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Coupled macro- micro modeling for prediction of grain structure of Al alloy®
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Abstract: A 3D stochastic modeling was presented to simulate the dendritic grains during solidification process of alu-
minum alloy. Shape functions were proposed in 2D and 3D to describe equiaxed dendritic shape. A growth model was pre-
sented to describe the growth of a nucleated grain and the capturing of the neighboring cells. On growing, each grain con-
tinues to capture the nearest neighboring cells to form the final grain shape. If a neighboring cell has been captured by oth-
er grains, the growth along this direction stops, which can reflect the grains impingement phenomenon occurring in solidr

fication process. 2D and 3D calculations were performed to simulate the evolution of equiaxed dendritic grains. In order to

verify the modeling results, step-shaped sample castings were cast in sand mold. The microstructure in various positions of
the sample was observed. In addition the quantitative metallographic analysis also has been done to evaluate the grain size.

Experimental and numerical results agree well.
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1 INTRODUCTION

The grain structure has a direct influence on me-
chanical and performance properties. Increasing ef-
forts have been made to predict direct maps of grain
structures formed during solidification process. Deter
ministic models'*? couple the heat flow equation at
the scale of the whole process with the phenomeno-
logical laws describing the nucleation and growth of
grains. As a result of these models, the average size
of equiaxed grains or even the longitudinal extension
of columnar grains can be obtained. The phasefield
method presented by Karma and Rappel® can be
used to simulate the 3D growth morphology of e
quiaxed dendrites and their branching details'*"!
Spittle and Brown!®, Zhu and Smith!” adopted
Monte Carlo method for the prediction of grain struc
1891 introduced a
physically based cellular automaton approach, which

integrated a growth kinetics model and the preferen-
[10, 11]

tures in casting. Rappaz and Gandin

tial growth direction of dendrites
Considering the advantage of the above methods,
a stochastic modeling, based on CA method, was pre-
sented for simulating the evolution of dendritic grains
during the solidification process of aluminum alloy.

2 MATHEMATICAL MODEL FOR MF
CROSTRUCTURE SIMULATION

2.1 Nucleation model

Continuous nucleation model was used to de-
scribe the nuclei formation during solidification. The
density of grains at a given undercooling is given by
the integral of nucleation density distribution !"*

B _d.u_
n(AT) = d(AT)(AT) (1)
dn M max |_ _L —N.AT/_ AT )2
(AT ) = [omar, P (" AT,
(2)
where ATy is the mean nucleation undercooling,

AT ¢ is the standard deviation, nma is the total densi
ty of grains.

When the temperature is lower than the liq
uidus, the density of new grains is given by

Sn= n[AT + §( AT )] - n( AT')

+ & AT) ] ,
= JZ d(ar”) AT

The number of new grains in this time step is given
by the multiplication of the grain density increase &n
with the total volume of the melt, N= 6n°* V. The
location of these new grains is randomly chosen a-
mong the liquid micro-cells.

2.2 Crystal growth model
2.2.1

Under nomrequilibrium condition, the solute gra-
dient in front of the edge and corners of the polyhe-
dron is higher, which leads to rapid diffusion of solute
and rapid growth at the edge and corner,

Physical model

hence the
crystal grain grows from equilibrium polyhedron to
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asterisk, and then to dendritic''®. Because of the Z
complexity of equiaxed dendrite, tertiary and the L2
above arm branching are not considered here, the Lo,
grain shape can be simplified as Fig. 1.
Ly
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Fig. 1 Simplified grain shape
(a) —2D shape; (b) —3D solid (shaded image)

The follow ing function L ( 0) was defined for 2D
shape:

L(0)= LofA+ (1- A)cos 40]
The factor A determines the anisotropy of the shape
function. The minimum value of A is 0.5, and a cir-
cular shape with A of 1 can describe the cellular
growth. Lo can be calculated with the numerical
method during the growth. Therefore, the shape of
the dendrite will be determined by the factor 4,
which depends on the growth conditions, the diffu-
sion coefficient and surface energy. Under the condir
tion of high thermal gradient and low cooling rate,
tertiary arms could be neglected, so the shape func
tion is a good geometric approximate approach.

For 3D, the following equations can be used to
represent the grain contour:

X%= Li— &Y+ Z%) (X 20)
X?= Lhy- By( Y+ Z°) (X< 0)
Y= L3~ B.(X%+ Z°) (Y 20)
Y= L3— By(X*+ Z%) (Y<0)
7= L3.- B (X%+ YY) (Z )
7%= Li- Bp(X’+ Y?) (Z<0)

where L1, L1y, L2s, Loy, L3, and L3, are the
dendrite radii along six directions respectively ( seen in
Fig.2); D, By, Do, DBy, B, and By are the
shape factors related to the average solid fraction and
can be defined as follows:

Q= Z/X (6)

The representation of Z and X, can be seen in

z
(b)

Fig. 2 Growth radius of grain(a) and
sketch map of dendrite tip(b)

Fig. 2. From Li and Beckermann s research | 'there is
a relation betw een the growing parameters of dendrite
tip as follows:

X/ R=0.668(Z/ R)**° (7)
This experimental correlation is valid in the self-simi-
lar regime given by 1 <Z/ R <1/ Pe.

Then
®= 1.497(Z/R)* ' (8)
2.2.2 Numerical model

The schematic representation of equiaxed grain
growth model is shown in Fig. 3. A is a nucleation
site in mesh grids which is nucleated at a certain time
tn. At time ¢, the radius of grain L(t), is the inte

gral along the whole growing time:
L(t):J;v[AT(t')]dt/ (9)
v[ AT ] can be calculated by KGT model. At the
time ¢y, the grain A grows and touches the four
neighboring cells B1 ~ B4. Then B1~ B4 are consid-
ered to become solid and assigned a crystallographic
index same as A. The grain continues to grow and
capture the other neighboring sites at next time i,
etc. On growing, each grain continues to capture the
nearest neighbor cells and form the final grain shape.
When a neighboring cell has been captured by other

grains, the growth along this direction stop, which
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Fig.3 Grain growth model for equiaxed grain.

reflects the grain impingement phenomenon occurring

in solidification process.

2.3 Computing model

For most metallic alloys thermal and kinetic un-
dercooling have little effect on the total undercooling,
the constitutional and curvature undercooling are the
predominant under normal casting condition. There-
fore

AT= T1% (¢f = co)ym—- TK- T~ (10)
where T1? is the equilibrium liquidus temperature of
the alloy; m is the liquidus slope of the phase dia
gram; K is the mean curvature of the solid/ liquid in-
terface; ' is the GibbsThomson coefficient; ¢ is
the solute concentration at the solid/ liquid interface;

co is the iitial concentration of the alloy in the liq-

uid; and T~ is the temperature at the interface.

ef = co( 1= £ (11)
N
L fer 200
B ~ =1
K = ] (1- 2 N+l ) (12)
where [ is the mesh length of micro-cells, and N is

the number of neighboring cells''* .

The growth velocity of dendrite tip can be calcu-
lated by KGT model, which is widely used in the mi-
cromodeling. The details can be seen in Refs.

[8-11].

3 COUPLING CALCULATION OF MACRO/ MF
CRO MODELING

Different time and space steps were used for
macro and micro modeling, where Ax and At are
macro step and O6x and &t are micro (Fig. 4). A
macro grid is divided into several micro cells. Usually

Fig. 4 Schematics for macro and micro cells

Ax is about several mm and 0x about several Hm. At
must meet a need of stability condition, which is de-
termined by heat transfer equations and boundary
conditions, in the scale of 0.1 s to 0. 000 1 s. Micro
time step St is controlled by nucleation and growth it-
erative computation and at about 10” ° order of mag-
nitude.

Due to the small size of the micro-cell, it will
take much more time to calculate the temperature of
all micro-cells by numerically solving the heat transfer
equation. For example, for a 10 mm X 10 mm % 10
mm cubic casting, in order to simulate the dendrite
growth the side length of a cell may be 2 Hm and the
total cells number can be up to 2. 5% 10’ for 2D and
1. 25 x 10" for 3D. Moreover, the real casting is
much larger than this scale. So the computing
amount is very large.

Obviously, the temperature of a micro cell is in-
fluenced by its nearest neighboring macro-cells, and
hence the interpolation formula can be constructed ac-
cording to the thermal contribution of macro-cells, i.
e. the temperature of the micro cell is in reverse ratio
to the distance between the neighboring macro-cell
and point a:

4 4
To= Xl Dils! (13)
i=1 i=1

where T, is the temperature of the micro cell a, T,
is the temperature of the neighboring macro-cell, and
l; is the distance from a to the macro-cell.

The flow chart for macro/ micro coupling scheme
of microstructure simulation is shown in Fig. 5. It can
be seen that only macro calculation is carried out
when the temperature is higher than liquidus. When
the temperature is between the liquidus and solidus
macro and micro modeling are coupled. During the
computing, the temperature of the micro cells is in-
terpolated by those of neighboring macro-cells. The
latent heat released by the solidified micro cells is
transferred to the macro heat transfer calculation. By
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this means, the macro heat transfer is coupled with
the micro modeling.

Initial
condition
and boundary
condition

Data input

Macro heat
transfer

Temperature
<solidus?

Micro time step
X cycle number<macro
time step?

Micro
temperature
field
i
Solute
distribution

!

Nucleation
and growth

Fig. 5 Flowchart for macro-micro coupling
scheme of microstructure simulation

4 VALIDATION EXPERIMENTS

In order to validate the modeling results, some
experiments were carried out. The sample shape and
size are schematically shown in Fig. 6. Step-shaped
samples were poured with A356 alloy into sand mold.
The experimental condition is shown in Table 1. The
specimens were taken from the center part of the
sample castings and observed with an optical micro-
scope after polishing and etching.

S RESULTS AND DISCUSSION

Microstructure calculation scheme and post-pro-
cessing module were developed based on the above al-
gorithm. The grain structure prediction of A356 alloy
was carried out and the thermophysical parameters
used in the calculation are listed in Table 2.

5.1 Modeling of free growth of equiaxed grain

In order to simulate free dendritic growth into
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Fig. 6 Sample shape and positions for modeling

Table 1 Experimental conditions

. Casting Pouring Room
e method temperature  temperature
A356 Sand mold 700 C 25 C

Table 2 Thermophysical properties of A356 alloy

Thermal conductivity ~ Specific heat Latent heat/
W/(m* C) [J/(m* )] (J/m?)
125 2.96 % 10° 9.5x 10°
Liquidus/  Solidus/ Partition Slope of
C C coefficient/ K liquidus/ ( 'C/ %)
614 542 0.117 -6

an undercooled melt, the calculating domain is divid-
ed into 120 x 120 % 120 cells with a cell size of 1 Pm.
The undercooling is 10 K. Assume that the grain
growth direction along the coordinate axis is zero.
The modeling results are shown in Fig. 7.

5.2 Modeling of growth of multi grains

Fig. 8 shows the evolution of the grain structure
during solidification. T he number of grid points used
in calculation is 500 x 500, and the size is dx = dy =
20 Hm.

The growth of multi grains was simulated with
the 3D simplified model under the parallel computing
environment. The modeling results are shown in Fig.
9. In this model the nucleus position and growth orr
entation are both random which agrees with the phys-
ical mechanism.

5.3 Modeling of grain structures of Al alloy casting

The size of macro-cell for the calculation of heat
transfer is 2 mm X 2 mm X 2 mm, which is further
divided into 500 X 500 x 500 micro cells. The mi
crostructures at positions Q) @ @ @and Gwere
calculated  respectively. Fig. 10  shows  the
comparison of modeling results and the metallo
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Fig.7 Free growth of equiaxed grain in undercooled melt
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Fig. 8 Formation of equiaxed grains in undercooled melt at different solidification times
(a) —t=0.06s; (b) —t= 0.08 s;

Fig. 9 Modeling results using 3D simplified dendrite model
(a) —t=0.01s; (b) —t= 0.04s;

graphs for sand mold. In Fig. 10, (a) refers to the
position of sample, (b) is the 3D modeling results,
(c¢) is the 2D section of 3D results, (d) is the experi-
mental metallographs of real castings. It can be seen
that the modeling image is similar with the observed
metallographs. Quantitative metallurgical analysis al-
so has been done. The calculated and real grain size is
listed in Table 3, which is very close between the
modeling and measured value.

6 CONCLUSIONS

1) Simplified physical and mathematical models
for microstructure simulation were established , in

Table 3 Calculated and measured grain sizes

M easured cooling Grain size/ mm

Position rate/ ( Ces™ 1) M easured Calculated
1 0.30 0. 143 0. 140
2 0.27 0.172 0.181
3 0.23 0. 201 0.210
4 0.19 0.245 0.239
5 0.15 0.271 0.265

which shape functions were constructed to describe
the approximate contour of dendritic grain. Based on
the above models, the equiaxed grain growth model
was proposed to depict the grain growing process and
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Fig. 10 Comparison between experimental and simulated results
(a) —Position; (b) —3D modeling results; (c) —2D section of 3D image; (d) —Experimental micrograph
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capture other grid nodes during the further growth.

2) A stochastic modeling method was proposed

to model the equiaxed dendritic grain formation of Al

alloy during the solidification, in which the simplified

dendritic shape was used to represent the growing

grain. 2D and 3D modeling calculations were per

formed for step-shaped casting of aluminum alloy. It

is indicated that the calculated grain size coincides

with the experimental size.
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