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Direct modeling of structures and segregations during industrial casting
processes is made difficult due to the need for coupling intricate phenomena
occurring at multiple length and time scales. Its outputs are, however,
required for modeling of further thermomechanical treatments as well as for
prediction of in-service properties. The present article presents recent efforts
made to integrate microscopic scale concepts taken from physical metallurgy
into a macroscopic model. This new model includes macroscopic solution of
average conservation equations, mesoscopic scale description of the develop-
ment of the grain structure, together with microscopic scale consideration for
the kinetics of the solid-liquid interfaces and the chemical segregation taking
place between phases. Simulations are presented for directional solidification
of a cylindrical ingot, a benchmark experiment for macrosegregation in a
rectangular cavity, and a surface treatment that mimics the gas tungsten arc
welding process. The difficulties of transforming the model into a tool applied
for industrial castings are discussed.

INTRODUCTION

Modeling of solidification structures by coupling a
finite element (FE) solution of the average energy
conservation equation with a cellular automaton
(CA) description of the nucleation and growth of the
grain structure was introduced two decades ago.!
Initially, it was limited to a two-dimensional (2D)
Cartesian approximation but still demonstrated
potential for modeling of solidification processing.?
In particular, examples were shown for investment
casting of nickel base alloys. The success of 2D
modeling applied to casting of a nickel base com-
ponent provided a justification for an extension to
three-dimensional (3D) modeling,* which was later
applied to the study of defects formed during
directional sohdlﬁcatlon of single-crystal turbine
blade geometries.>”

It was one decade ago that a validated coupling
between the CA and FE solvers could be proposed
and 1mp1emented in two dimensions® based on
comparison with a front tracking solutlon of the
mushy zone boundaries with undercoohng Cou-
pling with macrosegregatlon and grain transport
was also developed in 2D during this period.'*
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Validation of the macrosegregation coupling was
performed via in situ real-time x-ray radlography
observations in a galhum 5 wt.% indium alloy.
The experiment was unique in that a single nucle-
ation event of an almost pure gallium crystal oc-
curred, the growth of which lead to strong
macrosegregation of indium induced by natural
thermosolutal convection.'®*

The successes outlined earlier have given reasons
for recent extensions of such models to
three dlmensmns as well as efforts to derive par-
allel algorithms.'® Two applications are presented
hereafter which are compared with experimental
data.® They are complemented with a simulation
of surface treatment by welding. The results are
used to derive a discussion on the remaining chal-
lenges that must be overcome in order to use the
CAFE model for systematic applications to solidifi-
cation processing.

MODELING

Recent efforts for the development of CAFE
modeling with respect to 3D parallel implementa-
tion and coupling with macrosegregation were
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achieved over the last 2 years. Its 7presentation in
the literature is partially given.'®!” This contribu-
tion aims to give a review of the new directions
taken with respect to previous models'~'? as well as
to provide with illustration typical achievements.
Only a short description of the model is thus pro-
vided hereafter:

i. The 3D FE solutions for average enthalpy, aver-
age composition, and average momentum, assum-
ing fixed solid phase and constant and equal
density for all phases, are computed with parallel
solvers. The current implementation is based on
the CimLib library,'® which provides massive
parallel tools for solving the FE problem with
remeshing based on optimized partitioning meth-
0ds.'®?° Adaptation of the FE mesh is regularly
performed based on error estimators deduced
from the average composition, solid fraction,
liquid velocity, and temperature fields.

ii. A second 3D FE mesh, named a CA mesh, is
uniquely defined at the beginning of the calcu-
lation. It is fixed during the calculations. The CA
mesh is used to generate the 3D CA grid, i.e., the
assembly of a regular lattice of cubic cells with a
size smaller than the CA mesh.

iii. Dynamic allocation of the 3D CA grid is per-
formed automatically based on the CA mesh and
the temperature field.'® Because the CA mesh is
kept fixed during the calculation, each of the CA
cells is located in a unique and unchanged mesh,
identified by a unique CA mesh index. Dynamic
allocation of the CA grid is based on the
temperature criteria defined and transported
on the CA mesh from the FE mesh solution,
while de-allocation requires reaching a fully
developed structure.

iv. The CA nucleation and growth algorithms to
compute the grain structure are similar to those
previously published.*® They permit access to
the kinetics of the development of the mushy
zone boundaries; e.g., for a binary alloy, the
limits between the fully liquid melt and the fully
solid region within which a mixture between a
dendritic solid and an interdendritic liquid are
simultaneously present. For that purpose, not
only the dendritic grain structure should be
simulated but also the eutectic grain structure
since they both develop with some undercooling.
An extension to the model has thus been imple-
mented to track several grain structures in the
same calculation, with independent nucleation
and growth kinetics. The fraction of the mushy
zone is then fed back by summation over the
cells onto the nodes of the CA mesh and finally
projected onto the nodes of the FE mesh.

v. The conversion of the average enthalpy, average
composition, and fraction of mushy zone into
temperature and solid fraction is performed at
the nodes of the FE mesh. Compared with
previous coupling schemes,?® this provides a

major improvement that permits full coherence
between all field at the nodes of the FE mesh. It
was also shown to reach agreement with con-
verged front tracking methodologies for the
mushy zone boundaries.!®!® It should also be
noted that this coupling approach saves compu-
tation time.

vi. Coupling with tabulated thermodynamic prop-
erties has been implemented.!” Tabulations of
enthalpy are performed for each phase in each
structure as a function of temperature and
composition, requiring models for internal frac-
tion of phases. In case of full equilibrium, the
internal fraction is simply deduced from equi-
librium calculations. The present coupling per-
mits a detailed description of the latent heat
released during phase transformations while not
assuming constant heat capacity or latent heat.

vii. A new storage procedure is developed for
tracking the grain structure within each CA
mesh during the calculation. The CA grid state
is stored onto the hard disk memory and can be
read and written any time the CA grid is
dynamically allocated. This permits one to start
a calculation from an initial state of the grain
structure that is not obvious (e.g., initial liquid
state in a standard casting process). The advan-
tage for such methodology is obvious when
dealing with welding, when an initial grain
structure is partially remelted and resolidified
over a large region during a small period of the
total processing time. It yet requires adaptation
of the dynamic allocation procedures mentioned
earlier (iii).

APPLICATIONS

Three simulations are presented, the two first
being directly compared with temperature mea-
surements, in order to illustrate the possibilities of
the 3D CAFE model. Table I provides the list of
features given earlier (i—vii) that are demonstrated
in each of the following examples.

Directional Solidification of a Rod

The standard example concerns directional solid-
ification of a binary metallic alloy. It is regularly
used in the literature as a test case for modeling of
grain structures,?’~?* although so far not in three
dimensions. It also corresponds to experimental re-
sults in Al-Si alloys that are well documented.'®2°
The ingot geometry is a 70-mm-diameter cylinder
that lies vertically on a cooled chill. The measured
length of the cylinder at the end of the solidification
is 170 mm. Temperature probes are localized at 20,
40, 60, 80, 100, 120, and 140 mm from the bottom of
the ingot. They permit extrapolation of temperature
evolution in the alloy at the interface with the chill,
i.e., at position 0 mm. Such a computed cooling
curve is used as a Dirichlet boundary condition
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Table I. Numerical parameters and CPU times of the CAFE simulations

Figures 1 and 2

Figures 3 and 4 Figure 5

Case Al-7 wt.%Si Cylinder Sn-3 wt.%Pb Cavity Steel Coupon
FE domain size (m) 0.070 x 0.173 0.1 x 0.06 x 0.01 0.35 x 0.15 x 0.012
FE mesh size (m) 5x 107 1.2 x 1072 5 x 107 (initial)
Time step (s) 0.1 0.1 0.5

FE solvers Energy Energy solute mass liquid momentum Energy

CA domain size (m) 0.070 x 0.173% 0.1 x 0.06 x 0.01* 0.27 x 0.09 x 0.006
CA mesh size (m) 5x10° 1.2 x 1072 3x10°

Cell size (m) 2.5 x 107* 2x 107" 8 x 107°
CAFE features (see text) i-v i-iii, v, vi i—iii, vii
Number of processors 16 64 32
Computation time 3 days, 6 hours 5 days 2 days, 16 hours

2Same FE and CA meshes.

at the lower surface of the vertical cylindrical
geometry.

In the absence of a mechanical solution, phase flow
cannot be computed. Consequently, there is no pos-
sibility for direct simulation of shrinkage and ther-
mal contractions due to phase transformation and
cooling, and the time evolution position of the top free
surface of the alloy with the air is not computed. To
account for shrinkage, a 173-mm-height simulation
domain is chosen, which is slightly longer than the
final measured ingot length. A small heat flux, equal
to 3000 W m 2, is also imposed on the top surface of
the cylindrical geometry during the first 900 s of the
simulation, while the cylinder surfaces are taken
adiabatic. The initial temperature is directly ex-
tracted from the measurement at the beginning of the
solidification experiment. The latter optimizations,
as well as the growth kinetics of the dendritic struc-
ture, the values of the specific heat, conductivity, and
other material properties, are well documented and
justified elsewhere.'®?® This first simple test is
restricted to heat diffusion, fully coupled with grain
structure development. The numerical parameters
for the simulations are given in Table 1.

Figure 1 (See video available in Electronic Sup-
plementary Material) provides a 3D representation
of the predicted time sequence of the development of
the dendritic grain structure. As shown, predicted
grain shapes are columnar (elongated) in the bottom
part of the ingot and equiaxed (more isotropic
shape) in the top part. A columnar-to-equiaxed
transition (CET) is thus modeled, which is similar to
the experimental observation.'®?® Figure 2 also
shows the predicted cooling curves at the same
position as the thermocouples, from 20 mm to
140 mm. The curve at position 0 mm indicates the
boundary condition imposed at the bottom of the
cylindrical domain. The agreement is overall very
good, much better than the result reached previ-
ously with 2D approximations.? This is particularly
true when considering the detailed time evolution of
the temperature within a few degrees below the

liquidus isotherm of the alloy (618°C at the maxi-
mum temperature range in Fig. 2). A recalescence is
revealed at position 140 mm that could be directly
compared with measurement.'® Such recalescence
could not be predicted without coupling the FE
solution for heat flow with structure prediction. The
same comment applies for the cooling rate changes
at lower positions (e.g., 120 and 100 mm), which is
identified just below the liquidus isotherm. Finally,
one could also notice that, while the eutectic tem-
perature (577°C) for this system is within the tem-
perature range of Fig. 2, the last cooling rate change
that reveals the final eutectic solidification takes
place at a lower temperature (e.g., 574°C at
140 mm). This difference represents the eutectic
undercooling taken into account in this simulation,
by also tracking the eutectic grain structure that
develops inside the mushy zone. The -eutectic
structure is columnar in the present simulation and
is not shown in Fig. 1, but the influence of consid-
ering a eutectic structure in a low cooling rate con-
figuration was already demonstrated to predict
recalescence upon eutectic growth.”

Several difficulties still exist when comparing the
simulation results with observations. In fact, the
position of the CET is not very well predicted as it
happens sooner in the simulation—108.3 mm—
compared with measurement—118 mm. Moreover,
the size of the equiaxed grain structure could not be
predicted as small as it was measured. These differ-
ences could be explained by several causes. First the
simulation does not include grain sedimentation,
which may play an important role on the average
grain size. Second, the undercooling of the columnar
dendrite tips could be decreased by shrinkage-
induced fluid flow, thus, delaying the nucleation of
heterogeneous particles. Finally, it was suggested
that the CET could be induced as a result of dendrite
fragmentation taking part at the columnar growth
front when the temperature gradient in the liquid
becomes sufficiently low.'%21:%:25 These phenomena
are not considered by the present CAFE simulation.
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Fig. 1. CAFE simulation of the formation of the grain structure during solidification of a 173-mm-height, 70-mm-diameter Al-7wt.%Si rod. The
oriented structure at the bottom of the ingot is stopped by the growth of grains nucleated in the liquid, giving rise to the so-called columnar-to-
equiaxed transition'® (See video available in Electronic Supplementary Material).
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Fig. 2. Cooling curves at labeled distances defined from the bottom surface of the Al-7wt.%Si rod displayed in Fig. 1 (gray) recorded®® and

(continuous red) computed with the CAFE model.'®

used as the boundary condition for the FE energy solver.

The doted curve at position labeled 0 mm (i.e., at the bottom of the simulation domain) is

Solidification of a Rectangular Cavity

The second application makes use of most of the
new developments. Not only does it consider a full
coupling scheme between the CA prediction of the
dendritic grain structure with the FE solution for
energy, momentum, and solute mass conservations,
but it also makes use of a full set of tabulated
thermodynamic properties for all phases formed
during cooling, from the initial temperature above
the liquidus of the alloy down to room temperature.
The situation also corresponds to a well-documented
experiment provided elsewhere.!”

The domain consists of a rectangular cavity
with dimensions 100 mm width x 60 mm height x
10 mm thick. The opposite smallest left-hand-side
(LHS) and right-hand-side (RHS) surfaces of the
cavity, with dimensions 60 mm x 10 mm, are posi-
tioned vertically and maintained into contact with
heat exchangers with controlled temperatures.
Adiabatic conditions are applied on all other sur-
faces. Four thermocouples are identified with sym-
bol x in Fig. 3 (See video available in Electronic
Supplementary Material) and a colored label, L21,
L24, 1.27, and L30. They are part of a network of
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1 3000 s

Fig. 3. CAFE simulation of the formation of the grain structure during solidification of a 100-mm-width x 60-mm-height x 10-mm-thick Sn-
3wt.%Pb cavity. Arrows provide with the flow direction while its color and length are proportional to the velocity.'” Labels refer to thermocouples
L21, L24, L27, and L30 located on the surface of the cavity, at midheight, and at distances 5, 35, 65, and 95 mm from the left-hand-side vertical
surface, respectively. Positions FL3;, and FR3;, are also labeled the center of the left and right vertical surfaces, respectively (See video available

in Electronic Supplementary Material).

50 thermocouples located on the surface of the cav-
ity, plus 6 thermocouples located in each heat ex-
changer. This dense network of measurements is
used to determine the temperature evolution ap-
plied as Dirichlet condition on the RHS and LHS
smallest vertical surfaces of the cavity. Such cooling
histories are provided as dotted gray curves in
Fig. 4 at positions labeled FR3;,, and FL3;, in Fig. 3.

A Sn-3 wt.%Pb alloy is placed in the cavity. From
an initial melted and homogenized liquid at an
average temperature of 531.75 K (i.e., correspond-
ing to time equal 0 s in Figs. 3 and 4), the LHS heat
exchanger is heated up while the RHS heat ex-
changer is cooled down while remaining above the
liquidus of the alloy (501.28 K). These temperatures
are maintained for 1000 s so that a stable natural
convection regime settles. Finally, the RHS and
LHS heat exchangers are simultaneously cooled
down at —0.03 K s~ ! until complete solidification, so
that a 40 K difference is maintained between the
LHS and RHS heat exchangers during the entire
solidification experiment. Figure 3 shows the fluid
flow induced by natural convection while the solid-
ification structure just started to form at 2400 s. At
this time, the measurements in Fig. 4 reveal no
temperature gradient in the melt between thermo-
couples L24 and L27 due to temperature homoge-
nization thanks to convection. In comparison,
thermocouples 121 and L24 as well as 127 and L30
show clear differences that are maintained along
the entire cooling sequence. In the liquid state, a
temperature gradient is thus only concentrated in
the vicinity of the heat exchangers. The differences

between L.24 and L27 only start to appear when the
solidification front reaches position L27 at about
2800 s. Then the liquid flow progressively vanishes
and cooling of L27 significantly increases and de-
parts from the shape of the cooling curve of L.24. The
strong interaction of the liquid flow with the devel-
opment of the grain structure is clearly revealed in
Fig. 3 at time 3000 s. The convection loop progres-
sively moves toward the LHS hotter boundary of the
domain upon growth of a columnar grain structure
from the RHS cold boundary. During this displace-
ment, fluid flow is maintained in the mushy zone.
Upon further cooling, the volume of liquid that be-
comes undercooled increases while the temperature
gradient in the melt decreases. This is shown in
Fig. 4 by the decrease of the temperature difference
between L21 and L24 before 3400 s. Nucleation of
new grains can take place in the melt as shown at
time 3520 s in Fig. 3, thus, leading to a recalescence
measured and predicted at position L21.7

Unlike for the case of directional solidification
shown in the previous example, the predicted
columnar grain structure is not aligned with the
main heat flow direction (normal to the vertical
lateral surfaces of the cavity). The overall upward
inclined growth direction of the grains corresponds
to the installation of a texture due to the depen-
dence of the growth undercooling with the crystal-
lographic orientation of each individual grain. The
explanation is due to the introduction of the fluid
flow direction with respect to the <100> growth
directions of the grains for the computation of the
growth kinetics. Because the flow shown in Fig. 3 is
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Fig. 4. Cooling curves at positions defined on the computed metallographic grain structure of the Sn-3wt.%Pb rectangular cavity displayed in
Fig. 3 (dashed gray) recorded®® and (continuous colored) computed with the CAFE model. The dotted curves labeled FL3;, and FR3;, are used
as boundary conditions for the energy solver on the smallest vertical right-hand-side and left-hand-side faces of the simulation domain,
respectively. Additional curves (thin dashed colored) show the time evolution of the fraction of solid at positions of the simulated cooling curves.

going downward along the growth front, the growth
directions of the grains that are opposite to the flow
can adopt a smaller undercooling. They extend fas-
ter in the undercooled liquid and lead to the present
grain selection and texture. This trend is confirmed
by the metallographic inspection of the surface of
the ingot. Predictions also include a macrosegrega-
tion map that can be compared with measurements
conducted with x-ray imaging as well as bg induc-
tively coupled plasma (ICP) spectrometry.'” In the
present experimental configuration, the origin of
macrosegregation is the thermosolutal convection
that leads to accumulation of the segregated specie,
Pb, at the bottom LHS of the cavity. The transport
of the equiaxed grains due to gravity and convection
is not implemented in the 3D CAFE model, despite
its feasibility demonstrated in previous work,!! nor
is the effect of deformation and shrinkage. The
transport of the grains can be reasonably neglected
in the present experiment because the structure is
mainly of a columnar nature. As previously dis-
cussed, the equiaxed grains shown in the left-hand-
side of Fig. 3 may also have originated from frag-
mentation of the columnar dendritic front when it
slowed down and propagated in a liquid with no
temperature gradient. If this was the case, the
equiaxed grains formed very close to the growth
front and were likely to experience very small
transport.

Gas Tungsten Arc Welding

The previous applications started from initial
fully liquid conditions, i.e., above the liquidus tem-
perature of the alloys. However, some situations or
processes require modeling of melting. A start from

a solid structure is then needed, obviously present
when the initial temperature is below the liquidus
of the alloy. For instance, in welding, the specimen
is at low temperature prior to being heated and
melted by a heat source, and it is then solidified. A
typical example is provided by a surface treatment
using the gas tungsten arc welding process. The
heat source moves above a surface and partially
melts the material, usually made of a fine equiaxed
structure. This initial structure can be more or less
textured depending on the previous forming steps
used. For instance, rolling is known to produce an
initial texture that should then be accounted for.
Epitaxial growth then takes place from the partly
melted grains and propagates their crystallographic
orientation. In case of no nucleation of new equiaxed
grains in the melt, a new columnar structure can be
created. A grain selection process occurs. Conse-
quently, the grain sizes in the new columnar
structure are larger than in the base metal.

The difficulty with this situation is the need to
access anytime the structure of a simulation domain
that can be large. The CA grid structure is too large
to be loaded into the memory of computers, and
special methods must be developed. This is why
dynamic allocation/deallocation techniques were
developed as discussed in the modeling section (iii).
The last new additional developments permit stor-
age of the information on the hard disk based on the
CA grid built on the fixed CA mesh. The model reads
and stores information concerning the structure at
any time during a simulation. Thus, when the nodes
of the CA mesh fulfill conditions for dynamic allo-
cation, the CA grid information that contains the
initial structure can be read from the hard disk and
used as an initial condition for the calculation. After
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Fig. 5. Simulated gas tungsten arc welding heat treatment on a steel coupon with dimensions 27 x 9 x 0.6 cm?: the initial very fine equiaxed
structure is partially remelted and resolidified with a columnar structure, revealing the imposed letter sequence for the pattern of the heat source:
(T) T, (M) Mand (S) S and (m) TMS. The heat source is switched off at the end of a letter prior to being moved at the beginning of the next one

(See video available in Electronic Supplementary Material).

the calculation, deallocation takes place and the
updated information is restored on the hard disk.
With this method, the structure can be melted and
solidified as many times as required, which is a
definite advantage for multipass welding processes.
Of course this means that the dynamic allocation
procedure initially defined for solidification calcu-
lations alone when going down to the liquidus
temperature requires an adaptation to permit acti-
vation of the structure.

Figure 5 (See video available in Electronic Sup-
plementary Material) provides a typical example. A
heat source is moved on top of the surface of a steel
coupon at 2 mm s '. A Gaussian distribution is
adopted with a 3000 W power and a standard
deviation radius equal to 0.3 cm. The coupon is also
cooled down by convection using a heat transfer
coefficient equal to 100 Wm 2 K~ ! for describing
exchanges with the surrounding gas at 20°C, as well
as by radiation with emissivity coefficient taken
equal to 0.5. The steel coupon is 0.35 x 0.15 x
0.012 m?, thus, corresponding to approximately the
same volume as the case provided in Fig. 1. But the
CA mesh is chosen smaller, ie., 0.27 x 0.09 x
0.006 m?3, so as to limit the volume of the domain
considered for grain structure calculations, and yet
large enough to encompass the entire path of the
heat source. The initial grain structure is computed
equiaxed with density 10" m—3 (15 millions grains)
and stored on the hard disk. When at least one node
of a given element of the CA mesh reaches the
liquidus temperature of the alloy (1481°C), this

element is activated and the corresponding struc-
ture is loaded for calculation. It is then deactivated
when the temperature of all its nodes become lower
than the liquidus temperature and the mushy zone
is fully developed. The pattern followed by the heat
source in Fig. 5 reveals the size of the weld pool and
the growth of columnar grains that replace the ini-
tial equiaxed grain structure. Upon growth, the
orientation of the columnar grains follows the heat
source direction and writes a series of letters that
form the acronym of this journal’s publisher. The
number of cells for this calculation reaches 285
millions, a number that would have been impossible
to load into the memory of a single computer.

DISCUSSION/CONCLUSIONS

New developments of the 3D CAFE model based
on parallel implementations have shown the ability
to deal with reasonably large volumes of computa-
tions. With its last functionality to store and load
local information from the hard disk, the limit in
term of domain size is further increased. It should
be reminded that the model was initially developed
in 3D for application to the investment casting
process applied to turbine blades geometries.®” The
reason was not only the need for a good control of
the grain structure, especially for single-crystal
turbine blades, but also the fact that the model was
particularly well adapted to a small volume of
metallic alloys. With the present new calculations, a
demonstration has been made that the develop-
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ments can be used on much larger domain sizes
with reasonable computational time and resources
as shown in Table I.

The new coupling methodology should also be
emphasized. The only information used from the
CA calculation to feed back the FE solution is the
fraction of mushy zone. Thus, with addition of the
average enthalpy and composition, conversion
into temperature and fraction of phases can be
made in a coherent manner at the nodes of the FE
mesh. Iterations between computation of the CA
grain structure and the FE solution has even
been tested.'® Although it was found to improve
convergence efficiency, the memory usage for
the CA method then doubled and the computa-
tion time was also increased. Both of these defi-
ciencies are not convenient in the case of large
computations.

Improvements have also been implemented with
respect to the nature of the grain structure. The
development of the eutectic grain structure has
been added on top of the dendritic grain structure.
This is shown to further complicate the solidifica-
tion path that then not only depends on the primary
dendritic undercooling but also on the secondary
eutectic one. It also explains why the coupling with
a more detailed description of the thermodynamic
properties was considered since the properties of
several undercooled phases is now added.

A list of remaining difficulties for applications and
systematic use of the 3D CAFE model in an indus-
trial setting is given below:

— Implementation into a commercial code is re-
quired. While some already exist, they do not
include the previously listed new developments
and are thus still limited to small casting volumes
if a reasonable cell size is to be used.

— Visualization becomes a limitation due to the
large number of cells that must be represented,
thus, requiring special tools for reconstructing
the structure.

— Coupling with a solid velocity field due to ther-
momechanical deformation of solid transport is
required and does not yet exist.

— Material parameters, such as the interfacial
energies for the growth kinetics computation or
the diffusion data for species, are often not
available and need to be retrieved from experi-
mental data.

— Further improvements of the coupling with local
microscopic phenomena are still required. This
could benefit from links with other modeling
methodologies. In particular, one should consider
the computation of the growth kinetics and
branching mechanisms in nontrivial liquid solute
fields that result from the development of a
dendritic network,?”?® as well as advanced mi-
crosegregation models accounting for solid diffu-
sion and multigle phases concomitantly formed
from the melt.?*~33

— Full demonstration of the importance of the grain
structure on the final properties of industrial
alloys can only be achieved by advance coupling
with further thermomechanical frocessing, as
demonstrated in previous efforts.?*3°

While the present contribution demonstrates one
more step toward achieving a industrial process
scale prediction of grain structure in casting and
solidification processes, several challenges need to
be overcome before the 3D CAFE model can be
routinely used.

ELECTRONIC SUPPLEMENTARY
MATERIAL

The online version of this article (doi:10.1007/
s11837-013-0679-z) contains supplementary mate-
rial, which is available to authorized users.
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