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Abstract: A cellular automaton model for simulating grain structure formation during solidification processes of T

45% Al(mole fraction) alloy ingot was developed, based on finite differential method for macroscopic modeling of

heat transfer and a cellular automaton technique for microscopic modeling of nucleation, growth, solute redistribu-

tion and solute diffusion. The relation between the growth velocity of a dendrite tip and the local undercooling,

which consists of constitutional, thermal, curvature and attachment kinetics undercooling is calculated according to

the KurzGiovanola-Trivedi model. The effect of solidification contraction is taken into consideration. The influence

of process variables upon the resultant grain structures was investigated. Special moving allocation technique was de-

signed to minimize the computation time and memory size associated with a large number of cells. The predicted

grain structures are in good agreement with the experimental results.
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1 INTRODUCTION

Properties of casting are greatly affected by
the grain structures that are essentially determined
by the solidification behavior during the casting.
The parameters that affect the solidification behav-
ior and subsequent grain morphology include mold
dimension, pouring temperature, mold-preheated
temperature and alloy composition, etc. Thus, the
number of possible combinations for all design and
process condition is enormous. If the conventional
approach of trialrand-error is employed to obtain
the optimal design for the casting processes, it will
be costly and time consuming.

Therefore, there is a considerable potentiality
of computer simulation for this purpose. Extensive
efforts have been made to develop various kinds of
deterministic and stochastic models to predict the
evolution of microstructures in solidification of al-
loys'"™™ . Compared with the deterministic models,
stochastic models have advantages as follows. 1)
They produce metallographic sections that can be
directly compared with experimental micrographs.
2) They can account for both columnar and equr
axed structures. It has been demonstrated that the
occurrence of the outer equiaxed zone, the colum-
nar zone, the elongated and equiaxed grains, can
be explained by a unique set of nucleation parame-

ters and a single growth kinetics. These different
morphologies are then merely determined by the
local thermal conditions ( temperature gradient,
speed of the isotherms). 3) The grain competition
that occurs in the columnar zone can also be simu-
lated by such methods.

In recent years, the modeling of the micro-
structural formation in material processing has pro-
gressed markedly based on stochastic cellular au-
tomaton( CA) technique. Cho et al''¥ have studied
the microstructural formation and columnarto-
equiaxed transition( CET) in squeeze casting of
AF4.5% Cu(mass fraction) alloy. Lee et al'"” have
predicted the columnar dendritic growth in a flow-
ing melt and solidification grain structure forma-
tion in centrifugal casting of AFSi alloy''”. Gandin
"I have developed a three dimensional CA
model for the prediction of dendritic grain struc

et al

tures of a pigtail grain selector and aluminum-
silicon rods. These computer-based predictive
models for linking casting conditions to microstruc
tures of the materials, can describe the major phe-
nomena that control the solidification processes,
and has become powerful tools in studying the mi
crostructural formation and evolution involving nu-
cleation and growth of grains. However few such
calculations have been performed to simulate the

grain structure formation during the solidification
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processes of TrAl alloy ingot.

In this study, a CA model for simulating grain
structure formation during solidification processes
of Tr45% Al alloy ingot is developed. Finite dif-
ferential method( FDM), which is coupled with the
CA technique, is used to calculate the temperature
and solute fields in the calculation domain. The in-
fluence of solidification contraction on the solidifi-
cation processes is studied. The effect of process
variables upon the resultant grain structures is in-
vestigated. Special moving allocation technique is
designed to minimize the computation time and
memory size. Solidification grain structures predic
ted by this model are compared with the experi
mental results.

2 COMPUTING MODEL FOR GRAIN STRUC
TURE SIMULATION

2.1 Governing equations

Neglecting the effect of convection, the solidi-
fication process is controlled by thermal transfer
and solute diffusion. The thermal transfer equation

is
pc,,%f: M V(VT)+ (LJ—@ (1)
where Qis the density, ¢, is the specific heat, A

is the thermal conductivity, L is the latent heat,
and f s is the solid fraction.
Solute diffusion equation in liquid is

%l: D1 v( V() (2)

Solute diffusion equation in solid is

%: D. v( VC.) (3)

Local solute equilibrium at the S/L interface is

Gs = Gi (4)
where Diand D are liquid diffusion and solid dif-

fusion coefficients, respectively, k is the partition
coefficient, C. is solid concentration at s/l inter-
face, and Ci is liquid concentration at s/l inter-
face.

2.2 Nucleation model
Gaussian law is used in the continuous nuclea-
tion model:

dn Hie (AT = AT )’
d(AT) " [ome aTs 2+ ATS
(5)

where nma is the maximum nuclei density, AT
and AT max are the standard deviation and the mean

nucleation undercooling, respectively.

2.3 Growth Kinetics
During the solidification processes, the total
undercooling at dendrite tips are contributed by the

following four items as

AT = AT .+ AT+ AT.+ AT« (6)
AT ., AT., AT, and AT« are the undercoo-
ling contributions associated with solute diffusion,

where
thermal diffusion, solid-liquid interface curvature
and attachment kinetics, respectively. For most
metallic alloys, when solidified under normal solid-
ification conditions, the last three contributions
that appear on the right hand side of Eqn. (6) are
small, and solute undercooling predominates.

The growth kinetics of both columnar and e
quiaxed dendrites can be calculated with the aid of
the Kurz Giovanola-Trivedi (KGT) model™ as

Vie= A(AT.)?

e m(Co- GO ()

Vip is the growth velocity at the dendrite

where
tip, A is growth constant, m is the liquidus slope,
Co is the initial alloy composition and I' is the
Gibbs-Thomson coefficient, k is the partition coef-
ficient; Ci is liquid concentration at s/1 interface.

2.4 CET model

In this paper, the CET model'™ is taken as

3173 v
Q)AL“— 0. 349 f;—““ CLCoVii

— A(ATws)’ < 0 (8)
where fs-1i is solid fraction of B-Ti at peritectic
reaction temperature. Eqn. (8) is the limit for fully
columnar growth.

3 SPECIAL MOVING ALLOCATION TECH-
NIQUE(SMA)

In order to minimize the computation time and
memory size associated with a very large number of
cells, special moving allocation technique is de-
signed. SMA is associated with the temperature
and position of elements in the calculation domain.
Fig. 1 shows a schematic representation of SMA
technique. In this paper, elements are divided into

Fig. 1 Schematic illustration of
special moving allocation technique
1 —Group one, active; 2 —Group two, active;
3 —Group three, inactive; T. —Solidus temperature;
Ty —Liquidus temperature
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three groups preliminarily. If one element of the
group is in the mushy zone, the elements in the
same group are subdivided into cells and allocated
memory, and this group is tagged as “ Active”.
When the temperature of all elements of the same
group drops below the solidus temperature T, the
memory is freed and this group is tagged as “Inac
tive”. If temperature of all elements in the group is
larger than liquidus temperature 71, this group is
not considered and also tagged as “Inactive”. Dur-
ing solidification processes, groups are activated,
and then deactivated as the mushy zone moves
across the calculation domain. Only local part of
the ingot is studied. By means of SM A, computa
tion costs are minimized.

4 RESULTS AND DISCUSSION

The present stochastic model is applied to
simulate the grain structure formation and evolu-
tion during the solidification processes of Tr
45% A1 alloy ingot.
dimensional ingot vertical section is shown in Fig.
2. The thermodynamic data needed for calculation

is taken from Ref.[20].

The schematic of the two-
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Fig. 2 Schematic illustration of
ingot and mould( mm)

As it solidifies, the ingot shrinks and an air
gap forms at the metal and mold interface. T his
further affects the heat transfer significantly.
Thus, a critical part in realistically simulating so-
lidification of ingot is the specification of the
boundary conditions due to solidification contrac-
tion. In this paper, it is assumed that an intimate
contact between the metal and mold exists while
the former is liquid, but, as solidification pro-
ceeds, the metal shrinks, forming an air gap at the
interface, which reduces the heat transfer rate.
The detailed characterization of boundary condr
tions required to describe the temperature evolu-
tion in the ingot is summarized in Table 1.

Figs. 3 illustrates the effect of the solidifica-
tion contraction on the cooling curves at the points
1, 2 and 3, as shown in Fig.2. As indicated in

Table 1 Boundary conditions used for
thermal analysis

Boundary condition and

s 3 Expression
heat transfer coefficient p

Heat transfer between metal
. ()(:m = he(fmold— Emetal)
and mold interface
Heat transfer coefficient
between metal and
mold interface

he= heonduction+ (1= f 1) hradiation

Heat transfer coefficient
(heat conduction)

heonduction=Pmin+ f L( Amax— Pmin)

adistion= & ( (Lmota+ 273) 2+
(tmea+ 273) %) ((tmo+ 273) +
(tmer+ 273))
Bmin= 20 W e m™ % « K™ !
Bas= 1500 W e m™ % « K™

Heat transfer coefficient
(radiation)
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Fig. 3 Effect of solidification contraction

on calculated cooling curves
(a) —Without solidification contraction;
(b) —With solidification contraction

Fig.3(a), the ingot is cooled at a faster rate. This
is due to, without consideration of solidification
contraction, that no air gap is formed between the
metal and mold interface, which enhances the heat
transfer from the metal to the mold. With consid-
eration of solidification contraction, once the inter
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facial solid shell has fully developed, the interface
contact mode between the melt and mold surface is
changed from a tight contact to a mechanical con-
tact as shrinkage grows, leading to dramatic de
crease of the heat transfer. As indicated in Fig. 3
(b), solidification proceeds at a slower rate.

Fig. 4 indicates the predicted and experimental
solidification grain structures for the solidification
of Tr45% Al alloy ingot with pouring temperature
of 1600 C and mold temperature of 25 C, indica-
ting the simulated grain structure for section A —4
and the experimental one, which shows that the
simulated result is in agreement with the one ob-
tained experimentally. The mean lengths of colum-
nar grains in Figs. 4(a) and (b) are 24 mm and 25
mm, respectively. And the percent ages of colum-
nar zone are 78% and 80%, respectively.

(a)

(b)

Fig. 4 Comparison of simulated and experimental
grain structures of Tr45% A1l alloy ingot

for section A —A
(a) —Simulated result; (b) —Experimental one

When the mold temperature is 25 and 400 C,
pouring temperature changes from 1600 C to 1529
‘C, the changes of mean radius of equiaxed grains
and mean length of columnar grains are shown in
Table 2. For the constant mold temperature, with
the increase of pouring temperature, the length of
columnar grain increases. Besides, the grain size in
the equiaxed zone becomes coarser. This is consid-
ered to be mainly caused by the fact that heteroge-
neous nucleation sites and the amount of undercoo-
ling in the bulk liquid decrease with increasing pou-
ring temperature, which postpones the nucleation
and growth of equiaxed grains in the liquid ahead
of the columnar front. Thus, the CET may not
easily occur at higher pouring temperatures. For

the constant pouring temperature, with an increase
in the mold temperature, the length of the colum-
nar grain decreases. And a coarser structure is a-
chieved in the equiaxed zone. This is due to that an
increase in the preheating temperature leads to a
lower temperature gradient at the columnar front
and a lower cooling rate, so that the tendency to
form coarser equiaxed grains increases.

Table 2 Effect of process variables on
mean grain size

Mold Pouring Mean radius Mean length
temperature/ temperature/  of equiaxed  of columnar
C C grains/ mm  grains/ mm
25 1 600 0.59 24
25 1560 0.54 11.5
25 1529 0.51 0
400 1 600 0. 68 13
400 1560 0.59 6
400 1529 0.55 0

In this paper, SM A technique is used to mini-
mize the computation time and memory size. The
CPU time for the simulation with and without
SMA technique is 3.5 and 4 h, respectively. By
SM A technique, the computation time is reduced

17.5%.
S CONCLUSIONS

A CA model which accounts for heat transfer,
solute diffusion, solute redistribution, grain nucle
ation and grow th is developed to quantitatively pre-
dict the solidification grain structures of Tr45% Al
alloy ingot. With the consideration of solidification
contraction, the cooling rate is reduced due to the
air gap formation. The simulated result for the
grain structure is in agreement with the experimen-
The calculated effect of the
process variables upon the resultant grain struc
tures shows that finer structures can be obtained

tal observation.

with lower pouring temperature and lower mold
temperature. Special moving allocation technique is
useful to minimize the computation time and mem-
ory size associated with a very large number of
cells. The study demonstrates that the present CA
model can be applied to predict the solidification
grain structures of TrAl alloy ingot.
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