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Abstract: Nucleation and growth model based on Cellular Automation(CA) incorporated with macro heat transfer calculation was 
presented to simulate the microstructure of aluminum twin-roll casting. The dynamics model of dendrite tip (KGT model) was 
amended in view of characteristics of aluminum twin-roll casting. Through the numerical simulation on solidification structure under 
different casting speeds, it can be seen that when the casting speed is 1.3 m/min, that is, under conditions of conventional roll casting, 
coarse columnar grains dominate the solidification structure, and equiaxed grains exist in the center of aluminum strip. When the 
casting speed continuously increases to 8 m/min, that is, under the conditions of thin-gauge high-speed casting, columnar grains in 
solidification structure all convert into equiaxed grains. Experimental and numerical results agree well. 
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1 Introduction 
 

Aluminum twin-roll casting is a new process, which 
turns liquid aluminum into strip directly. It puts the 
casting and hot rolling process of traditional aluminum 
strip into integration, on one hand, to complete 
continuous cooling and solidification, on the other hand, 
to produce plastic deformation. It has been widely used 
for its outstanding advantages, such as simple process, 
low energy consumption, short production cycle, low 
cost and low investment. 

In the process of aluminum twin-roll casting, the 
microstructures of materials depend on the casting 
process parameters, and microstructure has a great 
impact on its properties. Therefore, to find out the 
disciplines of microstructure formation in roll casting is 
an economical and feasible way to optimize the 
parameters of casting process and to get high quality 
strip by the calculation and prediction of casting process. 

In the recent ten years, many kinds of methods 
about solidification structure simulation have been 

presented, which can be summed up in two main 
categories: deterministic simulation and stochastic 
simulation. Deterministic simulation, based on 
solidification dynamics, meets the physical background 
of grain growth, but some random phenomena in the 
process of grain growth cannot be considered, including 
the random distribution of grain nuclei, random 
orientation of the grain and the conversion from 
columnar grains to equiaxed grains and so on[1−3]. 
Phase-field model reflects the comprehensive role of the 
solute diffusion, order and thermodynamic driver. The 
shape, curvature and movement of solid/liquid interface 
of metal system can be described with the solution of 
field equations[4−9], and the metal solidification process 
can be realistically simulated. However, the computa- 
tional domain is not large enough for actual roll casting. 
The two methods including Monte Carlo (called MC) 
method and Cellular Automation (called CA) are more 
representative among the stochastic methods. Probability 
theory is introduced to MC method to deal with the 
distribution of nucleation position and grain growth 
orientation at random. Images similar with the actual 
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metallography can be got by MC method, and the impact 
of different process parameters can be 
manifested[10−12]. However, MC simulation lacks 
physical infrastructure, and the simulation time-step has 
nothing to do with the actual solidification time. 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 
GANDIN and RAPPAZ [13−14]. Based on physical 
mechanism of the process of nucleation and kinetics of 
grain 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. In recent years, CA model has 
been used to study the phase transition in solidification 
process, and it has made a lot of progress[15−23]. 
Formation law of solidification microstructures in roll 
casting was studied in the present work by the 
established mathematical model of nucleation and grain 
growth based on CA. 
 
2 Mathematical model 
 
2.1 Nucleation model 

Continuous nucleation model which was 
heterogeneous nucleation based on Gaussian distribution 
was used. 

Assume that nucleation occurs at different positions, 
and these nucleation locations can be described by 
continuous rather than discrete distribution function, 
dn/d(∆T). The density of grains n(∆T) at a given 
undercooling ∆T is described by the integral of 

ucleation density distribution: n
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where  ∆TN is the mean nucleation undercooling, ∆Tσ is 
the standard curvature undercooling, and nmax is the total 
density of grains. 
 
2.2 Growth model 

In KGT model, undercooling ∆T is composed of 
four parts: 
 ∆T=∆TC+∆TR+∆TT+∆TK                        (3) 
 

The twin-roll casting process is a sub-rapid 
solidification with the nature of directional solidification, 
therefore, the dendrite growth velocity is not very high 
relatively to rapid solidification; the kinetic coefficient of 
alloys is great; and the kinetic undercooling of dendrite 

tip can be neglected. As the solidification undergoes in 
the quasi-equilibrium condition, it can be deemed that 
the balanced distribution coefficient remains unchanged. 
Therefore, KGT model can be amended. The amended 

GT model can be seen from the following equations: K
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where  ∆T is the undercooling, ∆TC is the ingredient 
undercooling, ∆TR is the curvature undercooling, ∆TT is 
the thermal undercooling, ∆TK is the kinetics 
undercooling, R is the growing radius of dendrite tip, Ω 
is the dendrite growth saturation, c0 is the initial 
concentration of the alloy, cl is the solute concentration at 
the liquid interface, k is the solute partition coefficient, m 
is the slope of liquidus, Γ is the Gibbs-Thomson 
coefficient, Gε is the solute concentration gradient in the 
forefront liquid of dendrite, G is the temperature  
gradient, Pe is the Peclet number of solute, Iv(Pe) is the 
Ivantsov function of Peclet number, ξc is the function of 
Peclet number, v is the growth velocity of dendrite tip, D 
is the diffusion coefficient of the liquid phase, and θi is 
the angle between the largest grain growth direction and 
x-axis. 
 
3 Numerical simulation 
 
3.1 Mesh division 

During the computing, larger mesh was used to 
simulate the temperature field, and the cell meshes with 
smaller size were used for simulation of micro nucleation 
and growth, then the micro cell temperature can be got 
by interpolation of macro cell temperature in space and 
time. Obviously, the temperature is influenced by its 
neighboring macro-cells, and it is in reverse ratio to the 

istance between the neighboring macro-cell and point a: d
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where  Ta is the temperature of the micro cell a, Ti is the 
temperature of the neighboring macro cell, and li is the 
distance from point a to the macro-cell. 

The size of macro-cell is 10 mm×10 mm, which is 
further divided into 100×100 micro cells. 
 
3.2 Calculation of nucleation and growth 

The nucleation density at a given time is described 
by the integral of dn/d(∆T) in the interval (0, ∆T). When 
the cell temperature is lower than the liquidus, in a time 
step δT, the temperature decreases by δt, and the 
undercooling increases by δ(∆T)(δ(∆T)＞0). The density 

f new grains is given by o
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where  the subscript symbol ‘v’ refers to the particle 
distribution of internal melt (as opposed to the wall). The 
number of new grains in this time-step δNv is given by 
the multiplication of the grain density increase δnv with 
the total volume of the melt V. These new grains are 
randomly distributed in the whole CA unit, and the 
probability is 
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Each CA unit was given one random number n (0≤

n≤1) in every time-step δt. If a unit is still liquid whose 
state index remains 0, when n≤pv, the solid-liquid phase 
transition occurred, and its state index would be given a 
positive integer to describe the different grain  
orientation. When the CA unit nucleated, it would grow 
with a certain law. In numerical calculation, the 
approaches are as follows. 

In the two-dimensional plane, to divide the 
calculated zone into regional grids which are usually 
square or hexagon, the most adjacent modules of each 
unit are marked. A is a nucleation site in mesh grids 
which is nucleated at a certain time tN. θ is the angle 
between the largest grain growth direction and x-axis, 
which is chosen randomly as −45˚＜θ＜45˚. At time t, 
the radius of grain L(t) is the integral of growth velocity 
of dendrite tip along the whole growing time: 
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v[∆T] can be calculated by KGT model. At the time 

tB, the grain A grows and touches the four neighboring 
cells B1, B2, B3 and B4. At this time, the semi-diagonal 
of grain L(tB) is equal to lθ=l(cosθ+|sinθ|), where l is the 
distance between every two CA mesh grids. CA model 
prescribes that B1, B2, B3 and B4 are considered to 

become solid and assigned a crystallographic index as 
the same as A. The grain continues to grow and capture 
the neighboring liquid sites and form the final grain 
shape. B1, B2, B3 and B4 continues to grow and capture 
the eight sites of neighboring C at the next time, etc. The 
grain increases with the growth velocity of dendrite tip. 

Some parameters used in the calculation are listed 
in Table 1. 
 
Table 1 Partial thermophysical properties used in simulation 
Thermal conductivity, 

λ/(W·m−1·℃−1) 
Specific heat, 

Cv/(J·m−3·℃−1) 
Latent heat, 
Lv/(J·m−3) 

241 296×106 9.5×108

Liquidus,
TL/℃ 

Solidus, 
TS/℃ 

Partition 
coefficient, k 

Slope of liquidus, 
m/(℃·%−1) 

659 615 0.117 −6 

 
4 Results and discussion 
 

The aluminum microstructure under different 
casting speeds was simulated and compared with the 
experimental results in the present work. 

In order to observe the real solidification 
microstructures, after the roll casting experiment, that is, 
at casting machine downtime, feeding mouth should be 
distracted backwards rapidly from the roll by the 
transmission, and the wedge-shaped aluminum strip in 
the roll aperture should be taken out from the casting 
mouth side. Sampling positions locate in the casting  
zone, where the strip almost has no deformation. 
Samples are directly got from the formed aluminum strip 
along the rolling and horizontal direction, then processed 
into 15 mm-long specimen. 

Metallographic samples with different casting 
process parameters were made through rough grinding, 
intensive grinding, mechanical polishing, electro- 
chemical polishing and film anode technology. The 
microstructure of prepared metallographic samples was 
observed by NEOPHOT-21 metallographic microscope. 

Solidification structures under the conditions of 
conventional roll casting and thin-gauge high-speed 
casting were adopted. 

Simulated and experimental results of roll casting 
solidification microstructure at the casting speed of 1.3 
m/min are shown in Fig.1. It can be seen from Fig.1(a) 
that when the casting speed is 1.3 m/min, the thickness 
of the strip is 6 mm. Under conditions of conventional 
roll casting, coarse columnar grains dominate the 
solidification microstructure, and equiaxed grains exist in 
the center of aluminum strip. This is because when the 
casting speed is small, the formed nucleus is “free” to the 
liquid zone from the roller surface, even form solidified 
shell, then the solidified grains grow ahead of the liquid 
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zone along the inverse direction of heat flow. At this  
time, because of the large undercooling of liquid/solid 
 

 

Fig.1 Simulated and experimental results of roll casting 
solidification structures at casting speed of 1.3 m/min:     
(a) Simulated results of roll casting structure; (b) Experimental 
results of roll casting structure 

  

 
interface and the small temperature gradient, liquid/solid 
interface is stable, grains grow as columnar grains, and 
the curvature of columnar grains is as small as that of the 
non-planar interface. However, when few grain nuclei 
free from the roll surface or some non-spontaneous 
nucleation formed from foreign impurities exist in 
aluminum melt, liquid/solid interface will be localized 
unstable. These grains grow as a free grain growth, 
continue to impede the growth of columnar grains, and 
finally form equiaxed grains. Fig.1(b) shows a 
metallographic image of aluminum strip solidification 
microstructure at the casting speed of 1.3 m/min. This 
indicates that experimental and simulated results agree 
well. 

Simulated and experimental results of roll casting 
solidification structures at the casting speed of 8 m/min 
are shown in Fig.2. It can be seen from Fig.2(a) that 
when the casting speed is 8 m/min, the thickness of the 
strip is 3 mm, and equiaxed grains dominate the entire 
thickness of aluminum strip. This is due to the fact that 
the further increase in casting speed makes the 
impingement flows of aluminum melt near roller surface 
enhance, which leads to the temperature fluctuations of 
the forefront liquid/solid interface and the instability of 
interface. Liquid/solid interface no longer maintains 

state-interface, and the length of condensation district 
and nuclear-shaped area increases. At the same time, the 
 

 

Fig.2 Simulated and experimental results of roll casting 
solidification microstructure at casting speed of 8 m/min:      
(a) Simulated results of roll casting structure; (b) Experimental 
results of roll casting structure 
 
capacity of grain nucleus formed on roller surface free to 
liquid zone is enhanced, making the proportion of 
columnar grains decrease while equiaxed grains increase. 
When the casting speed increases to a certain value, in 
thin-gauge high-speed casting, columnar grains all 
convert into equiaxed grains in solidification 
microstructure. Fig.2(b) shows that simulated and 
experimental results agree well. 
 
5 Conclusions 
 

1) Nucleation and growth model based on CA was 
used to simulate the microstructure of twin-roll casting 
aluminum. The simulated and experimental results agree 
well, which provides a theoretical basis to find out the 
formation law in the process of roll casting solidification 
through numerical simulation. 

2) Solidification microstructure is different as a 
result of different casting speed. When the casting speed 
is 1.3 m/min, under conditions of conventional roll 
casting, coarse columnar grains dominate the 
solidification microstructure, and equiaxed grains exist in 
the center of aluminum strip. When the casting speed 
continuously increases to 8 m/min, that is, under the 
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conditions of thin-gauge high-speed casting, columnar 
grains in solidification structure all convert into equiaxed 
grains. 
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