
1. Introduction

Control of the solidification structures of a casting and

ingot is important because the solidification structure has

influences the mechanical properties of final products. To

predict the optimum conditions to obtain a desired solidifi-

cation structure, it is important to clarify the effects of the

process parameters on the solidification structure. However,

many experimental works would be required to obtain opti-

mum conditions. Hence, it is desirable to develop a mathe-

matical model to simulate solidification structure formation

in a casting and ingot. In the past two decades, several mod-

els for prediction of solidification structure formation have

been developed. Stochastic models such as the Monte Carlo

(MC) method1) and cellular automaton (CA) method2,3)

and deterministic models such as the phase-field (PF)

method4–8) have been presented, and many attempts have

been carried out to simulate solidification structure forma-

tion of alloys using these methods.

However, there have been few attempts to simulate solid-

ification structure formation in steel, which is the most

widely used material in the world. For this reason, two fac-

tors might be considered. First, steels are mostly produced

by the continuous casting process and solidification must

proceed under flow in melt due to electromagnetic stirring

(EMS) in the usual continuous casting process. This condi-

tion makes modeling of solidification structure formation in

steel difficult. Second, during the solidification of steel,

complex phase transformations such as peritectic reaction

and subsequent peritectic transformation occur. These phe-

nomena also make modeling of solidification structure for-

mation in steel difficult.

The aim of this work was to develop a numerical model

to simulate solidification structure formation in an Fe–C bi-

nary alloy during a continuous casting process. In the

model, the effect of fluid flow due to EMS was taken into

account. To avoid the difficulty in treating the peritectic re-

action and peritectic transformation, an Fe–0.7mass%C bi-

nary alloy without peritectic reaction was chosen as the tar-

get alloy in this model. The effect of fluid flow on solidifi-

cation structure of the Fe–0.7mass%C alloy during the con-

tinuous casting process was examined by using the devel-

oped model.

2. Numerical Model

In the present model, the cellular automaton method

(CA) was combined with heat transfer calculation during

the continuous casting process. The procedure for simula-

tion by the CA method is basically the same as that by the

CA technique developed by Rappaz and Gandin2) except

for the nucleation model. The CA procedure in the present

model was carried out under the temperature field obtained

by heat transfer calculation.

2.1. Nucleation Model

The Gaussian distribution reported by Thevoz et al.9) has

been widely used as a nucleation model in the CA method.

In this nucleation model, if the mold wall and bulk liquid

are considered as nucleation sites, six parameters must be
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determined. This makes the model complicated and inter-

pretation of the physical meaning of each parameter is diffi-

cult.

In the present work, a simple nucleation model was used,

and the heterogeneous nucleation rate in undercooled melt,

RNu, is expressed as follows:

...................(1)

where D t is the time step, VCA is the area of a CA cell, DT

is undercooling, a is maximum undercooling for nucleation

and exponent, n, is the nucleation parameter. It has been

demonstrated that the use of a combination of a fixed value

of a and a variable n is effective for simulation of solidifica-

tion structure formation.10) In this nucleation model, the fit-

ting parameter is only the exponent, n for a constant value

of a.

Equation (1) expresses the rate of heterogeneous nucle-

ation in the bulk liquid. On the other hand, at the mold wall,

it is assumed that nucleation always occurs in the liquid CA

cell in contact with the mold wall if the cell is in an under-

cooled state. This assumption is reasonable because it is ex-

pected that the potential of heterogeneous nucleation at the

mold wall is considerably higher than that in the bulk liq-

uid.

2.2. Growth Kinetics

The KGT (Kurz, Givoanola, Trivedi) model11,12) was

used as the model of growth kinetics of a dendrite tip in an

Fe–C binary alloy. Based on the marginal stability criterion,

one obtains

V 2A�VB�C�0..............................(2)

with

C�G

where V is the growth velocity of a dendrite tip, G is the

Gibbs-Thomson coefficient, PC is the Peclet number for

solute diffusion, D is the diffusion coefficient in liquid, m is

the liquidus slope, C0 is the initial concentration, k0 is the

partition coefficient, Iv(PC) is the Ivantsov function and G

is the temperature gradient. xC�p2/(k0PC) and it close to

unity at low growth velocity. For the dendrite growth

regime, the imposed temperature gradient, G, has little ef-

fect on the growth velocity and can be regarded as zero.

Temperature at the dendrite tip, Ttip, was expressed as

follows:

........(3)

where T0 is the melting point of pure Fe and r is the den-

drite tip radius. The relationship between the undercooling,

DT, at the dendrite tip and the growth velocity can be calcu-

lated from the Eqs. (2) and (3) by substituting an arbitral

value of the Peclet number for Eqs. (2) and (3).

To reduce the simulation time, the set of values for un-

dercooling vs. growth velocity of the dendrite tip were cal-

culated from Eqs. (2) and (3) in advance and then formulat-

ed as the form of Eq. (4) by using the least-square method.

V(DT)�2.0�10�4 ·DT 4
�4.6�10�3 ·DT 3

�3.54�10�3 ·DT 2
�7.56�10�2 ·DT ...................(4)

where V(DT) is the growth velocity of the dendrite tip

(mm/s) and DT is undercooling. The material properties

used in the calculation are listed in Table 1.

2.3. Heat Transfer Calculation during Continuous

Casting

Equation (5) shows the governing equation for 2-dimen-

sional heat transfer calculation.

....................(5)

where k is thermal conductivity, r is density and Cp is spe-

cific heat. The evolution of latent heat during the solidifica-

tion was incorporated to the calculation by using the effec-

tive specific heat method as shown in the following equa-

tion.

...........................(6)

where C�p is the effective specific heat, L is latent heat and fs

is the solid fraction.

Figure 1 shows the boundary conditions of the heat
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Table 1. Materials properties of the Fe–C binary alloy used in

the simulation.

Fig. 1. Schematic illustration of boundary conditions used for

the heat transfer calculation of the continuous casting

process of an Fe–C binary alloy billet.



transfer calculation during the continuous casting process.

A billet was moving down from the mold, and the sample

was first cooled in the mold by heat transfer from the sam-

ple to the mold. The sample was then cooled at the sec-

ondary cooling zone by spray, and this zone was divided

into four zones with different heat transfer conditions to en-

hance the accuracy of the heat transfer calculation. Finally,

the sample was cooled in air, and the heat extraction from

the sample in this regime was calculated by radiation. In the

heat transfer calculation, the heat flow condition at the sur-

face of the billet was changed with lapse of time by syn-

chronizing with the movement of the billet. The thermo-

physical properties and the heat transfer coefficients in the

mold and the secondary cooling zones used in the calcula-

tion are shown in Table 2.

2.4. Effect of EMS

Electromagnetic stirring (EMS) is generally used to re-

duce the centerline segregation in the continuous casting

process. To evaluate the effect of the fluid flow due to EMS

on heat flow in the billet, the accurate flow pattern in the

molten steel melt must be known. However, at present, it is

difficult to combine accurate calculation of fluid flow with

heat transfer calculation and the CA procedure due to very

large computational load.

A method has been reported for incorporating the effect

of fluid flow into heat transfer calculation by changing ther-

mal conductivity.13,14) In this method, apparent thermal con-

ductivity in molten steel with EMS becomes larger than

that without EMS. In the present study, this method was

used to calculate the heat transfer in the billet with EMS. In

the calculation, regions in which fluid flow can occur were

determined according to the classification of solid–liquid

coexisting zone proposed by Takahashi et al.15)

Figure 2 shows a schematic illustration of solid–liquid

coexisting zone of a solidifying alloy. The solid–liquid co-

existing zone was classified into three zones of q2, q1 and p

based on the fluidity of interdendritic liquid. In the q2 zone,

primary crystals and liquid can flow concurrently, whereas

only interdendritic liquid can flow among dendrites in the

q1 zone and the liquid is entrapped by solids and can not

flow in the p zone.

In the present work, based on this concept of solid–liquid

coexisting zone, the thermal conductivity in solid was used

in the region of solid and the p zone, and the effective ther-

mal conductivity in liquid with fluid flow was used in the

region of liquid and the q2 zone. In the q1 zone, the thermal

conductivity changes linearly from liquid to the p zone ac-

cording to the fraction of liquid that can flow among den-

drites as shown in Fig. 2.

Mizikar used a 7.5-times higher thermal conductivity in

liquid with fluid flow due to EMS.13) Although the exact

value of the thermal conductivity in liquid with EMS is not

clear because the value changes depending on flow velocity

in the liquid, a 10-times higher thermal conductivity was

assumed as the effective thermal conductivity in liquid with

EMS in comparison with the thermal conductivity in liquid

without EMS.

3. Calculation Procedure

3.1. Experiment and Simulation Model

To examine the effectiveness of the present model, simu-

lation was carried out under the same conditions as those

used in a continuous casting experiment.16) Figure 3 shows

a schematic illustration of the continuous caster used in the

experiment,16) and experimental conditions are shown in

Table 3. A vertical type test continuous caster with a ma-

chine height of 8 m was used to produce a billet with a size

of 120 mm�120 mm, and EMS was applied in a mold.

Figure 4 shows solidification structures in the cross sec-
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Table 2. Thermopysical properties and heat transfer coeffi-

cients used in the simulation. hmold is the heat transfer

coefficient at the mold wall, and hS1 (0–0.1 m), hS2

(0.1–0.9 m), hS3 (0.9–2.2 m) and hS4 (2.1–4.4 m) are

the heat transfer coefficients at the secondary cooling

zone. Figures in parentheses are distances from the

bottom of the mold. z is the distance from the top of

the mold, and v is casting speed.

Fig. 2. Schematic illustration of solid–liquid coexisting zones

during the solidification of an alloy.

Fig. 3. Schematic illustration of the continuous caster used in the

experiment.



tions along with casting direction of continuously cast bil-

lets with and without EMS.16) In the case without the EMS

(Fig. 4(a)), columnar grains were formed from the mold

surface to the center of the ingot. On the other hand, in the

case with EMS (Fig. 4(b)), the region of equiaxed grains

was extended due to the effect of EMS.

3.2. Calculation Conditions

To solve Eq. (5) by using the finite difference method,

the cross section perpendicular to the casting direction of

the billet was divided into rectangular grids with 1.2 mm on

x- and y-coordinates. Since the shape of the sample is axial-

symmetric, a quarter of the cross section was divided as

shown in Fig. 5, and calculated thermal field in the quarter

was transferred to the other three quarters.

An explicit finite difference method was used, and the

time step was determined to be 0.0025 s by considering the

stability of the numerical computation. A network of square

CA cells was laid on the cross section of the billet, and the

heat transfer grids were superimposed on the CA cells as

shown in Fig. 5. One heat transfer grid contains 16 CA

cells, and the size of a CA cell was 0.3�0.3 mm.

It should be noted that the simulated area of the billet

was a cross section perpendicular to the casting direction,

whereas the observed macrostructure of the billet in Fig. 4

was a section parallel to the casting direction. However, it is

no difficulty for comparison of the simulated and observed

microstructures of the billet.

4. Results and Discussion

4.1. Simulation without EMS

Figure 6 shows the simulated macrostructure of the con-

tinuously cast billet without EMS. Fine equiaxed grains,

i.e., chill crystals, were formed near the mold surface, and

columnar grains grew up to the center of the billet. The

structure shown in Fig. 6 was composed mostly of colum-

nar grains, whereas a region of equiaxed grains was ob-

served in the center of the billet obtained by the experiment

as shown in Fig. 4(a). Figure 7 shows the relationship be-

tween undercooling and nucleation rate in liquid used in the

simulation. A combination of nucleation parameters of

a�12.0 and n�7.0 was used for the nucleation rate, and the

resulting relationship between undercooling, DT, and nucle-

ation rate, RNu, is shown in Fig. 7. The value of ‘a’ was ar-

bitrarily determined, and the value of ‘n’ was determined as

the maximum nucleation rate producing a chill crystal zone

similar to that in the experiment. If the nucleation rate was

increased more than that shown in Fig. 7, the chill crystal

zone was extended, and resulting macrostructure was not

similar to the experimentally observed structure. The simu-

lated macrostructure of fully developed columnar crystals

can be explained due to relatively low thermal conductivity

of steel. A temperature gradient formed in the liquid in

front of the solidification front during the solidification of

steel becomes steep due to its low thermal conductivity, and
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Table 3. Casting conditions.

Fig. 4. Experimentally observed solidification structure of a con-

tinuously cast billet16) without EMS (a) and with EMS

(b).

Fig. 5. Numerical grids for heat transfer calculation and CA

cells used in the simulation.

Fig. 6. Simulated solidification structure of the continuously cast

billet in an Fe–0.7mass%C alloy without EMS.

Fig. 7. Relationship between degree of undercooling, DT, and

nucleation rate, RNu, used in the simulation without EMS.



this means that constitutional undercooling in front of

columnar grains hardly occurs. As a result, the formation of

equiaxed crystals in front of columnar grains is difficult and

columnar grains can grow up to the center of the billet.

The disagreement between simulated and experimentally

observed solidification structures might be ascribed to the

presence of fluid flow in the solidifying billet due to pour-

ing of molten steel and convection in the experiment. The

presence of concentrated heterogeneous nucleation cata-

lysts in the center region of the billet at the final solidifica-

tion stage might be the reason of the formation of an

equiaxed crystal region observed in the experiment.

4.2. Simulation with EMS

Figure 8 shows the simulated macrostructure of the con-

tinuously cast billet with EMS. The same nucleation para-

meters as those used in the simulation without EMS were

used in the simulation. In the simulation with EMS, higher

thermal conductivity in liquid due to fluid flow was used to

introduce the effect of EMS, and a region of equiaxed

grains was formed in the center of the billet as shown in

Fig. 8. Increased thermal conductivity in liquid ahead of the

columnar crystals reduced the temperature gradient in liq-

uid, which enhanced the constitutional undercooling in liq-

uid and resulted in the formation of equiaxed crystals in

front of columnar crystals. However, the simulated region

of equiaxed crystals at the center of the billet was smaller

than that in the experimentally observed solidification

structure shown in Fig. 4(b). These results suggested that

the effect of EMS is not only change in thermal conductivi-

ty in liquid but also promotion of fragmentation of den-

drites due to fluid flow.

To take into account the accurate effect of the fragmenta-

tion of dendrites, it is necessary to understand the mecha-

nism of fragmentation due to fluid flow. However, at pre-

sent, it is difficult to make such model.

In the present work, the contribution of fragmentation of

dendrites to the multiplication of equiaxed crystals was in-

corporated into the nucleation model. Total crystal forma-

tion rate, Rc, was defined as the sum of the contribution of

heterogeneous nucleation in liquid and the contribution due

to the fragmentation of dendrites, RFr.

Rc�RNu�RFr.................................(7)

The value of RFr was assumed to be independent of the un-

dercooing in melt because the fragmented crystals were

moved by the fluid flow, and the number of fragmented

crystals could not be related to the undercooling at the posi-

tion to which the crystals were carried. Figure 9 shows the

relationship between the undercooling, DT, in melt and the

total crystal formation rate Rc, used in the simulation with

EMS. In Fig. 9, heterogeneous nucleation rate, RNu, was

moved upward just by RFr to express the total crystal forma-

tion rate, Rc. In this simulation, the value of parameter RFr

was determined by reproducing the area of equiaxed crys-

tals same as that experimentally observed shown in Fig.

4(b), and the estimated value of RFr required for the contri-

bution of fragmentation was about 44.4 cm�2 s�1.

Figure 10 shows the simulated macrostructure of a con-

tinuously cast billet taking into account the effect of the

fragmentation of dendrites due to EMS. A large region of

equiaxed grains that was the same as that observed in the

experiment was simulated. This result demonstrates the po-

tential of the present model to simulate solidification struc-

ture formation during the continuous casting process of

steel.

5. Conclusions

A numerical model to simulate solidification structure

formation during the continuous casting process of an Fe–C

binary alloy was developed by combining heat transfer cal-

culation and the cellular automaton (CA) method. To avoid

the difficulty in modeling peritectic transformation, an

Fe–0.7mass%C binary alloy without peritectic reaction was

chosen as the target alloy. The effect of the fluid flow due to

electromagnetic stirring (EMS) was introduced into the

model by considering enhanced thermal conductivity in liq-

uid and crystal multiplication due to the fragmentation of
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Fig. 8. Simulated solidification structure of the continuously cast

billet in an Fe–0.7mass%C alloy with EMS.

Fig. 9. Relationship between degree of undercooling,DT, and

total crystal formation rate, RC, used in the simulation

with consideration of the fragmentation of dendrites.

Fig. 10. Simulated solidification structure of a continuously cast

billet with consideration of the fragmentation of den-

drites.



dendrites. Simulations of solidification structure formation

during continuous casting with and without EMS were car-

ried out, and the results of simulation were compared with

experimental results. In the simulation without EMS,

columnar grains grew from the chill zone to the center of

the billet, whereas a small region of equiaxed crystals was

observed in the experiment. In the simulation with EMS, a

solidification structure similar to that observed in the exper-

iment could be simulated by considering both the effects of

enhanced thermal conductivity in liquid and the contribu-

tion of fragmentation of dendrites due to fluid flow.
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