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A simple Lagrangean travelling slice model has been successfully used in the past to predict the relations between the pro-
cess parameters and the temperature field as well as grain structure, macrosegregation assessment, optimisation of process 
parameters and calculation of caster regulation coefficients. The present paper aims to include also the mechanical stress 
and deformation model into the slice framework. The basis of all the mentioned models is the slice heat-conduction model 
that takes into account the complex heat extraction mechanisms in the mould, with the sprays, rolls and through the radia-
tion. Its main advantage is very fast calculation time, amenable for use also in the caster's online control. The macroscopic 
model used in this study is based on the continuum mixture theory, calculating enthalpy and mixture composition as input 
parameters for microscopic calculations. The grain structure model is based on the cellular automata concept, replaced by 
a random node point automata concept. The macrosegregation model is based on the lever rule microsegregation model. 
The liquid phase's thermal conductivity and species diffusivity are artificially enhanced to consider the convection of the 
melt. The calculated thermal field is used to estimate the thermal contraction of the solid shell, which, in combination with 
the metallostatic pressure, drives the elastic-viscoplastic model of solid mechanics. The results of the model are used to 
estimate the areas susceptible to crack nucleation using several hot-tearing and damage models. The solution procedure 
of all the models is based on the meshless local radial basis function collocation method on the macroscopic scale and the 
point automata concept on the grain structure scale. A sensitivity study on the recently introduced standard continuous 
casting geometry is performed as well as on the realistic conditions in Štore-Steel billet caster. Possible additional refine-
ments of the model are discussed.
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INTRODUCTION
Computational modelling and simulation of the continuous 
casting process [1] represent essential contemporary infor-
mation about the process [2]. The slice model of the ther-
mal field is neglecting diffusion processes in the direction 
of the casting and convection processes perpendicular to 
the casting direction. Such a model, coupled with the re-
alistic material properties of the steel has been recognised 
by the technologists as one of the most powerful tools for 
establishing the relations between the process parameters 
of the caster and the thermal field, optimal adjustment of ca-
sting parameters, and estimating the changes in the design 
of the caster [3]. Due to its fast computational time, the slice 
model can be used in on-line mode and for automation of 
the caster [4]. It is the purpose of the present paper to show 
how the thermal slice model can be accompanied with a 
simple grain structure, macrosegregation and mechanical 
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models, which additionally enhance the functionality of the 
thermal model and give fast and at least qualitative insight 
into CET position, composition inhomogeneities, stresses 
and strains of the strand. The model can also be used for 
piloting more comprehensive multiphysics simulations [5] 
that can be performed on high-performance systems only.

THERMAL MODEL
The thermal model considers the heat diffusion in steel un-
dergoing phase change 

where ρ, h, k, and T stand for the density, the specific en-
thalpy, the heat conductivity, and the temperature, respecti-
vely. The equations that follow are, because of the space 
constraints, shown for a binary system, however, a lineari-
sed multicomponent system is actually numerically imple-
mented and solved. The mixture formulation [6] is used to 
describe a system containing the solid and the liquid phase. 

The constant density is
assumed. The mixture enthalpy is given as 

where fs is the solid fraction and the subscripts s and l re-
present the solid and liquid phase, respectively. In the case 
of constant specific heat in each phase, the enthalpies in the 
solid and in the liquid phase are determined as 

where href, Tref, cp, Tsol , and hm stand for the reference enthal-
py, the reference temperature, the specific heat, the solidus 
temperature, and the latent heat of melting, respectively. 
The enthalpy as a function of temperature in a binary alloy is 
shown in Fig. 1.

Fig.1 - The enthalpy as a function of temperature in a binary alloy.

The mixture thermal conductivity is given as

The lever rule is used as supplementary micro-segregation 
relation

where C and kp stand for the concentration and the partition 
coefficient, respectively. The linearised phase diagram is 
used to obtain the temperature dependence on the concen-
tration in the liquid phase

where Tm and ml stand for the melting temperature of the 
solvent and the liquidus slope, respectively.
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MECHANICAL MODEL
The mechanical model is stated in small-deformation ap-
proximation and considers additive decomposition of strain 
into elastic, thermal and viscoplastic parts [7]. The thermal 
part is determined by

where α(T) is the temperature-dependent coefficient of 
thermal expansion. The viscoplastic part is given by the Ga-
rafalo law [8]

The parameters A0, q, n and σ0 are determined from the le-
ast-squares fit of the high-temperature flow-stress data 
obtained from a suitable steel material properties software 
or measurements. The influence of the metallostatic pres-
sure is introduced through an additional body force term gi-
ven by fb=pm∇fs, where pm is the metallostatic pressure at the 
centre of the slice and fs is the solid fraction. The resulting 
equilibrium equation for the displacement field is

The boundary of the domain is assumed to be traction free 
everywhere, and the influence of the mechanical contact 
with the mould and rolls is neglected in the present model.

GRAIN STRUCTURE MODEL
The grain structure model takes into account the heteroge-
neous nucleation and the grain growth [8]. The normal di-
stribution is used to describe the change of nucleation den-
sity n due to the shift in the undercooling ΔT

where nmax, ΔTσ, and ΔTμ stand for the maximum nuclea-
tion density, the scale, and the mean of the undercooling, 
espectively. The LGK [10,11] model is applied to evaluate 
grain growth velocity at given ΔT. The model yields a system 

of two non-linear equations for two unknowns: the grain 
growth velocity v* and the dendrite’s tip radius Rtip. The 
model considers thermal, solutal, and curvature effects as 
the Ivantsov solution is used for the temperature and con-
centration fields in the liquid phase. The minimum wave-
length from the stability analysis for the planar front is used 
to estimate the tip radius. At low undercooling, the thermal 
and curvature effects can be neglected [12], which yields the 
following simple approximate expression for the growth ve-
locity

where Dl, C0, and Γsl stand for the solute diffusivity in the li-
quid phase, initial concentration, and the GibbsThomson  
coefficient, respectively.

MACROSEGREGATION MODEL
The macrosegregation model considers the diffusion of so-
lute. The one-sided approximation is assumed where only 
the diffusion of solute in the liquid phase is considered

Eqs. (1) and (12) are solved simultaneously as T, Cl, and fs 
at given C and h are calculated by solving a system of three 
non-linear equations given by combining relations from 
Eqs. (2), (3), (5), and (6). The influence of the turbulent fluid 
flow on the macrosegregation is taken into account throu-
gh the artificially increased liquid diffusivity [13] by factor 10, 
i.e., Dl→10Dl in Eq. (9).

NUMERICAL SOLUTION
SOLUTION OF THERMAL AND MACROSEGREGATION 
MODEL
The coupled thermal and macrosegregation models are sol-
ved on the regular node distribution with the spacing hthermal 
by using forward Euler scheme for temporal and local radial 
basis function collocation method (LRBFCM) [13] with five 
computational nodes in each local sub-domain for spatial 
discretisation. In the LRBFCM, multiquadrics (MQs) are used 
as radial basis functions, and the interpolation problem is 
augmented with monomials up to the first order. The shape 
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parameter of an MQ in each local domain is chosen accor-
ding to the targeted condition number 1020 of the interpo-
lation matrix. The time step in the forward Euler scheme is

where DT is the thermal diffusivity.

POINT AUTOMATA METHOD
The Point automata (PA) method [15] is used to simulate nu-
cleation and grain growth where ΔT as a function of time is 
given by the thermal model. In the PA method, the compu-
tational points are randomly distributed in the computatio-
nal domain. The neighbourhood of each point is defined by 
the points which lie inside the circle with radius RPA=1.5hPA, 
where hPA is the characteristic spacing between the two nei-
ghbouring points. Each point has a defined state which is 
either solid or liquid. A solid point has additionally defined 
grain number and orientation angle θ. All the points in the 
computational domain are checked with the time step ΔtPA= 
Δtthermal/M, where Δtthermal and M stand for the time interval 
between two sequential temperature fields obtained from 
the thermal model and the number of divisions of Δttherm-

al, respectively. In the nucleation procedure, a liquid point 
changes its state to solid if

where r is a random number in the range [0,1), VPA is the 
volume represented by a point, and δ(ΔT) stands for the 
change of ΔT during one time step while the change of the 
nucleation density due to the change of the undercooling is 
given by Eq. (10). At the same time, random grain number 
and random orientation angle θ are assigned to the newly 
nucleated point.
In the grain growth procedure is the distance for each solid 
point, which has at least one liquid neighbour, calculated as

where t0 is the time at which the nucleation occurred, and 
the growth velocity is given by Eq. (11). The solid point cap-
tures its liquid neighbour if

where d is the distance between the solid and liquid point 
and α stands for the ratio between the minimum and the 
maximum distance in the envelope. When a liquid point is 
captured, its grain number and orientation angle are set ac-
cording to the values of the solid capturer. The PA growth 
algorithm is schematically shown in Fig.

(13)

(14)

(15)

(16)

Fig.2 - A scheme of the PA algorithm for the simulation of grain growth.
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MECHANICAL MODEL
The system of equations defining the thermomechani-
cal model from Eqs. (8) and (9) is discretised with implicit 
Euler method in time and with LRBFCM in space. The LR-
BFCM uses polyharmonic splines with second-order aug-
mentation monomials and 18 points in local subdomains. 
The coupling between models is one-way, the information 
about the temperature field is used to drive the thermome-
chanical model. A step of the thermal model is performed, 
and the obtained temperature field is used to drive the ther-
momechanical model for the duration of the time step. The 
time-stepping of the thermomechanical model is adaptive, 
based on the convergence rate of the non-linear solver.
The thermomechanical model uses an adaptive node arran-
gement, which tracks the solidification interface through 
the computational domain with nodes concentrated in the 
mushy zone. The node spacing varies from 0.5 mm in the 
mushy zone to 1 mm in the solid shell and 5 mm in the liquid 
part of the computational domain.

TEST PROBLEM DEFINITION AND NUMERICAL RESULTS
THERMAL AND MACROSEGREGATION MODEL
In the study, a simple test case initially proposed in [13] is 
considered to demonstrate all the elements of the develo-
ped comprehensive slice model. A two-dimensional square 
computational domain with the side length L=0.14 m is con-
sidered. The domain is discretised by regular node distribu-
tion with spacing hthermal=1 mm. The square represents a slice 
that lies in the xy-plane and travels in the z-direction with 

the constant casting velocity vcast=1.75 m/min. The z coor-
dinate of the slice as a function of time is in that case simply 
given as

where z0 and t0 are the initial axial coordinate and the initial 
time, respectively, both set to zero in the study.
Therefore, the time integration of governing equations in 
the xy-plane is also moving of the slice in the zdirection.
In the thermal model, the Robin boundary conditions are 
applied for the temperature. They take into account cooling 
in the mould (z<0.8 m) and in the spray section (z≥0.8 m)

where n is the normal to boundary of computational do-
main, hmold and hspray are the heat transfer coefficients in
the mould and spray region, respectively, and Tcool is the co-
oling temperature. The parameters of the boundary condi-
tions are set to hmold=2000 W/(m2K), hspray=800 W/(m2K), and 
Tcool=303 K. In the macro-segregation model, zero flux Neu-
mann boundary conditions are used for the concentration.

The solidification in Fe-0.8wt.%C steel is considered in the 
study. The relevant physical and phase diagram properties 
of the alloy are given in Table 1. The initial temperature in 
the domain is set 20 K above the liquidus temperature at the 
initial concentration C0=0.8wt.%C.

Physical and phase diagram properties of Fe-0.8wt.%CValue

Density ρ [kg/m3] 6990.0

Specific heat (liquid) cpl [J/(kgK)] 1395.8

Specific heat (solid) cps [J/(kgK)] 824.9

Thermal conductivity (liquid) kl [W/(mK)] 39.3

Thermal conductivity (solid) ks [W/(mK)] 25.0

Latent heat of melting Lm [J/kg] 2.71x105

Solute diffusivity Dl [m2/s] 1.36x10-9

Melting temperature of Fe Tm [K] 1835

Eutectic temperature Teut [K] 1420

Eutectic concentration Ceut [wt.%] 4.3

Partition coefficient kp [-] 0.521

Gibbs-Thomson coefficient Γsl [Km] 3x10-7

Tab.1 -Physical and phase diagram properties of Fe-0.8wt.%C.

(17)

(18)
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The temperature in the middle of the computational do-
main and at the surface (middle of west side) as a function 
of z coordinate is shown on the left in Fig. 3. Naturally, a 
large difference between the temperature profiles is ob-
served. At z=0.8 m, a jump of the temperature at the sur-
face is observed due to the change of the heat transfer 
coefficient. The concentration in the solid phase by the 
middle cross section in the solidified strand is shown on 
the right in Fig. 3. Large negative segregation is observed 

at the surface due to temperature drop because of high 
cooling rates in the mould. Small positive peaks are ob-
served at |x|≈6.8 cm due to depleted solid near the surface 
and high cooling rates. The negative peaks at |x|≈5.5 cm 
and the positive central segregation are the consequence 
of the advection of solute to the centre due to the intensi-
ve turbulent fluid flow, simply modelled by the enhanced 
thermal conductivity and diffusivity of the liquid phase.

Fig.3 - (left) Temperature in the middle and at the surface (middle of west side) of the slice as a function of z
coordinate. (right) The concentration in the solid phase by the middle cross-section in the solidified strand.

GRAIN STRUCTURE MODEL
In the PA model, the computational domain is discretised 
by randomly distributed points with the mean spacing 
hPA=0.1 mm. The number of divisions of the time step from 
the thermal model is set to M=100. Two maximal nuclea-
tion densities are used, one at the boundary and one in the 
bulk of the computational domain. The nucleation densi-
ties are generally defined in 3-D. Following relations have 

to be used to obtain appropriate values in 2-D [9]

max surf max surf max bulk max bulk n n n n (19)
The used parameters of the PA model are shown in Table 
2.

Parameters of the PA model

Max. nucleation density (surface) nmax,surf [1/m2] 1x1010

Max. nucleation density (bulk) nmax,bulk [1/m3] 1x108

Mean undercooling (surface) ΔTμ,surf [K] 0.1

Mean undercooling (bulk) ΔTμ,bulk [K] 0.1

Scale undercooling (surface) ΔTσ,surf [K] 0.001

Scale undercooling (bulk) ΔTσ,bulk [K] 0.001

The envelope ratio α [-] 0.25

Tab.2 - Parameters of the PA model.

(19)
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Fig.4 - Final microstructure in the solidified slice.

MECHANICAL MODEL
The parameters of the mechanical model are chosen such that they correspond to high-strength steel and are col-
lected in Table 3.

Parameter

Young’s modulus E [Pa] 270 x109 fs

Poisson’s ratio ν[-] 0.3

Reference stress σ0 [Pa] 5x108

Stress exponent n[-] 6

Reference strain rate A0f[1/s] 0.34

Activation energy q [K] 6.340 x103

Thermal expansion coefficient α [-] 0.707

Tab.3 - Parameters of the mechanical model

The results in Fig. 5 show the equivalent stress, compo-
nents of stress tensor and solid fraction at the exit of the 
mould cooling area. The Fig. 6 shows the same at the end 
of the liquid root, where the entire billet has solidified. 
We can notice that the plastic deformations start to accu-
mulate in the corners of the billet, but in later stages, the 

plastic deformation mostly accumulates along the sides 
of the billet, which are in tension. From the plots of the 
stress tensor components, we also notice that except for 
the corners, the material is in compression at the start of 
the casting process.

The final microstructure is shown in Fig. 4. Due to high 
nucleation density, an equiaxed dendritic zone with many 
differently oriented grains is observed at the surface. Due 
to growth in a temperature gradient, columnar dendritic 
growth is observed near the surface. It is evident that the 
grains with orientation parallel to the temperature gradient 

are more privileged. In the undercooled liquid ahead of 
the growing columnar grains, nucleation becomes more 
and more dominant as the columnar front moves towards 
the centre. At a certain point, the columnar dendrites are 
totally blocked from the newly nucleated grains, which 
yields large equiaxed zone in the middle of the domain.
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Fig.5 -The results of the mechanical model at the exit from the mould cooling area.

Fig.6 -The results of the mechanical model at the end of solidification.
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CONCLUSIONS
We have in the present paper joined the majority of the 
important physical phenomena that a simple slice model 
could qualitatively describe. We have demonstrated the 
capabilities of the model based on a simple test case. Du-
ring the conference, we will show the capabilities of the 
model based on realistic simulations for a billet, round 
and slab caster. We will also demonstrate the validation of 
the comprehensive slice model, based
on temperature measurements of the surface, wedge 
method for the thickness of the strand, Baumann prints 
for grain structure and laser shape measurements of the 
deformation. The developed model is productively used 

in Štore-Steel company billet caster for all the possible 
purposes, defined in the introduction. It also forms a part 
of the comprehensive through-process modelling [16, 
17] of the steel plant, based on the chain of coupled phy-
sics-based and artificial intelligence models.
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