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Abstract 

A finite element simulation of the steel shell formation in continuous casting has been developed. The current research is focused on the 
solidification of molten steel during the initial stages of the mould cooling. The model allows predicting the temperature field throughout the 
process: temperature gradient, solidification front, cooling rates. In stationary state, the prediction of shell thickness reasonably agrees with 
analytical models and experimental observations. The simulation tool is used to study the alteration of the mould thermal field in case of sticking 
defects encountered in industrial practice. A numerical analysis increases the understanding of the phenomena. 
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1. Introduction 

In recent years, the production of steel by the continuous 
casting process keeps increasing, the reasons for this growth are 
the product quality and the cost-effectiveness. This process is 
described as follows: liquid steel is poured into a copper mould 
which is kept at a medium temperature thanks to a cooling 
system. The molten steel in contact with the mould quickly 
starts to solidify (primary cooling). Extracting rolls under the 
mould pull the strand and keep it moving forward in the caster 
while water continues cooling it (secondary cooling). The 
strand can be cut when all of the section is solidified. Many 
process parameters influent the quality of the product such as: 
casting speed, mould level, mould oscillation, composition of 
the steel, superheat temperature, secondary cooling 
conditions... A large number of mathematical models of the 
whole process are reported in the literature. Some analytical 
solutions for the development of the stress field in the strand in 
the course of solidification were developed by Weiner and 
Boley [1], as well as by Tien and Kaump [2]. Although these 
analytical solutions provide global reference results for 

industrials and for the verification of other numerical models, 
they are often unable to provide accurate local information in 
real applications presenting defects. Their assumptions are too 
simple for the numerous complex physical phenomena 
associated with the solidification. Therefore, the requirement to 
provide more flexible, accurate and refined descriptions makes 
others types of numerical analyses crucial tools. 

Various numerical methods have been used to solve the 
equations governing the thermo-mechanical behaviour in the 
continuous casting process. Hattel et al. [3] used the finite 
volume difference methods to simulate three-dimensional 
thermo-elastic stresses. Jung-Eui Lee and his collaborators [4] 
proposed a finite volume method for the coupled fluids flow 
problem. Heinlen and Mukherjee [5] used the boundary 
element method analysis to predict the mechanical behaviour in 
one-dimensional solidification of an aluminum bar.  

The finite element method (FE) is an approach specially 
adapted to the management of a wide variety of non-linearities 
and geometric shapes. For that reason, many of the numerical 
researches on continuous casting process use this method. In 
2D cases, it has been applied to simulate shell thinning 
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breakouts [6], ideal taper optimization [7], stresses during 
solidification process [8-12]. A 3D thermo mechanical model 
has been developed by Koric and Thomas [13]. Recently, 
Zhang et al. developed an algorithm of concurrent simulation 
of fluid flow and stress-strain analysis for continuous casting 
[14]. However to the authors’ knowledge, no FE simulation 
specifically simulates the sticking breakout problem. 

This paper presents an application of a 2D thermal finite 
element model to predict temperature field throughout the 
process as well as the shell thickness. The first results of a 
sticker breakout model are presented hereafter. This study is 
based on the Lagamine code which has been previously applied 
on the modelling of the continuous casting process [15-16]. 
This code is developed by MSM group of the University of 
Liege.   

2. Model Description 

2.1. Geometry of the problem 

 

 

Fig. 1. Illustration of the 2D plan studied by finite element strategy of 
continuous casting. 

To simulate the crack propagation due to the sticking 
phenomenon, a 2D vertical model is a first approach. The finite 
element model is developed in two stages: a first thermal model 

to reach the stationary state and then a second model to take 
into account the sticking allowing the analysis of the crack 
propagation. The vertical section studied corresponds to a 
middle section of the ingot mould. By symmetry, the mesh of 
the slab concerns its half thickness, the mesh height is the 
height of the mould (see Fig. 1). The application case is 
recovered from [15]. The meshed mould consists of a 40mm 
thick copper bloc cooled by its outer face. In reality, the mould 
is cooled by a circulation of water, here the radiation 
convection exchanges are adjusted to reproduce a realistic 
thermal field in the mould.   

2.2. Heat transfer finite element analysis 

Two types of laws are required in the thermal modeling 
approach:(i) bulk heat transfer by conduction, including the 
heat accumulation in the solid and (ii) surface heat transfer by 
convection and radiation. The classical non-linear equation of 
conduction is: 

int p
T T Tk k Q c

x x y y t


                                     (1) 

with the temperature ( , , ) [ ]T x y t K , the thermal conductivity
, 1 1( ) [ . . ]pc T J Kg K   the apparent heat 

capacity, the density,  the power 
generated per volume in the work-piece, and t the time. Heat 
exchange by convection and radiation is defined by: 

4 4
0 0( . ) ( ) ( )k T n h T T T T                           (2) 

where h is the convection coefficient [W.m-2.K-1], σ is the 
Stefan-Boltzman constant (5.67×10-8W.m-2.K-4), ε is the 
emissivity coefficient, T0 is the initial temperature 

The latent heat of solidification is integrated in the definition 
of cp. All the data related to the thermo-physical properties of 
the slab are recovered from [15] however due to confidentiality 
reasons steel composition is not provided.  

2.3. Finite element model 

Fig. 2 shows the mesh of the finite element model used with 
its dimensions. The copper mould and the steel are modelled 
using quadrilateral elements with 4 nodes and 1 integration 
point. The element size is refined in the area near the contact 
between the mould and the steel. This mesh contains 6957 solid 
elements and 7446 nodes, the size of the slab refined elements 
is 2mmx2mm and that of the mould is 3mmx3mm. The contact 
between the mould and the slab is simulated by an interface 
element [17]. The thermal parameters of the slab are presented 
in Fig. 3. The conductivity and thermal capacity of the copper 
are 401 mW/ mm and 2776 mJ / mm³ respectively. They are 
assumed to be constant with temperature. The convection 
coefficient h is 4 W.m-2.K-1, the radiation coefficient is 10-8 
W.m-2.K-4 on the external face of the mould. They are adjusted 
to recover the temperature measured in [15]. The cooling water 

1 1( ) [ . . ]k T W m K 
3( ) [ . ]T kg m  3

int [ . ]Q W m
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temperature is 25 ° C and by extension ambient temperature is 
fixed to 25°C. The casting speed is 20mm /s. 

 

Fig. 2. Mesh used to calculate the thickness of the solidified strand. 

 

 

Fig. 3. Thermal properties of of carbon steel (0.18<wt%C<0.51). [15] 

2.4. Heat exchange between the strand and the mould 

The heat exchange depends on the contact conditions 
between the strand and the mould. In thermo-mechanical 
analysis, contact can be lost in some places due to the thermal 
shrinkage and the thermal exchange will be decreased. 

However, in the thermal model, the contact between the mould 
and the strand is assumed always established, the heat transfer 
is given by 

qcontact = R . (Tstrand - Tmould)                                                   (3) 

with R the contact thermal resistance (mW/mm²K), Tstrand and 
Tmould the absolute temperatures (K) of the strand and the mould 
respectively 

3. Results  

  
 

 

Fig. 4. Effect of the thermal resistance R (mW/mm²K) of the contact on the 
thickness of the solidified shell (dark red liquid, dark blue solid). 

Some results obtained with the thermal model in order to 
predict the thickness of solidified shell and later the crack 
propagation due to sticking breakout phenomenon are 
discussed hereafter.  
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3.1. Prediction of shell thickness 

Fig. 4 shows the temperature fields as a function of the 
thermal resistance R. For the studied casting material, the 
solidus temperature is 1743 K and the liquidus temperature is 
1793K. One can see an increase of the solidified layer thickness 
as a function of the depth under the meniscus. The solid zone 
begins to develop under the meniscus, at a distance depending 
on R. It is also noted that the thickness at the end of the mould 
decreases as a function of the thermal resistance. The shell 
thicknesses (dshell) of the solidified steel varied from 16mm to 
38mm. As the industrial cases show shell thicknesses varying 
between 20 mm to 30 mm, the value R = 5 mW/mm²K which 
reproduces dshell = 28mm is selected for the rest of this study. 

3.2. Sticker breakout simulation 

The main aim of the study is to simulate the propagation of 
the crack within the solidified shell due to the sticking 
phenomenon near the meniscus. In a first step, a single manual 
remeshing procedure (see Fig. 5 and Fig. 6) is performed to 
reduce the computation time in the next steps. Indeed, only the 
area near the meniscus needs to be refined to model the sticking 
and the addition of new liquid elements (see Fig. 5) so the mesh 
far from the meniscus can be coarsened. The number of degrees 
of freedom of the mesh presented in Figure 2 is reduced by a 
factor of 3. The temperature field of the old mesh on the new 
mesh is projected by a Matlab script (see Fig. 6). 

Once a fracture happens, the finite element simulation 
requires the addition of new elements to model the liquid steel 
filling the gap between both sides of the cracked shell.  

The propagation of crack due to the sticking of solid shell 
near meniscus is a cyclic event staggered in space and in time, 
it consists of 2 main steps:  

1) A crack due to sticking of solid shell is formed. The gap 
is filled by liquid steel which is solidified and increases 
the area already stuck on the mold. 

2) The thin, hot and weak layer just formed at the crack 
location will be teared again in shifted a location toward 
the casting direction due to the relative movements of the 
mould and the strand (Fig. 7).  

 

 
           Original mesh                  Refined Mesh near meniscus 

Fig. 5. Remeshing process with transition element (green elements for the 
mould, pink ones for the slab). 

 

 

Fig. 6. The thermal fields in the old mesh and in the new mesh (dark red 
liquid, dark blue solid, color scale of Figure 3 is used). 
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q            

Fig. 7. The propagation of a crack due to the sticking breakout phenomenon  

In reality, to infiltrate the liquid slag between the copper 
mould and the slab, the mould is oscillating. Fig. 8 reminds the 
notion of oscillation. The time when the mould descends faster 
than the casting speed is called “negative time strip” (hatched 
area).  

 

 

Fig.8. Description of the mould oscillation, velocity versus time curve. 

The current study has developed a new remeshing procedure 
which specifically takes into account this phenomenon. At this 
stage of the research, as the stress field effect is not yet 
modeled, the rupture criteria is defined by the user. A crack 
happens when the velocity difference between the mould and 
the slab is maximum and generates high tension. The amplitude 
of the tear is constraint by the difference in relative 
displacement. A 2D automatic remeshing procedure is applied 
after each period of oscillation T (see Fig. 8) according to a 
methodology explained in Fig. 9.  

When the mould goes up, the whole strand continues to go 
down. However at the meniscus level, the sticking part of the 
strand accompanies the mould, which explains why the 
solidified shell will be teared at its weakest point below the 
sticking part. In the developed finite element model, the initial 
size of the sticking part is imposed as input data, a rigid body 
displacement d is imposed on this part to follow mould 
displacement. For the 2D simulation, with an oscillation period 
of T (in Fig. 8, 1 second), one approaches the size of the crack 
for each period by: 
d = Vcasting × T                                                                        (4) 

The new layers of elements are introduced between the 
sticking part and the bottom part below the crack section. The 
liquid steel (new elements) in direct contact with the mould 
solidifies quickly. The solidification time is estimated to be 
greater than the "Negative strip time" and lower than the period 
T. The effect of the duration choice can be numerically studied. 
In fact, the new solidified shell is mechanically weak  and  the 
next rupture location will be detected by a thermal analysis 
telling where the solidified shell thickness is the smallest for 
the next period of the simulation. Finally, the sticking piece 
goes up with the mould and re-tears the strand again below the 
old crack. Then, the liquid steel fills the crack and solidifies. 
The phenomenon is repeated and enables the crack to 
propagate. 

The procedure of adding new elements has been 
implemented in the Lagamine code. For each new mesh, 
several information needs to be updated: temperature of new 
nodes, contact elements, boundary conditions (see Fig. 10). 
 

   

 

Fig.9. Description of the methodology to add elements at the crack event and 
to follow the crack propagation   
 

mm/s 



 Hoang Son Tran  et al. / Procedia Manufacturing 47 (2020) 686–692 691
6 Author name / Procedia Manufacturing 00 (2019) 000–000 

 

Fig. 10. New mesh following a crack event. 

Currenly, the 2D thermal model is tested in order to validate 
the method. The continuous casting process data are as follows: 
temperature of the incoming steel in the mould TL=1793K; 
casting speed Vcasting =1mm/s; oscillation period T=1s; 
“Negative time strip” = 0,25s. Fig. 11 shows the propagation of 
crack due to a sticking shell. The crack propagates at half speed 
of the casting speed. This model helps to understand and 
optimize the repair procedure of the sticking breakout problem. 
 

 

Fig. 11. Model finite element of sticking break out phenomenon 
(Temperature field K). 

4. Conclusion 

In the present paper, a 2D thermal finite element approach 
models the primary cooling of a continuous casting process. It 
predicts the thermal field of the strand within the mould and the 
thickness of the solidified steel shell.  

A second thermal model is established in order to simulate 
the propagation of crack due to the sticking break out 
phenomenon. A specific remeshing procedure has been 
developed. The model can be used to optimize the detection 
procedure of mould cracks due to sticking phenomena. In 
future works, parametric studies of crack events will be 
performed to better understand this phenomenon. 
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