b, the
grain morphology is simulated, revealing the impact of dendritic grain growth. The same comparison is
made with a reduced inoculant density by ten times (Cases 1a and 1b) and with an increased inoculant
density by ten times (Cases 3a and 3b). This is achieved by multiplying or dividing No in Eq. (29) by
10; the shape of the distribution of the activation undercooling of the inoculant particles thus stays the
same. A summary of the cases can be seen in Table 4.

Table 4: Simulation Cases
Growth Model
Driving Mechanisms Description
Globular Dendritic
SH+NC+GM Case la Case 1b 0.2 kg/t
SH+NC+GM Case 2a Case 2b 2 kgt (Reference)
SH+NC+GM Case 3a Case 3b 20 kgt

Figure 10 shows the macrosegregation in all six cases. Figure 11 (a-c) shows the comparison of the
relative segregation across the ingot cross-section, predicted by the globular and dendritic growth
models for different grain refiner levels. Figure 11d depicts the horizontal profile of internal solid
fraction (gintern) for Cases 1b, 2b and 3b.

A dendritic grain is represented by a solid skeleton (gs) that is circumscribed by a grain envelope
(Genw)®?. The volume of the envelope depends on the growth velocity of the primary dendrite tip,
whereas the volume of the solid skeleton depends on the rate of solidification or melting given by the
mean velocity of the solid-liquid interface. Thus, the evolution of dendritic grain morphology can be
understood as a result of competition between the dendrite tip velocity and the mean interface velocity.
The tip growth is promoted with increase in undercooling®® and undercooling is linked again to grain
density®, For a given cooling configuration, a higher grain density increases the total grain surfaces
rejecting solute into the surrounding intergranular liquid. The concentration gradient around the grain
decreases, resulting in lower undercooling. This decrease in undercooling slows down or effectively
blocks dendritic tip growth. With increase in grain density, the morphology therefore tends to be more
globular. For decreasing grain density, the grain tends to be more dendritic. A measure of morphology
can be obtained by the ratio between the volume of the solid phase and the volume of the envelope, the
internal solid fraction: gintern = 9s/Jenv- The grain is globular as gi,tern approaches one and is
dendritic as gintern < 1. The grain morphology also affects the grain motion. For dendritic grains it is
more reasonable to consider that they pack at a certain envelope fraction, g.,,, rather than a solid
fraction, g,. Dendritic grains therefore effectively pack at lower solid fractions than globular grains

(Genv > gs)-
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The velocity field for the solid phase (vg)* — Vcast and the development of the dendritic grain
morphology by measuring gi,tern in the mushy zone of the casting are shown in Figure 9 (a-c) for Cases
1b, 2b and 3b. Note that a virtually steady state is obtained and the solid velocity vectors thus indicate
the grain trajectories. Due to an intricate coupling between the grain nucleation, growth, heat transfer,
and flow, all grains nucleate in an elongated narrow region in the outer zones of the casting?®*°l. The
initial grain morphology upon nucleation is assumed to be globular, before the dendritic ramifications
develop. The nucleation region is thus clearly visible as a narrow zone of globular grains. On their way
through the mushy zone the grains then develop a dendritic morphology. The extent of the dendritization
depends on the grain density, as discussed before. At lower nucleation densities the grains are clearly
more dendritic. This can be seen in Figure 9a. It corresponds to a case with low grain density and the
grains are packed at very low internal solid fraction, indicating dendritic morphology. As we move to
higher grain densities, from Figure 9b to Figure 9c, grains pack at higher internal solid fraction values,
indicating globularization. Furthermore, the morphology evolution of the grains depends on their
trajectory through the mushy zone. A part of the grains travels through the central part of the slurry zone
before settling to the bottom or rejoining the main current of descending grains. Because the central
zone has a very low undercooling the growth conditions there promote globularization. The final grain
morphology at the packing front therefore depends not only on the number of nucleated grains, but also
on the macroscopic flow pattern that determines the trajectory of the grains through zones with different
solidification conditions.

The grain morphology has a decisive impact on macrosegregation, an important defect of chemical
homogeneity in DC casting. The origin of macrosegregation in DC casting is attributed to three different
phenomena of solute transport: motion and packing of equiaxed grains, melt flow due to thermosolutal
natural convection and due to entrainment by the solid grains, and melt flow induced by solidification
shrinkage!?®l. Grain motion carries settling solute-lean solid grains towards the center of the ingot and
thus causes negative segregation at the center with immediate positive segregation in the mid-section.
Natural convection causes negative segregation close to the surface and reduces the grain settling
velocity in the center, in turn reducing the negative segregation at the center. Shrinkage induced flow
has an important contribution to macrosegregation only at high solid fraction and thus acts entirely in
the region of packed grains. It promotes negative segregation at the center and slightly positive
segregation in the other parts of the domain.

With varying grain refiner, the macrosegregation intensity changes, even though the fundamental way
in which transport mechanisms act remains unchanged. Let us consider Cases la, 2a and 3a,
corresponding to the globular grain growth model. In this case, the internal solid fraction is 1, as we
impose g = geny- Referring to Table 1, the grain radius (R5¢?) is inversely related to grain density
(Ng). As grain density is reduced, the grain size increases, which results in an increase in relative velocity
between solid and liquid. This manifests itself by increased negative segregation at the center, resulting
in large regions of enriched zone above the slurry region, as seen in Figure 10a. While the shape of the
macrosegregation profile remains similar, the negative segregation in the center and the corresponding
enriched zone above the slurry region reduce as we move from Case 1a (Figure 10a) to Case 2a (Figure
10c) and to Case 3a (Figure 10e). This sequence corresponds to an increasing grain refiner level resulting
in a decreasing size of globular grains, which in turn leads to less negative segregation at the center. The
average grain size for all cases is summarized in Table 5.

Table 5: Average equivalent Grain Diameter (um)
Case 1b Case 2a Case 2b Case 3a

Case la Case 3b

253 360 133 191 80 96
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Figure 9: Internal solid fraction g, fields with envelope fraction g,,, isolines fromOto g, for

a) Case 1b, b) Case 2b and c) Case 3b. Relative solid velocity vectors (¥)S — V., are plotted.

Unlike for globular grains, the solid mass transported due to settling of dendritic grains is quite small
and the impact of the transport of the solid phase on the macrosegregation is reduced. Furthermore, a
packed layer of dendritic grains is looser (has a higher liquid fraction) and can therefore have a higher
permeability than a packed layer of globular grains. This promotes the percolation of intragranular liquid
due to natural convection through the packed zone. As a result, positive segregation in the center and
negative segregation close to the surface are observed. This can be seen in Figure 10b. The influence of
the grain morphology on macrosegregation is clearly seen by comparing simulations with dendritic
growth in the order of increasing grain refiner addition: Cases 1b, 2b, and 3b (Figure 10b, Figure 10d,
and Figure 10f, respectively). As the grain refiner addition level increases, the shape of the
macrosegregation profile changes significantly. The centerline segregation moves from strongly positive
in Case 1b, to weakly positive in Case 2b, and negative in Case 3b. This is a result of grains becoming
more globular as the grain refiner level is increased from 0.2 kg/t to 20 kg/t and the dominant solute
transport mechanism changes from liquid flow through the porous packed layer to grain settling. An
illustration of the morphology transition can be seen in Figure 11d. The internal solid fraction across the
cross-section of the ingot is plotted for Cases 1b, 2b, and 3b. We move from dendritic morphology for
Case 1b (gintern < 1) to globular morphology in Case 3b (gintern ~ 1). Average equivalent grain sizes
for all cases are reported in Table 5. Similarly as in the simulations with globular grains, the size of
dendritic grains decreases with increasing grain refiner level. But for a given inoculant density, the
model with globular morphology predicts lower grain size the model with dendritic morphology. This
has been previously observed and reported by Heyvaert et al“’l. The predicted grain size variations
across the ingot thickness were weak, of up to 10% in most of the ingot thickness and up to 25% in the
vicinity of the ingot surface. Overall, the grain sizes predicted in this model are realistic and similar to
sizes reported in Refs'1#1, A more detailed discussion of grain size prediction in process-scale modeling
of DC casting was presented recently by Bedel et al®?,
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Thus, for the extreme case of grain refining (20 kg/t), the dendritic and the globular grain growth model
converge and the differences between the models increase significantly as the grain refinement is
reduced. This can be seen in the relative segregation profiles in Figure 11 (a,b,c). This preliminary study
shows the close link between the morphology of the grain and the macroscopic transport mechanisms,
which invariably affects the final macrosegregation in a DC cast ingot.
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Figure 10: Relative macrosegregation fields and isolines of envelope fraction overplotted with vectors

of liquid relative velcity () — Vcast for different grain refiner levels. Globular morphology is
imposed for a) Cases 1a, ¢) 2a, and e) 3a, morphology is calculated with the simplified three-phase
model for b) Cases 1b, d) 2b, and f) 3b. g) The common color bar of relative macrosegregation for all
cases.
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Figure 11: (a-c) Horizontal relative segregation profiles across the ingot for globular and dendritic
growth models for different grain refiner levels, d) Horizontal profile of internal solid fraction for the
cases simulated with the dendritic model.

5. Conclusions

A simplified formulation of a three-phase multiscale solidification model, in which macroscopic
transport of heat, mass and momentum are coupled with microscopic grain nucleation and growth,
accounting for morphology, was presented and the validity of model was assessed by comparing it with
the full three phase model. The novelty of the proposed model formulation is the reduction of the number
of coupled transport equations. Only three PDEs (for envelope volume, solid mass and solid
concentration) instead of five (envelope volume, mass and concentrations for solid and intragranular
liquid) need to be solved to describe the grain transport. This considerably reduces the computational
cost as well as the complexity of implementation and of numerical solution of the model. It was shown
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that the simplified model formulation is viable. The prediction of recalescence, important for coupling
with nucleation models, is highly accurate. The simplified model gives somewhat more dendritic grain
morphologies than the full model, but captures the morphology transition well.

The simplified model was then applied on an industrial sized DC cast ingot, accounting for grain motion,
thermosolutal natural convection and shrinkage induced flow, to qualitatively study the impact of grain
morphology on macrosegregation. The simulations indicate a strong link between grain morphology and
macrosegregation. Grain morphology plays a key role in the macrosegregation formation due to its
influence on grain settling and packing, and on intergranular liquid flow in the packed layer. The
presented results suggest that a correct description of grain morphology is an important model ingredient
to accurately predict negative segregation at the center of the ingot. Also, at higher grain density the
model predicts a globularization of the morphology, similar to other results in the literature(l,

Although this model has been qualitatively tested on a DC cast case, a more rigorous experimental
validation is necessary. Comparison of predicted grain structure and macrosegregation to experimental
data can improve the confidence on this model and this will be the focus of future work.
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