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Abstract

phase separation is a frequently occurring phenomenon during solidiﬁcation accounpapieq by
it convection, sedimentation or, in the case of two unmixable liquids, a Marangoni driven
ion, In order to describe these phase separation phenomena a two-phase volume-averaging
del was employed for globular equiaxed solidification of binary alloys and decomposition
and solidification of hypermonotectic alloys. The model considers nucleation and growth of
wauiaxed grains or second phase droplets, motion and sedimentation of grains or droplets,
feeding flow and solute transport by diffusion and convection. It allows the prediction of macro
.gregations and the distributions of grain size or droplet size. Evaluations were made by
comparing the numerical predictions with experimental results. For example it is shown that the
gumerically predicted grain size distribution in a plate casting (Al-4wt%Cu) agrees reasonably
well with the experimental analyses.

Introduction

Modeling of metallurgical processes is a rapidly expanding field and the research activities in
the last decades cover a wide range of areas including melt pre-treatment, solidification and
subsequent manufacturing routes. Among those activities solidification stands in the central
position, because the primary structure of the materials, and even many defects such as
porosity, (macro or micro) segregation and inclusions form during solidification. Those
primarity formed structures or defects once existing are difficult to be removed or modified by
the subsequent material processing.

Solidification is a multi-disciplinary field involving thermodynamics, fluid dynamics and solid
mechanics, heat and mass transfer, and other disciplines!'®, One of the most challenging
problems in solidification modeling is the complex interactions between physical phenomena
occurring on different length scales ranging from atomic rearrangement over single crystal-melt
interactions to heat extraction, momentum and species transport at the system level. Modeling
an industry process on atomic scale is unrealistic, even on grain scale (e.g. phase field method)
it would need another 40 years to be able to model the exact grain morphology in a casting
space envelope of 10x10x10 ¢m® ™. Therefore, the realistic models for industry process are
based on the solution of the macro transport equations (mass, momentum, enthalpy and species)
00 system scale. The microscopic phenomena such as thermodynamics, nucleation law, crystal
growth kinetics and interactions at the liquid-solid interface are considered with simplified
models, which are coupled with the macroscopic transport equations.

The single-phase solidification model has undergone a significant development in the last
decades. Some commercial software (e.g. MAGMASOFT and ProCAST) has been to some
extent applied to industry for mold filling and solidification of shape castings. The shortage of
the single-phase model is obvious. It is widely accepted that there are (at least) two phases
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coexisted during solidification, namely the liquid and the solid (see Figurel). Both phases have
different properties and different concentrations, and they behave in different ways. It is not
possible to describe the solidification process of Figure 1 with a single-phase model adequately,
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Figure 1: Schematic show of the solidification process[sl

A multi-phase model based on the volume-averaging theorem was developed first by
Beckermann's group“'s'm. They treated the liquid and solid as scparate interpenetrating
continua, established and solved the transport equations (mass, momentum, energy and solute)
for the liquid and solid simultaneously. In this way they permitted a rigorous description of
disparate solid and liquid velocities, interactions, thermal and constitutional non-equilibrium,
and many other microscopic phenomena. However, this pioneering model involves many
unocrtaintics[”"‘", e.g. the lack of a realistic nucleation model, detailed volumetric heat and
mass transfer coefficients (or thermal and solute diffusion lengths), correct stereological
formations for interfacial area concentration, ctc. A good deal of additional research is needed
before the advantages of Beckermann's model may be fully explored' "%, Therefore, this
multi-phase approach has been further modified (simplified) by Ludwig and co-workers!'®29,
and it has been applied to globular equiaxed solidification in industry alloys and phase
separation phenomenon in hypermonotectic alloys.

Mode! description

In the multiphase model the different phases are treated mathematically as interpenetrating
continua. The phases can be liquids, solids or gases. Since the volume of a phase cannot be
occupied by other phases, the concept of phasic volume fraction is introduced. These volume
fractions, oy, are assumed to be continuous functions of space and time and their sum is equal

to one:
2, =1 m
g=1

n is the number of phases, ¢ is the phase index. The multiphase model solves a set of n
momenta, enthalpies and continuities and m species for each phase. Coupling is achieved
through the pressure (one pressure field for all phases) and interphase exchange terms. The
solution procedure to the conservation equations is performed with the help of the commercial
software FLUENT in the Eulerian multiphase module. The capability of user-defined
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subroutines (UDS) allows customisation of the momentum exchange, species, and heat
exchange, etc. The user-defined scalar functions allow customisation of additional conservation

gquations.

COnservation equations

The description of the multiphase conservations by conservation equations follows the lines of
the FLUENT manual®®

Mass conservation (continuity equation)
The continuity equation for phase g is

d = L
anpq+v'aqpquq:zmw’ @)
=

where p, and #, are the density and the velocity of the phase g, respectively. 1, is the mass

transfer from phase p to phase g. It subjects rit,, =1, .

Momentum conservation (Navier-Stokes)

%(aqpqﬁq)+V-(aqpqﬁq ®ﬁq)=—aqu+V-?q +F, +2qu(ﬁp —ﬁq)+Zrhpan , 3)
p=1

p=l

where 7, is the stress-strain tensor of phase g:

|

= - [ 2 -
7, =a'q,uq(qu+(qu)7)+ aq(/iq —E‘uq)V-uq 4)
Here u, and A, are the shear and bulk viscosity of phase g, F ", is Marangoni force in case of

monotectic solidification, ® is a dyadic product, and p in the equation (not as subscript) is the
pressure shared by all phases. @, is the interphase velocity, defined as follows. If w1, >0

(ic., phase p mass is being transferred to phase g), then u, =i, if s, <0 (ie., phase g
mass is being transferred to phase p), then #,, =i ;and i, =4,,.

K, (=K,) is the interphase momentum exchange coefficient, depending on the friction,
pressure, cohesion and other effects.

Energy (enthalpy) conservation

d - dp, = - - 2 .
E(aqpqhq)"' V. (aqpquqhq)= a, % T, qu -V 9, + Sq + ZI(QPII + mpthq)’ ®)
p=

where h, is the specific enthalpy of phase g, which is defined as

T

h, = jc,,(q)qu +h, (6)
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€y s the specific heat of phase g, k,;"" is the enthalpy at the reference temperature Tt In
equation (5), g, is the heat flux, S, is a source term that includes sources of enthalpy (e.g. due
to chemical reaction or radiation), Qpq is the intensity of heat exchange between the phases p
and ¢, and hy is the interphase enthalpy (e.g. the latent heat in case of phase transition). The
heat exchange between the phases must comply with the local balance conditions Q,, = -0,

and Q,, =90.

Species (concentration) conservation

The closure of the equation set is completed by conservation equations describing the mass
fraction of the species i in the phase g:

8 i — i i i + i
5’_( qpqm;)+v'(aqpquqmq)zv'(aqquqvmq)+ My ()

where m; is the mass fraction of the species i in the phase ¢, Dfl is the diffusivity of th;
species i in the mixture of the phase ¢, and ri, is the rate of production/destruction of the
species i.

User-Defined Scalar transport equations

It is possible to solve the transport equations. for arbitrary scalars in the same way as the

transport equation for enthalpy. For example, the grain density of equiaxed solidification'"™ and
the drop density of the secondary liquid phase in monotectic solidification™ were modeled
with an additional scalar transport equation.

The general form of the arbitrary scalar , is

0p,, 9 9 4
9l pg  -r2kl=s,,
ot ox, (p" Rl ®

where T, and S are the diffusion coefficient and source term for each of the N scalar

equations.

Source terms and interaction terms

Whether the Eulerian multiphase model will be successfully applied to the solidification and
phase separation processes is strongly dependent on the definition and implementation (through
user defined subroutines) of source terms, interaction terms, and other auxiliary terms into the
conservation equations. Previous works have demonstrated how to apply those terms into.
conservation equations and how to model multi-phase solidification problems!'®!. A brief
description is given below.

Nucleation and transport of moving grains (or droplets) during solidification

The idea for modeling the grain density during globular equiaxed solidification (or droplet
density during hypermonotectic solidification) is to define a user-defined-scalar function
which can be estimated by solving the conservation equation
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gre n is the grain or droplet density. Equation (9) is derived from equation (8), by ignoring
A diffusion (I") of the scalar function. N (number of grains nucleated per volume and per
ond) is the nucleation term, which must be defined according to physical laws. For example,
; ragmatic approach originally developed by Oldfield™ *" was employed for both the grain
qucleation during globular equiaxed solidification and the nucleation of the second phase
droplets during decomposition in hypermonotectic alloys.

Mass transfer and grain (droplet) growth kinetics

As g;ainsidroplets nucleate they start to grow. In the case of both the globular equiaxed
colidification and the decomposition of the second phase droplets the morphology of the
sminsfdroplcts is simplified to be spherical. The average diameter d; of the phase ¢ is
determined by its volume fraction e, and the grain/droplet density n.

d, =(6'“%,nj3. (10)

In the case of globular equiaxed solidification the grain growth is determined by solute
diffusion in front of a liquid-solid interface!™®!. The solute element piles up (k<1) in front of the
liguid-solid interface due to solute partitioning. The enriched solute can only be removed from
the interface region to the bulk melt through diffusion. Therefore the concentration difference

Ac between c; (concentration in the melt at the interface) and c, (concentration in the bulk

melt) is taken as the driving force for solidification. Because a thermo-dynamic equilibrium at
liquid-solid interface is assumed, c; can be determined from the local temperature T according

to the phase diagram. ¢, is calculated from the solute conservation equation (7). In addition to
the driving force term Ac, s, is proportional to the overall solid-liquid interface area. Thus, it
depends on the grain density »# and the grain surface area 7 - d;,

rhnga-Ac-(n'ﬂu’:)-pq-ap. (11)

P

The term a, is the Avrami-factor. All other factors, which influence the solidification rate, are
gathered in the empirical constant g, (mnvs). g, is here named as ‘growth factor’.

The diffusion-controlled growth of a precipitation in a supersaturated matrix was described by
Zener ¥, In the case of decomposition of secondary phase droplets in hypermonotectic alloys,
the radius growth rate dR/d! of a droplet is governed by the difference between the far field

concentration ¢, and the concentration c; of phase p (parent melt) at the interface, i.e.
Ac=c, —c; . The solute partitioning at the interface is Ac, =c; —¢, ~c, —c,, where ¢, is the
concentration of phase g (secondary phase droplet). Both ¢, and ¢, are obtained by solving
the species conservation equation (7). D, is the diffusion coefficient. If the droplet density #
and an additional Avrami-factor @, arc considered, then the mass transfer rate r1,, (kg5

from equation (11) is transformed to 2%
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m = D, -Ac-(n-lldz)-p ‘a,. 1
pq d,, Y q g p )
Quantitative description of the macrosegregation

It is useful to recall that the cause of macrosegregation is the long-range advection of the alloy
species due to the relative movement or flow of segregated liquid and solid duri,
solidification”). In order to describe the macrosegregation quantitatively, an auxiliary quantity

i.e. the volume averaged solute concentration ¢!, is defined:

c:m,x E Zlcqpqaq Zl:pqaq (13)
9= q=

The great advantage of this multi-phase model is that the concentration of each solute element ;
and each phase g can explicitly be solved with a species conservation equation (7).

Another key point in modelling the macrosegregation is the solute partitioning at the liquid.

y pont aeling g ORLT p I quid
solid interface during solidification. For the solute partitioning, thermodynamics must be taken
into account. Details about this procedure are described elsewhere (18201

Momentum exchange between different phases

The interphase momentum exchange includes the term due to mass transfer or phase change
(c.g. solidification) and the term due to drag force. The momentum exchange rate due to
solidification is described as follows. Assuming a mass transfer rate 7r,, from phase p to ¢, a

momentum (per unit mass and time) of &, -, will be transferred ffom phase p to g. In other

words, the momentum of phase p will be reduced by an amount of &, -1, , and the same

pg°
amount of momentum will be added to phase g.
The drag force term is based on the exchange coefficient K, in equation (3). In order to

determine this coefficient, different cases must be distinguished. For the solidification problem,
both stationary solid phase and moving solid are distinguished 81 The drag force between the
liquid phase and stationary solid phase is handled as for flow through porous medium, while the
drag force between the liquid and free-moving grains is treated as for submerged objects.
Correspondingly, different models (Kozeny-Karman and Blake-Kozeny) are used. In the case
of hypermonotectic solidification, two liquid phases coexist before solidification starts. The
morphology of the secondary liquid phase can be well expressed as dispersed droplets;
therefore, the interaction between the droplets and the mother liquid is described as
hydrodynamic resistance (Stokes force) (23,261,

Marangoni force on the secondary liquid droplets

When a single droplet is placed in a melt having a temperature gradient V7', a thermo capillary
convection in/around the droplet is induced. The temperature dependent surface energy forces
the droplet surface from the hotter towards the colder pole. Consequently the droplet moves
towards the hot region. This is called thermo capillary or Marangoni motion. Integration of the

thermo-capillary force acting on the droplet surface is defined as Marangoni force f,, . Based
on the Stokes-Rybczynski-Hadamard approximation, Young et al***? have deduced f,, fora
single droplet as
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T =(l+yq//4,,]vq[2+kq/kp)'a_T' {19

onsidering the droplet density n and equation (6), the volume averaged Marangoni

her C
Furt (N.m'J) in equation (3) is expressed as

force FM

; . 1199 gr. (15)

An empirical relationship for the Marangoni coefficient d¢/dT is recommended [33-34],

ao, 1 T 026
99 _ _126.0,~-[1- : 16
ar QT ( /T) (16)

where O, is determined experimentally.

Simulation Examples

Influence of phase s¢ aration on hypermonotectic solidification

For investigations on the solidification of hypermonotectic alloys a 2D square casting (90 x 90
mm?) with the composition Al-10wt.%Bi has been simulated. The mold, remaining at a
constant temperature of 290 K, is assumed to be filled instantancously with a melt of 1065 K
initial temperature. The heat exchange coefficient at the casting-mold interface is 750
W/(n-K). The nucleation parameters for the liquid phase droplets are nms= 10" m?, ATy=20
K and ATc = 8 K. Further physical properties and modeling parameters are given in recent
publications™ .

Figure 2 shows a solidification sequence without (left hand side) and with (right hand side)
gravity. There are 3 phases appearing in the phase diagram of this system during solidification:
the primary liquid phase, the sccond:;;?( liquid phase (Bi, solidification of this phase is ignored),

and the solidified monoteetic matrix®,

In the case of zero gravity (g = 0) the Marangoni motion presents the only mechanism for the
phase transport. Droplets of the secondary liquid phase start to nucleate and grow at the cast ing
surface as the local temperature drops below the binodal point at 1062.2 K. The Marangoni
force causes the droplets to move from the outer regions towards the casting center. The parent
melt moves in reverse direction, because the space of the leaving droplets must be replaced by
the parent melt. The droplet movement results in a depletion of the secondary liquid phase in
the corners and outer regions, and an enrichment of the secondary liquid phase in the casting
center,

As the casting further cools down to the monotectic point, monotectic reaction occurs, the
velocity of the parent liquid phase vanishes and the droplets are entrapped in the monotectic
matrix. When the solidification is finished the outer regions of the casting have a lower volume
fraction of the secondary liquid phase and the center a higher. The spatial separation of the
phases is directly responsible for the macrosegregation: cnix < 7.2% Bi in the corners, Cmix >
12% B in the center. Both Marangoni motion and diffusion controlled growth contribute to an
uneven droplet size distribution. A tendency of finer droplets in the outer regions and relatively
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large droplets in the central region is predicted. Coagulation of droplets has not et ho
considered in the recent model. This makes it difficult to directly compare the simulatiop, reg "o
with experiments. However, the numerically predicted tendency of phase separatiop an
qualitatively remarkably well with experiments performed by Walter in sounding

experiments with Al-Bi alloys?®!, ckey

Under normal terrestrial conditions (g = 9.8 m-s?) the droplets of the secondary liquid pps
start to nucleate in the corners and along the walls, then grow and sink downwards ajoy, Ii
vertical walls. As two liquid phases are coupled through the momentum exchange terms ¢
parent melt is drawn by the sinking droplets, forming two vortices: one clockwise in the gk
half and one anti-clockwise in the left half of the casting. The convection currents in the pa o
melt are so strong that they in tum influence the movement and the distribution of the drop|
With the monotectic reaction the droplets are entrapped in the monotectic matrix and the phasga
and droplet size distributions remain unchanged afterwards. -

The final solidification results show a depletion of the secondary liquid phase in the upper
region and an enrichment of the secondary liquid phase in the central bottom region. A st
spatial separation of the phases leads to a strong macrosegregation: cmix < 5% Bi in the upper
region, cmix > 25% Bi in the lower bottom region. "

e ———— — ——
) 14 gy v b A

Twds
i

4s 30s 4s 30s

Figure 2: Solidification sequence of Al-10wt. %Bi without and with gravity. Bottom row: the
velocity fields of the second phase droplets together with the monotectic front (T=925 K). Top
row: the Bi droplet distribution. The black spheres represent the Bi droplets. The grey matrix:
means that the alloy has solidified, and the droplets are entrapped in the solid monutwic_'f
matrix. Both the droplet density and the diameter of the droplets, shown in this figure, have
been linearly reduced and enlarged in order to make the droplet distribution better visible:
Coagulation of droplets has not yet been considered.
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distribution pattern is the direct outcome of melt convection and droplet transport.
oncy of small droplets in the upper region and large droplets .in the lower. bottom rF:gion
! 4] This predicted phase distribution agrees to a certain extent with ex] 3&znment
ed bY Alkemper and Ratke in chill-cast Al-Bi alioys under terrestrial conditions ],

. found that phase separation is an important requirement for modelling of the solidification

m-,onotectic alloys. Comparing zero and terrestrial gravity conditions we found that
= normal terrestrial conditions, the gravity induced sedimentation dominates the spatial
- scparation process. The results show a depletion of the secondary phase in the top region
enrichment of secondary phase in the middle bottom region. Under weightless condition,
or, Marangoni force causes the secondary phase droplets to move from casting boundary
'ns rowards the casting centre; furthermore it causes the parent melt to move in the reverse
+ion, which leads to a depletion of the secondary phase in the boundary regions and an

chment of secondary phase in the casting centre.

example for the influence of phase separation on macrosegregation we present simulation
ts of an Al-4wt%Cu ingot casting in the figures 3 and 4. With Ti as grain finer, the
cation morphology of this alloy is assumed to be globular. Figure 3 illustrates the
dary conditions. The metallic die at a constant temperature of 290 K is assumed to be filled
stancously with melt at 925 K. The heat exchange coefficient at the casting-mold interface
ken to be 750 W/(m® K). An open thermally isolated boundary condition at the castinﬁ top

jed, so that hot melt can constantly feed the casting. The nucleation parameters[2 are
on a5 o= 10" m?, AT, =10 K, AT, =4 K. Constant but different densities for both liquid
solid are used, hence the thermal-solute convection is ignored here. The phase transport
smena in this model consider only solid sedimentation, sedimentation induced melt
vection, and feeding flow. Further details of the problem description and the used physical
etties can be found in the references!'*'®,
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e 3. Geometry configuration, boundary and initial conditions of an ingot casting. The
casting with an initial temperature 0f 925 K is poured into a mold with a constant temperature
0f200 K.

Figure 4 illustrates the modeling results. In the initial stage of solidification, feeding flow
ealsed by solidification shrinkage dominates the process. Nucleation and solidification start
first in the four corners and subsequently along the mold walls. The grains nucleated directly on
the wall do not move. With further solidification the grains, which do not directly adhere to the
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mold walls, sink downwards. As the solid and the liquid are coupled through the Momenty,,
exchange term the melt is pulled by the sinking grains, forming two vortices: one clockwige in
the right half and one anti-clockwise in the left half of the casting. Obviously at this Stage 0?-"
solidification the sedimentation and the sedimentation-induced melt convection dumjn‘m'l
Grain settlement occurs as the local fraction solid exceeds the packing limit (= 64%). The graiy
movement leads to the accumulation of the solid phase in the lower corner and bottom regions.
The grain settlement is responsible for the negative segregation in these areas (zones A and p in
figure 4). Mechanisms for positive segregations are: (i) feeding of packed zones by segregated
melt and (i) squeezing out of segregated melt by settling grains!'®l. The positive Segregatioy.
zones B are caused by the first mechanism, while the zones C, which occur on the bulk mclt:

are caused by the second mechanism. The zones C move with the flow current and asce
towards the inner regions of the casting. :

=30 mm/s 7. =30 mm/s, Comix (w1%)

ﬁl,max §,max
05 in gray scale
0~0.92
Figure 4: Solidification process (at 28s) of the Al-4wt%Cu ingot casting. The arrows of the -

velocities of the liquid #,,, and that of the solid #,,, are linearly scaled from zero to the

§,max
maximum value given. The fraction solid «, is shown together with the solid velocity. ¢,

and d; are shown with isolines together with 30 gray levels, with dark showing the highest
value and bright the lowest.

A further example with the same alloy and a different geometry configuration is presented {n
Figures 5 and 6. The casting is assumed to be filled instantaneously and solidified in a closed
die with constant temperature of 290 K. Sedimentation and sedimentation induced convection
are considered with the Boussinesq approach, solidification shrinkage (feeding flow) and the
thermal-solute convection have been ignored in this case. A steel chill located in the upper part
of the die with initial temperature of 290 K is intentionally designed to stress the effect of grain
sedimentation.

Figure 5. Geometry configuration, boundary and initial conditions of a die casting (Al-
4wt%Cu). The metal with an initial temperature of 925 K instantaneously fills a die witha
constant temperature of 290 K. During the solidification process the chill is allowed to heat
up.

102



ins, which nucleate around the steel chill and the die walls, sink downwards, inducing the

jal melt convection pattern shown in Figure 6 The sinking grains _!ead to the accumulation
fthe golid phase in the direct bottom region. With the same mechanism as mentioned above,
ins stop moving and settlement occurs when the local fraction solid exceeds the packing

imit. The grain settlement in the bottom region is the direct reason for the negative segregation
re. With proceeding so!id1ﬁcation._thc ncgativsz zone in the d_irect bottom region becomes
wider and wider. The strongest negative segregations are found in the lower corners near the
-side“"’"‘ This is casy to explain because grains, which nucleate along the sidewalls, sink

d ownwards, thus strong settlement oceurs in the lower corner regions.

4) Volume fraction @, and b) Velocity #, of liquid phase  ¢) Macrosegregation ¢,

velocity #, of solid phase

Figure 6, Sequence of macrosegregation formation. The arrows of each velocity field are
‘continuously scaled starting from zero to the maximum value, The values of e, are scaled
equidistantly by 30 gray scales from zero (black) to 1.0 (white), and ¢, from 0.0315 (black)
10 0.0485 (white).
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In the example shown in figure 4, two mechanisms for the positive segregation are foung. ..
feeding through segregated melt, and (i) squeezing out of the segregated melt by the m{ﬁg"l
grains. In this simulation, however, the feeding flow has been ignored. The positive segregatie”
caused by the mechanism of squeezing out of segregated melt is obvious. In the early stage g
solidification (6 s), the grain settlement starts in the lower corner zones. S
Accompanying to those grain settlement zones, positive segregations occur just close to the,
Similarly, at about 12 s, a horizontal positive segregation zone just above the bottom settling
zone starts to form. As these positive segregation zones forms in the bulk melt they are g
stationary. They move with the flow current, ascend upwards, and form the lag.
macrosegregation pattern shown in Figure 6(c).

Influence of phase separation on microstructures

A globular equiaxed solidification model was used to simulate macrostructure formation iy an
Al-4wt%Cu platc casting (Figure 7). Evaluation efforts were made by comparing the numericy
predictions with a special experimental situation. Figure 8 shows the simulated grain. sjye
distribution in a section of an Al-4wi%Cu plate casting, compared with the experimentg)
results.

The mold termperature was taken to be 573 K and the heat exchange coefficient at casting-molq
interface to be 800 W/(m>K). A convection heat exchange boundary condition on the top.
surface of the casting was applied, the convection heat transfer coefficient was taken as 50
W/(m>K) and the environmental temperature as 283 K. Due to the high calculation cost the.
solidification simulation was carried out in 2D, i.e. the central cross section of the plate. A 3D
mold filled simulation was carried out with the commercial software MAGMASOFT to predict
the initial temperature distribution for the solidification simulation. The mold filling simulation
predicted that the temperature in this central section after mold filling was relatively uniform;
hence a constant temperature of 925 K is assumed. The initial mold temperature is 573 K. The
nucleation parameters for the simulation are Ame= 1.510" m®, AT, =20 K, AT, =8 K. The.
solidification shrinkage and the thermal-solute convection are ignored for this case, but
sedimentation and sedimentation-induced convection were considered with the Boussinesq

approach. '

Sedimentation and sedimentation-induced flow currents, similar to the results shown in Figure
4, are also observed in the considered cross section of the plate casting: two yortices oceur - one
clockwise in the right part and one anticlockwise in the left part of the section. The numerically
predicted grain size distribution across the section of the plate casting is shown in Figure 8 a);
The fine grain size (~262 pm) at the bottom region is mainly due to the high nucleation rate in
the initial stage, and partially due to the sedimentation. The largest grains (~390 pm) are
predicted near the surface regions about 30~40 mm above the bottom. Those large grains ar¢
actually transported from the upper regions where they nucleated. They sink and grow. As they
reach lower regions through a relatively long journey, they have grown to a large size. The
relatively small grains predicted in the central region are due to the melt currents, which
transport the fine grains from bottom regions upwards to the center. Comparing the results
presented in figure 8b) and c), the grain size distribution in the real casting agree reasonably
well with the numerical prediction. The absolute values for the grain sizes are somehoW
different between the numerical simulation and the experiment, but the distribution pattern i
quite similar.

104



H, =50 W(n'K)
‘r T,=28)K

- Al-4 w1 % Cu
-t T =925 K
=004

[ o
176 o

Mold: sleel
[~ T.0=5711K

— et
1

I = 800 W/MK)

M 1, = 30 Wim'K)
7,- 283K

4 v
Eilat

Figure 7. Geometry configuration, boundary and initial conditions of a plate ingot casting.
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Figure 8: Comparison of the numerically predicted grain size distribution to the
experimentally measured results. The grain size distribution of the whole section is shown
with 30 gray levels, with light showing the smallest grains (262 um), and dark the largest (390
Jtm).

The casting section has also been EDX (energy dispersive X-ray) analyzed for
macrosegregation. The experimentally measured data points are scattered, thus it is difficult to
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fit the experimental data to the numerical results quantitatively. However, the measureq
shows the same tendency as the simulation. There is a lower concentration in casting bolto[-l-
region and a higher concentration in top region. Considering the simplifications made in ¢
present model, we find the above agreement between the simulation and the cxpcrimem:f

encouraging.
Summary

An Eulerian multiphase model was employed to investigate the influence of convection ingy,

phase separation phenomena on the macrosegregation and macrostructure formation duripg
solidification. Simulations of difference alloys with difference solidification behaviorg haw_f
been presented, and the important findings are summarized in the following section. |

» Marangoni force under weightless condition causes the L, droplets to move from castiy
boundary regions towards the casting centre, and the parent melt Ly to move in reverg,
direction, leading to depletion of L; phase in the boundary regions and enrichment of L
phase in the casting center. p

e Although both gravity-induced sedimentation and Marangoni motion occur under normy|
terrestrial condition, the gravity induced sedimentation dominates the spatial phage
separation process. The final results show a depletion of the L, phase in the top region ang
an enrichment of the L, phase in the middle bottom region.

e Coagulation of the droplets has not yet been implemented in the model. Thus a precise
comparison of the simulation results with the experiments is not yet possible, however the
numerically predicted Bi droplet distributions in hypermonotectic alloy (Al-10wt%Bi)
under both normal terrestrial and weightless conditions agree qualitatively with the ground
experiments performed by Alkemper and Ratke %, and the sounding rocket experiments
performed by Walter %), respectively.

o The convection-induced phase separation results directly in macrosegregation. Grain
settlement is responsible for the negative segregation. In case of globular equiaxed
solidification, negative segregations are found, for example, near lower corners of the
casting and at the middle bottom region, where sedimentation frequently occurs. Positive
macrosegregation forms for two reasons (i) feed of segregated melt to packed zones; (ii)
squeezing out of segregated melt by settling grains. Areas of positive segregation caused by
the second reason may not be stationary and thus move during solidification with the melt
flow, while those caused by the first reason do not move.

o The macrostructure distributions in the case of globular equiaxed solidification are the
outcome of both growth kinetics and phase separation (free moving grains). The simulation
results on a plate casting (Al-4wt%Cu) have successfully explained the experimentally
observed grain size distributions.
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