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Computational Modeling of Microstructure Evolution in

Solidification of Aluminum Alloys

M.F. ZHU, C.P. HONG, D.M. STEFANESCU, and Y.A. CHANG

In this article, a front tracking (FT) model and a modified cellular automaton (MCA) model are
presented and their capabilities in modeling the microstructure evolution during solidification of
aluminum alloys are demonstrated. The FT model is first validated by comparison with the predic-
tions of the Lipton—Glicksman—Kurz (LGK) model. Calculations of the steady-state dendritic tip
growth velocity and equilibrium liquid composition as a function of melt undercooling for an Al-4
wt pct Cu alloy exhibit good agreement between the FT simulations and the LGK predictions. The FT
model is also used to simulate the secondary dendrite arm spacing as a function of local solidification
time. The simulated results agree well with the experimental data. The MCA model is applied to
simulate dendritic and nondendritic microstructure evolution in semisolid processing of an Al-Si
alloy. The effect of fluid flow on dendritic growth is also examined. The solute profiles in equiaxed
dendritic solidification of a ternary aluminum alloy are simulated as a function of cooling rate and
compared with the prediction of the Scheil model. The MCA model is extended to the multiphase
system for the simulation of eutectic solidification. A particular emphasis is made on the quantitative

aspects of simulations.

I. INTRODUCTION

SOLIDIFICATION microstructure features can persist
through subsequent processing and significantly affect the
properties of the finished components. Control of solidifi-
cation microstructures is thus very important in modern
casting technology. To achieve the desired microstructures
and hence to obtain high quality castings, it is of particular
importance to understand the mechanisms of microstruc-
ture formation. However, solidification is a complicated
process controlled by the interplay of thermal, solutal,
capillary, thermodynamics, and kinetics at a variety of
length and time scales. To better understand the underlying
physics in this process, a complete temporal description of
microstructure evolution becomes crucial. For this purpose,
there is a considerable potential for applying numerical
simulation to provide satisfactory information on the inter-
actions between transport phenomena and phase transition
during solidification. Over the last decade, computational
modeling, which enables extensive use of mathematics for
solving complicated problems, has emerged as a powerful
and important tool in studies of microstructural evolution in
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various solidification processes. The significant advances in
numerical techniques have made it possible to analyze
transport phenomena, including heat, mass, and fluid flow
in the mushy zone during solidification to a high level of
detail. This leads to the development of various determin-
istic and stochastic models for the simulation of microstruc-
ture evolution during solidification.!"?! The models based
on the cellular automaton (CA) technique can reproduce
most of the dendritic features observed experimentally with
an acceptable computational efficiency. They have also
demonstrated a potential for practical application. As a
result, CA models have recently drawn great interest in
academia and achieved considerable advances in modeling
of a range of phase transitions during solidification at meso-
and microscales.

Following the earlier attempts of Hesselbarth et al.”*! and
Brown et al.," Rappaz and Gandin developed a mesoscale
CA model for the prediction of solidification grain struc-
tures.®! Their model includes the detailed physics of nucle-
ation, growth kinetics, and crystallographic orientation. The
model can simulate the time-dependent grain structure evo-
lution, in which the individual grains are identified and their
shapes and sizes can be shown graphically. Thereafter, a
series of studies have been reported by Rappaz’s group,!®™
Hong’s group,!'®!"'?! and other researchers!"*'* on simu-
lation of grain structures formed in various casting pro-
cesses. Taking into account the effect of convection, CA
models were able to simulate the deflection behavior of the
columnar grains solidified in a flowing melt!'* or in the
twin-roll strip casting process.!'®

It should be noted that the dendrite growth velocity in the
mesoscale CA models mentioned previously is related only
to the local temperature in the solidifying region. Thus, the
individual grains do not interact directly until they touch
each other. Therefore, these models are unable to describe
more detailed features such as side branching and the for-
mation of second phases (eutectic). This limitation was first
overcome by Dilthey and Pavlik!'” in 1998. They devel-
oped a modified CA model in which the local velocity of
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the solid/liquid (SL) interface is calculated from the com-
plete solution of the transport equations for the solid and
liquid phases including the boundary condition of solute
balance at the moving SL interface. The model was suc-
cessfully applied to simulation of the dendritic features
formed in welding and thus the length scale of the CA
method was extended from mesoscale to microscale. There-
after, Nastac"'® further modified the model by incorporating
the time-dependent solution of the heat transport equation
enabling the simulation of constrained and unconstrained
growth and of the columnar-to-equiaxed transition (CET).
Based on a similar methodology of the complete solution of
the transport equations, Lee and co-workers''*2°! developed
a CA-FD model, which was able to simulate the dendrites
with various orientations by using a modified decentered-
square growth algorithm. In 2001, two of the present
authors (Zhu and Hong) developed a modified CA (MCA)
model by extending a previous mesoscale CA model. The
model has been applied to simulate two-dimensional (2-D)
and three-dimensional (3-D) single or multidendritic
growth,?'*? nondendritic or globular microstructure evolu-
tion in the semisolid process,'*®! the dendritic growth with
melt convection,?*? and the microstructure formation in
regular and irregular eutectic alloys.*®*”1 Recently, Zhu
et al. extended the model to the ternary alloy system by
coupling it with the thermodynamic and phase equilibrium
calculation engine PanEngine.*®

Considering that most CA approaches mentioned pre-
viously can only give qualitative graphical outputs and
have less quantitative capabilities, Beltran-Sanchez and
Stefanescu (BSS)**% developed a model based on the CA
concepts but using virtual tracking of the sharp SL interface
for simulation of solutal dendrite growth in the low Péclet
regime. The most important novel aspect of the model is a
solution proposed to eliminate the mesh anisotropy and
mesh dependency of CA calculations. The solution includes
new methods for calculation of the SL interface curvature,
normal velocity, and trapping rules for new interface cells.
The quantitative capabilities of the model are well demon-
strated by validation of the simulation results with experi-
mental data and the classic Lipton—Glicksman—Kurz (LGK)
theory. Based on the previous efforts, more recently, two of
the present authors (Zhu and Stefanescu) developed a front
tracking (FT) model for the simulation of dendrite growth
in the low Péclet number regime."! The model not only
has the quantitative capabilities for the predictions of den-
drite growth in solidification of alloys, but also is able to
reproduce very realistic growth features for both equiaxed
and columnar dendrites. This article briefly describes the MCA
model and the derived FT model and presents some appli-
cations of both models in modeling of microstructure evolu-
tion of aluminum alloys in various solidification processes.

II. MODEL DESCRIPTION AND
NUMERICAL METHOD

The MCA model was developed by extending a meso-
scale CA model™® to include the effect of constitutional
undercooling and curvature undercooling on the equili-
brium interface temperature. The velocity of the moving
SL interface is calculated from the analytical theories of
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dendrite growth or by introducing a kinetics coefficient.
The details of the growth algorithms for 2-D and 3-D den-
drite simulation and 2-D eutectic simulation of the MCA
model can be found elsewhere.’>'?’! On the other hand, the
derived FT model calculates the evolution of the SL inter-
face directly from the difference between the local equili-
brium composition and the local actual liquid composition.
This allows the simulations of dendrite growth without the
need of a kinetic parameter and it can accurately describe
the dynamics of dendrite growth from the initial unstable
stage to the steady-state stage. The governing equations and
numerical algorithms for calculating the temperature field,
the solute field, the interface curvature, the crystallographic
anisotropy, and the kinetics of dendritic growth are de-
scribed subsequently.

The governing equation for transient heat conduction is
given by

aT of
pC, T V- (AVT) + pAH o [1]
where T'is temperature, 7 is time, p is density, C,, is specific
heat, f; is the solid fraction, A is thermal conductivity, and
AH is latent heat of solidification.

As the dendrite grows, the growing cells reject solute at
the SL interface. Solute partition between liquid and solid at
the SL interface is considered according to Cy = kC,. Solute
diffusion within the entire domain is then calculated with

oc of
% V- (DVC)+C(1 —k) B
where C is composition, D is the solute diffusion coeffi-
cient, and k is the solute partition coefficient. The second
term on the right-hand side denotes the amount of solute
rejected at the SL interface.
Note that the local interface equilibrium composition of
a crystal residing in an undercooled liquid is higher than the
local actual liquid composition. To reach the equilibrium
composition, solidification begins. As the dendrite grows,
latent heat and solute are released at the SL interface,
which results in a thermal and a solutal gradient ahead of
the interface, leading to heat and mass transport in the
domain. The dendrite growth also changes the interface
curvature. The new thermal field and interface curvature
generate new interface equilibrium composition. The mass
transfer also results in a new solute field, which determines
the local actual interface liquid composition. This interac-
tion between heat/mass transport and dendritic growth con-
tinues to the end of solidification. Accordingly, in the FT
model, the driving force for dendritic growth is considered
to be controlled by the difference between local interface
equilibrium composition and local actual liquid composi-
tion. Based on the thermodynamic concept of the local
equilibrium between liquid and solid phases, the interface
equilibrium composition C; can be calculated with

(2]

T* — T;q n FKf(qD,eo)
ny ny

Ci=Co+ [3]

where T* is the interface temperature; 77 is the equili-
brium liquidus temperature at the initial composition Cj;

my is the liquidus slope; I is the Gibbs—Thomson coefficient;
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K is the interface curvature; and f (¢, 6y) is a function
accounting for the anisotropy of the surface tension, in
which 6, indicates the crystallographic orientation. The
calculated local interface equilibrium composition C; is
then compared with the local actual liquid composition
C, determined by solving Eq. [2]. If the difference
AC = C; —C; > 0, the solid fraction of this cell will
increase. According to the equilibrium condition at the
SL interface, during one time-step interval At, the increase
in solid fraction Af; of an interface cell can be evaluated by

Af, = (€7 = C)/(Cr (1 = k) [4]

When the sum of solid fraction in an interface cell equals
one, the state of this interface cell is assigned as solid. At
the end of a time-step, the solid fraction field is scanned and
new interface cells are captured using a virtual interface
tracking scheme proposed by BSS.%

The local interface curvature K and the anisotropy of
surface tension flp, 6y) in Eq. [3] are calculated using the
following equations:
<6fx)2 (@%ﬂ "
K=|(=] +[=%

ox ady

L P (NP (HNPSS| s
O 0y Dxdy <§> el (a_y> o | P
f(@.00) = 1 —8cos [4(p — 6o)] (6]

—1 afv/ax
= 7
oo L(afs/axf " <afs/ay>2>”2] 7

where 0 is the anisotropy coefficient.

III. RESULTS AND DISCUSSION

A. Comparison of the FT Model to the LGK Prediction
for an Al-4 Wt Pct Cu Alloy

To validate the quantitative capabilities of the FT model,
the simulated steady-state growth features of an Al-4 pct Cu
alloy as a function of melt undercooling were compared with
the predictions of the Lipton—-Glicksman-Kurz (LGK)
model.*? At the beginning of the simulation, a solid seed
of composition kC, with a crystallographic orientation of
0 deg with respect to the horizontal direction was placed
at the center of the domain. Other cells in the domain were
filled with the undercooled liquid with an assigned initial
composition and temperature. During the dendrite growth,
the rejected latent heat was extracted from the four boundary
walls to keep the heat balance in the domain. Because there
exists an initial transient period over which the dendrite
growth reaches steady state and it is of the order of
D;/V?, where V, is the steady-state tip velocity,*"! the
steady-state tip parameters were measured after two times
of this transient period. Figure 1 presents the comparison of
steady-state tip growth velocity and equilibrium composition
for an Al-4 wt pct Cu alloy with various melt undercoolings.
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Fig.1—Comparison of simulations to the LGK predictions for an Al-4 wt
pct Cu alloy: (a) the steady-state tip velocity and (b) the equilibrium liquid
composition at the steady-state tip.

It can be noted that the agreement between the FT simula-
tions and the LGK predictions appears to be very good.

B. Prediction of Secondary Dendrite Arm Spacing

Secondary dendrite arm spacing (SDAS) has been
known to be mainly dependent on the local solidification
time. The simulations were carried out for an Al-4.5 wt
pct Cu alloy using the FT model. The temperature in
the entire domain was assumed to be uniform and cooled
from the liquidus temperature with a constant cooling rate.
Figure 2 illustrates the evolution of SDAS simulated by
the FT mode with a cooling rate of 10 °C/s. It is noted that
the competitive growth of secondary dendrite arms occurs
at the initial stage, followed by coarsening of the selected
arms. Figure 3 presents the simulated and experimental
variation of SDAS with local solidification time. It can
be seen that the simulated values of SDAS that increase
with the local solidification time coincide well with the
experimental data.”*!
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Fig. 2—Simulated evolution of the secondary dendrite arms for an Al-4.5 wt pct Cu alloy with a cooling rate of 10 °C/s (Ax = 1um): (a) 0.8 s, (b) 1.67 s, and (¢) 10s.
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Fig. 3—Comparison of SDAS with local solidification times between sim-
ulations and literature data®*! for an Al-4.5 wt pct Cu alloy.

C. Simulation of Dendritic and
Nondendpritic Microstructures

In recent years, semisolid casting processes have drawn
great interest among casting manufacturers. This technol-
ogy needs to produce a special feeding material with non-
dendritic or globular microstructures. Figure 4 presents a
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simulated microstructure map for an Al-7 wt pct Si alloy
obtained from different nucleation densities and solidifica-
tion cooling rates.** In the figure, N indicates the relative
density of nuclei in the melt. When n = 1 with a cooling
rate of 0.2 °C/s, a globular microstructure with grain size of
120 wm can be obtained. If N increases 15 times, the grain
size is decreased to around 40 to 50 um. Similarly, when
N increases 1000 times, we can obtain a very fine globular
microstructure with a grain size of about 10 um. In addi-
tion, our previous simulation studies show that uniform
distribution of nuclei will also be favorable for the forma-
tion of globular structure.”*! Based on these simulations, an
advanced rheocasting process, called “H-NCM (Hong
Nanocasting Method)’®* was developed. Figure 5 shows
the microstructures of A356 alloy obtained by various
semisolid casting processes, such as a conventional thixo-
casting,**! a conventional rheocasting,*®! and H-NCM.7-38!
As can be seen, the globular microstructure obtained by
H-NCM is much finer than those of other methods.

D. Simulation of Dendritic Growth with Melt Convection

Flow of molten metal in solidification processes
conducted under a gravitational field is an unavoidable
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Fig. 5—Comparison of globular microstructures of A356 alloy obtained by (a) conventional thixocasting,®™ (b) conventional rheocasting,”®' and

(c) HNCM 73

phenomenon, either because of natural buoyancy or forced
convection. Since melt convection alters the local heat and
solutal transfer at the SL interface, the microstructure is
strongly affected by the presence of flow. Thus, to under-
stand the effect of convection on microstructural develop-
ment is important for controlling microstructures. The
MCA coupled with a transport model was applied to sim-
ulate the dendritic growth in a flowing melt.>**! In this
case, the solute field is controlled by both diffusion and
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convection. Figure 6 shows the simulated dendritic features
of directionally solidified Al-2 wt pct Cu alloy with or
without flow. The calculation domain consists of 240 X
200 cells with a cell size of 2.5 um. The temperature field
in the entire domain was assumed to be homogeneous with
an undercooling of 10 °C. At the beginning of calculation,
six solid seeds having a crystallographic orientation of
0 deg with respect to the vertical direction were assigned
at the bottom of the domain. It can be seen that in the case
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of no melt flow, a symmetrical dendritic morphology is
produced. However, the dendrites solidified with melt flow
exhibit an asymmetrical growth morphology. Side branches
are largely favored on the lead edge of the main stem and
nearly completely suppressed on the other side. Note that
fluid flow significantly distorts the solute profile around the
growing dendrites. The solute concentration is lower in the
liquid around the forehead of the dendrites and higher on
the rear of the main stem, which represses the side branch-
ing into the secondary dendrite arms on the right hand of
dendrites due to solute undercooling. Another interesting
phenomenon is that the main stems are no longer vertical
and obviously deflected into the incoming flow.

E. Simulation of Microstructure and Microsegregation
in a Ternary Aluminum Alloy

Most commercial aluminum alloys are multicomponent
systems. The MCA model has been coupled with the
thermodynamic and phase equilibrium calculation engine
PanEngine to simulate the microstructures and microsegre-
gation in a ternary aluminum alloy.””®! In the model, the
dendrite growth is considered to be driven by the difference
between the local equilibrium liquidus temperature and the
local actual temperature, incorporating the effect of curva-
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Fig. 6—Simulated dendrite morphology of an Al-2 wt pct Cu alloy under
directional solidification with an undercooling of 10 °C: (a) without flow
and (b) with flow (U;, = 0.015 m/s).
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ture. Based on the interface liquid compositions of two
solutes, which are determined by numerically solving the
mass transport equation in the entire domain, the local
equilibrium temperature and the solid compositions of
two solutes are calculated with the aid of PanEngine.
Figure 7 shows the simulated dendrite morphology and the
composition maps of an Al-3.9 wt pct Cu-0.9 wt pct Mg
alloy with a cooling rate of 15 °C/s. It can be seen that the
central region of the dendrites exhibits lower contents than
the outside shell for both Cu and Mg solutes. The variation
of solid compositions with the increase of solid fraction
was recorded for comparison with the predictions of the
Scheil model. It is known that the Scheil model is derived
based on the assumptions of no diffusion in solid and com-
plete mixing in liquid. To analyze the effect of diffusion in
liquid on the microsegregation, zero solid diffusivity and
finite liquid diffusivity were adopted for the simulations.
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Fig. 7—Simulated equiaxed dendrite morphology and solute fields of (a)
Cu and (b) Mg for an Al-3.9 wt pct Cu-0.9 wt pct Mg alloy solidified with
15 °C/s (domain: 250 X 250 meshes with Ax = 2 um).
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The simulated solid composition profiles of two solutes
with the cooling rates of 0.1 °C/s, 15 °C/s, and 100 °C/s
are compared with the Scheil predictions in Figure 8. Note
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Fig. 8—Comparison between the Scheil model and the MCA model for
predicting solute concentration profiles of (¢) Cu and (b) Mg as a function
of solid fraction for an Al-3.9 wt pct Cu-0.9 wt pct Mg alloy.

(@)

that the solid compositions of both solutes Cu and Mg
predicted by the Scheil model are relatively lower in the
early solidification stage but higher in the later stage com-
pared with the simulated profiles. This is due to the fact
that the Scheil prediction was obtained assuming com-
plete mixing in the liquid, whereas the simulations
involved the limited liquid diffusivity using the realistic
liquid diffusion coefficients. With increasing solidification
rate, the extent of the inhomogeneous solute distribution
in liquid increases. Consequently, it is understandable
that the difference between the simulated data and the
Scheil profiles increases with the solidification rate. In
the case of a very low cooling rate of 0.1 °C/s, the calcu-
lated data are nearly superimposed on the Scheil profiles.
In our previous work™® we also performed the simula-
tions with both realistic solid and liquid diffusivities and
compared the simulation results with experimental data
for a cooling rate of 0.23 °C/s. The composition profile
with nonzero solid diffusivity is higher in the early
stage but lower later than that obtained with zero solid
diffusivity, indicating the effect of back diffusion. Re-
garding the comparison with the experiment, the simu-
lated data are mostly found below the experimental data.
Nevertheless, they exhibit the same tendency of the solute
compositions increasing with solid fraction. Possible rea-
sons attributed to the discrepancies between the simula-
tion results and the experimental data were analyzed in
Reference 28.

F. Simulation of Eutectic Microstructure

In the most widely used cast aluminum alloys, the typical
microstructure consists of primary dendrites and interden-
dritic eutectics. The MCA model has been extended to a
multiphase system, including liquid and two solid phases,
for the simulation of eutectic microstructures.””*2”! Figure 9
shows a microstructure evolution simulated with an Al-7
wt pct Si alloy. The simulation started from the liquidus
temperature with a constant cooling rate of 1 °C/s. When the
temperature reached the eutectic temperature, the remain-
ing liquid underwent an isothermal eutectic transformation.
In Figure 9, the primary dendrites were simulated using the
FT model, while the eutectics were simulated using the
multiphase MCA model. It can be noted from Figure 9(b)

Fig. 9—Simulated evolution of the microstructure of an Al-7 wt pct Si alloy: (a) primary dendrite formation, (b) isothermal eutectic transformation, and
(¢) the microstructure at the end of solidification (domain: 600 X 530 meshes with Ax = 1 um).
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that the nucleation and growth of eutectics are mostly based
on the primary dendrites.

IV. CONCLUSIONS

A modified CA model and a front tracking model have
been developed and applied to simulate the evolution of
solidification microstructure and solute distribution during
solidification of aluminum alloys. The quantitative capabil-
ities of the models were demonstrated by analytical and
experimental validation. The models are able to represent
a wide range of realistic growth phenomena both for the for-
mation of primary phase, including dendritic and globular
microstructure, and for the eutectic growth. The simula-
tions offer insight into the phenomenon of microstructure
evolution under various conditions and also provide infor-
mation for understanding the physics of solidification of
alloys. This will play an important role in alloy design
and process development for industrial applications. Efforts
will be continuously devoted to further improving the mod-
els concerned with remelting and coarsening of phases, as
well as the formation of multiphase microstructures evolv-
ing in successive steps along with the solidification path in
multicomponent alloys.
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