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Abstract: The microstructures in the solidification process of aluminum twin-roll casting was simulated based on CA (Cellular
Automation Method), and the nucleation model based on the normal distribution and KUZR-GIOVANOLS-TRIVEDI(KGT) growth
model were used in the calculation. FDM (Finite Difference Method) combined with relative motion was used, and dynamic
evolution of microstructures in the process of aluminum twin-roll casting was achieved. Visual Fortran programming language was
adopted to calculate and realize the image post-processing. Moreover, the effect of different casting process parameters on the
formation of the microstructures was simulated. The results are helpful to explaining the dendritic segregation and size segregation as
well as shrinkage-porosity defects. Columnar grains mainly distribute near the casting roller while equiaxed grains distributed far

away from the casting roller.
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1 Introduction

By the simulation of the microstructure in
aluminum twin-roll casting process[1—2], which can
forecast the microstructure growth and the performances
of aluminum strip with a small amount of work, we can
obtain the quantitative relationship between major
process parameters and solidification microstructure. So
it provides a theoretical basis to optimize aluminum
casting process and quality control.

With the continuous development of computing
technology, all kinds of simulation methods have
appeared. The main methods are deterministic method,
stochastic method and phase-field method. The mass
conservation equation in the solidification process and
nucleation growth model can be coupled by deterministic
simulation, and in consideration of the macro-
segregation and solid transmission, it is closer to the
actual solidification process. But some random
phenomena in the process of grain growth cannot be

treated, so it is difficult to simulate the dendrite growth

and morphology in solidification process[3—5]. Unified
control equation was used in phase field method, which
is unnecessary to distinguish solid-liquid phase and to
track the solid/liquid interface[6—15]. It has unique
advantages in simulating three-dimensional grain growth
but with large amount of computation, low efficiency
and small computational domain, which is difficult for
simulating actual roll casting process. While stochastic
simulation can couple the energy equation and
nuclear-growth model, which is better to describe the
formation of columnar grains and the transition from
columnar grains to equiaxed grains. The two main
methods including MC (Monte Carlo) method and CA
(Cellular Automation) are more representative among the
stochastic methods. Though grain microstructure similar
to the actual casting microstructures can be got by MC
method, it is lack of physical infrastructure. CA law was
initially used to simulate the grain growth of
recrystallization, and later it was introduced to simulate
the formation of the grain in the solidification process by
RAPPAZ and GANDIN[16—17]. Based on physical
mechanism of nucleation process and kinetics of grain
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growth, the size and distribution of grain can be got, and
the formation of columnar grains and the conversion
from columnar grains to equiaxed grains can also be
described by CA[18—25]. In the present work, the
microstructure of aluminum strip in the casting
solidification process was simulated by CA and the
influence of different casting process parameters on the

formation of the microstructures was studied.
2 Mathematical model

2.1 Nucleation model

Continuous
heterogeneous nucleation based on Gaussian distribution
was used. Assume that nucleation occurs at different
positions,

nucleation model that was

and these nucleation locations can be
described by continuous rather than discrete distribution
function dn/d(AT). The density of grains n(AT) at a given
degree of super-cooling AT is given by the integral of
nucleation density distribution:

n(AT) = | jTﬁme') )
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where AT’ is the degree of super-cooling; ATy is the
mean nucleation degree of super-cooling; AT, is the
standard curvature degree of super-cooling and 7.y is
the total density of grains.

2.2 Growth model

Grain growth is related not only to the steady
growth of dendrite tip, but also to the continuous
generation and evolution of non-steady-state branching
structure. Under the mobile coordinates with solid/liquid
interface as the origin, when interface moves along the
normal direction at speed v, the temperature and solute
field in the front of the interface can be given as follows:

aLA2T+va—T=0 3)
on
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where T is the temperature of the alloy; C is the
concentration of the alloy; Dy is the diffusion coefficient
of the liquid phase; and ¢«; is the heat diffusion
coefficient.

But the growth velocity v and radius R of the
dendrite tip cannot be achieved through this relationship.
LANGER and MULLER-KRUMBNAARJ[26] served
R=JAc as a constraint condition under the interface
stability theory, where Ac is the minimum critical

disturbance wavelength.
r
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(5)
where mp is the slope of liquidus; G¢ is the
compositional gradient of interface; & is the function of
Peclet number; G is the average temperature gradient; o
is the stability constant, o =1/(4n%); I is the Gibbs-
Thomson coefficient; and R is the growing radius of
dendrite tip.

Degree of super-cooling, A7, is composed of four
parts:

AT:ATc+ATR+ATT+ATK (6)

where AT¢ is the ingredient degree of super-cooling; AT
is the curvature degree of super-cooling; ATt is the
thermal degree of super-cooling; and ATy is the kinetics
degree of super-cooling.

The twin-roll casting process is a sub-rapid
solidification with the nature of directional solidification.
Grain growth velocity is not very highly relative to rapid
solidification. The kinetic coefficient of alloys is great.
The kinetic degree of super-cooling of dendrite tip can be
neglected. And as the solidification undergoes in the
quasi-equilibrium condition, it can be deemed that the
balanced distribution coefficient remains unchanged.
Therefore, this model can be amended, which can be
seen as follows:

AT=ATHATR (7)
1
ATe =m, Co|1- 8
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where C, is the initial concentration of the alloy; K, is
the initial curvature of interface; o is the surface energy;
AS; is the entropy of volume’s melting; Pe is the Peclet
number of solute; and /v(Pe) is the Ivantsov function of
Peclet number.

The growth radius R of dendrite tip can be attained
according to the minimum critical wavelength criterion
as Eq.(5):

R:\/ L (10)
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As Pe=VR/2D,, a unitary quadratic equation about v
can be got as

of =T { m Cy(1-Ky)
v +v
Pe*D} Dy[1-(1-Ky)Iv(Pe)]

}+G:0 (11)

When Pe is given, the velocity v can be attained.
KGT is used as the growth model.
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3 Numerical calculation method

3.1 Computing model

Fig.1 shows the schematic diagram of aluminum
twin-roll casting. For the size of the width direction is
larger than that of the thickness direction,
two-dimensional model can be applied in the simulation.
Fig.1 shows that the calculation region in casting
solidification process is symmetrical. In order to save the
computing time, it can be calculated by half interception
in accordance with its symmetry. In the application of
Cellular Automation method, the formation of
microstructure was simulated by the finite difference
method. A simplified model in Fig.2 was used. A state
array m X n in Fig.2 was used to record the state of every
cell, and the coordinate of any spot can be expressed by
(i, j). In Table 1, we can clearly see the relationship
between the state value of cell and the corresponding
state.

Sysmmetrical
plane

Fig.1 Schematic diagram of aluminum twin-roll casting

The microstructure formation process comes with
the changes of solid-phase fraction Afs(i, j). Two arrays
m X n can be used to express the solid-phase fraction fs(i,
j) of each cell and its increment Afs(i, j). With the
formation of microstructure, f5 of some cells continues to
increase, then turns into solid state when fg(i, j)=1.
Microstructure formation and dynamic evolution can be
described through the changes of cellular state. As the
composition gradient exists between equi-liquid phase

face, it will rule out extra solute and move forward. If the
distance between the spot (i, j) and (a, h+r) satisfies the
following condition, the spot (i, j) can be deemed as a
cell in calculating domain:

J@=iAX)2 +(h+r— jAX)? =r (12)

where a is the casting length; 2/ is the thickness of the
aluminum strip export; 7 is the radius of casting roll; and
AX is the side length of square cell.

According to the geometric relations: m=a/AX, n=

(r+h—+r? —a® )/AX, since m, n are rounded, input para-

meters such as a, » and 4 in the input interface of
programming are enough.

3.2 Finite difference equations
Mass conservation equation is

2 2
ac, :DL(a 0 CLJ 13)

After a finite difference, there is
CH™ (i, j)= fCL(i+1, /) + fCL(i =1, /) +
fCLG, j=1+ fCLG, j+ 1)+ (1=4/)CL (G, j) (14)

where ¢ is time; At is time-step; =D; At/(AX)~.
While
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Energy conservation equation is
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After a finite difference, there is

TG, y=gT' (i1, )+gT' (i+1, j)+gT" G, j—-1)+
gT' (i, j+ 1)+ (- 4)T" (i, j) + (Llc A5, j) (17)

where g=AA?/ [pcp(AX)z]; fs means solid-phase friction;
and Afs means the increment of solid-phase friction.

components of interface and those away from the inter- T, )=T'(i, j)> ATy (18)
(0,
\7AL]
i
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Fig.2 Calculation method of capturing cells
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Table 1 Relationship between state value of cell and
corresponding state

State value 0 0, 1) 1
Liquid Mushy Solid

Corresponding state

3.3 Treatment of relative motion

In the casting solidification process, as aluminum
strip moves with the casting roll, it is a dynamic process.
Here relative movement as a simple approach was used
for processing. Under the influence of casting speed U,
the grains are less and growth time is shorter when it is
apart from the casting mouth, while the growth time is
relatively longer at export of aluminum strip. Assume the
distance between a grain and the entrance to aluminum
strip is expressed as L, the time of nucleation and growth
L/U will be figured out easily. There is a sequence
between grain nucleation and growth in the whole
numerical simulation on microstructure. Because there is
a direct relationship between the random nucleation and
temperature field, the cell begins to nuclear at random
when the temperature of the cell is lower than that of the
liquidus and the degree of super-cooling of nucleation is
larger. Therefore, the order of the nucleation can be
controlled by calculating the temperature field. At the
export of aluminum strip, with the increase of growth
time, the computational domain moves constantly to
entrance. If t<<a/v, the computational domain is v in the
horizontal direction; otherwise, it keeps the same.

Some parameters used in the calculation are listed
in Table 2.

Table 2 Partial thermophysical properties used in simulation

Thermal conductivity, Specific heat, Latent heat,
MW-mC™ ed(Im>Ch Ly/(Jm™)
241 2.96X10° 9.5% 10
Liquidus, Solidus, Partition
T/C Ts/C coefficient, k
659 615 0.117

4 Simulation results and analysis

In the numerical simulation of aluminum casting
solidification process, Fortran programming language
was used to calculate and realize the
post-processing, that is, updating an image in each time
step to achieve the dynamic evolution of microstructure
nucleation and growth. A number of problems in the
formation of the microstructure can also be found timely,
and a lot of time was saved for debugging procedures.

The calculating domain is as follows: the width of
the access point is 3.1 mm, the width of the export is
1 mm, the length is 50 mm, and the calculating domain is
divided into 8.508X 107 cells with a cell size of 1 um X

image

1 pum. Fig.3 shows the simulation results of micro-
structures.

From Figs.3(a) and (b), it can be seen that
nucleation and growth of the microstructure in export
takes precedence over that in entrance, that is to say, the
microstructure nucleates and grows from the exit to the
entrance of aluminum strip. It can be seen from Fig.3(c)
that it is clear to distinguish solid, liquid and solid-liquid
phase well. From Fig.3(b), it can be seen that columnar
grains are distributed adjacent to casting roll, while
equiaxed grains are distributed far from casting roll,
which is consistent with the theoretical analysis. It can
also be clearly seen that there are many wine small
molten pools in solid phase, which indicates that the
solute concentration of these small molten pools is high,
so segregation will appear after complete solidification.
Small-scale isolate liquid region in inter-dendrite may be
formed in dendrite growth. When the partition coefficient
is less than 1, the liquid solute concentration in isolated
region is higher than that in the surrounding region,
which produces dendritic segregation and size
segregation after complete solidification. When the
contraction coefficient of solidification is larger, it may
produce shrinkage-porosity defects. We can come to a
conclusion that simulation is helpful to explaining the
root causes of deficiencies in the microstructure
theoretically.

From Figs.3(b—d), it can be seen that the time of
nucleation and growth is relatively shorter in the
entrance while longer in the export of aluminum strip.
The time difference can be calculated by r=a/v. The
greater the speed, the shorter the time. The time of
nucleation and growth of microstructure in the export is
also shorter, which may result in the fact that many
remnants of molten aluminum will not solidify in the roll
casting process, then affecting aluminum processing
performance. When the speed is slower, the roughcast of
aluminum strip that hasn’t yet arrived the export has
been fully solidified, so the casting roll will overcome
the deformation in casting process, which will consume
more energy. From Figs.3(b), (e) and (f), it can be seen
that the greater the inner-cooling intensity, the greater the
degree of super-cooling. It begins to nuclear when the
temperature of the cellular is lower than that of the
liquidus, the cooling is larger than degree of
super-cooling of nucleation, and the nucleation rate
increases greatly. When the inner-cooling intensity is
small, there will be many remnants of molten aluminum
in the casting process, affecting the quality of aluminum
strip. While when it is large, the roughcast of aluminum
strip that hasn’t yet arrived the export has been fully
solidified, which will consume more energy in the slower
speed. Therefore, all casting process parameters should
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(a)

Fig.3 Simulation results of microstructures of aluminum casting solidification process: (a) Inner-cooling intensity 10 kW/(m*C),

casting speed 0.1 m/s, time 0.142 s; (b) Inner-cooling intensity 10 kW/(m?‘C), casting speed 0.1 m/s, time 0.5 s; (c) Inner-cooling
intensity 10 kW/(m>C), casting speed 0.067 m/s; (d) Inner-cooling intensity 10 kW/(m*C), casting speed 0.033 m/s; () Inner-
cooling intensity 5 kW/(m?* 'C), casting speed 0.1 m/s; (f) Inner-cooling intensity 15 kW/(m?* ‘C), casting speed 0.1 m/s

be considered to optimize the casting solidification
process.

5 Conclusions

1) Nucleation model and KGT growth model of
microstructure based on CA was provided to a finite-
difference calculation on the temperature field and solute
field in the casting solidification process of aluminum
strip, and the dynamic process of constantly pushing
forward was dealt with a relative motion flexibly.

2) Fortran programming language was used to

calculate and realize the image post-processing, that is,
updating an image in each time step to achieve the
dynamic evolution of nucleation and growth of the
microstructure.

3) It was clear to distinguish the solid, liquid and
solid-liquid phase well through simulation. The transition
from columnar grains to equiaxed grains was simulated
that columnar grains were distributed adjacent to casting
roll, while equiaxed grains were distributed far from
casting roll.

4) The formation of microstructures of aluminum
strip in casting solidification process was simulated,
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which was helpful to explaining the root causes of

deficiencies such as dendritic segregation, size
segregation and shrinkage-porosity in the microstructure
theoretically.

5) The influence of different casting process
parameters on the formation of microstructures was
simulated. The faster the casting speed and the smaller
the inner-cooling intensity, the more difficult for
complete solidification in the export, which would affect
the quality of aluminum strip. While the speed is slower
and the inner-cooling intensity is greater, it starts to
solidify far from the export, which consumed more
energy in the rolling process and would affect aluminum
processing performance.
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