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ABSTRACT

	 In this paper the process of producing steel slabs by continuous casting in the Steel Mill Makstil in Skopje is 
presented. The technological process of slab’s production is described and the assortment of steel slabs in the Steel Mill 
is given. Also, the most frequent defects of slabs (internal and surfaces) are analysed. Special attention was given to the 
solidification processes in the continuous casting of slabs. Mathematical modeling of solidification processes during the 
slab’s forming was performed. For this purpose, numerical and analytical methods were applied. The temperature field 
in the steel solidification area, as well as the liquid phase length were defined. The temperature field was determined by 
using the finite element method and also by a new analytical method - isothermal method, applying Green’s function. 
In this way, liquid, solid and two-phase area throughout the solidification process were defined. On the basis of direct 
measurements of the real temperature in the solidification process of the slabs, a comparison of the results, obtained by 
mathematical modelling and the real ones, was carried out. The comparison points out that the applied numerical and 
analytical methods display satisfying results in terms of appropriate determination of the solidification process of the steel 
slabs. The obtained knowledge can be used to optimize the continuous casting process and to improve the quality of the 
continuous casting steel slabs.
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INTRODUCTION

The process of producing steel slabs by continuous 
casting is very complex. The quality of the slab depends 
on the steel quality and the solidification conditions [1, 
2]. Properly guided casting process and good solidifica-
tion conditions are accomplished with maintaining of 
the parameters of the continuous casting process in the 
optimal intervals. In practice, the technological param-
eters of the continuous casting process usually show 
slight variations [3, 4].  

The analysis of the slab solidification process in 
industrial environment consists of following of current 
casting processes and the given technological param-
eters of the processes [5-7]. Afterwards, the quality of 

the produced slabs was analysed and a relation between 
the quality and production conditions was established.  

The variation of the technological parameters of 
the continuous casting process in very narrow intervals 
significantly reduces the investigation possibilities 
and limits it on an analysis of the given data and the 
established relations between the process parameters 
and the slab quality. The most relevant of the followed 
parameters are casting speed, inflow temperature of 
the liquid steel in the mould and the conditions of heat 
transfer [8-14]. The temperature filed formed during the 
casting and solidification of the slab is a result of the 
aforementioned parameters [11, 15, 16]. It is known that 
the shape and the size of the two-phased area of the slab 
in the solidification process have influence on the slabs 
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quality [6, 17-19].
 In the aim of determining the optimal conditions 

for slab producing, which provide good quality, the 
temperature field in the slab continuous casting process 
was analysed. 

OVERVIEW OF THE PROCESS OF 
CONTINUOUS CASTING OF STEEL SLABS

The processes of the producing steel slabs by con-
tinuous casting in the Steel Mill in Skopje are done 
on radial-curved continuous casting installation, with 
overall length of 23 m. The installation has three casting 
lines with a radius of 10 m, with a capacity of 850000 t 
steel per year. The capacity of the ladle is 110 t.  

The mould is rectangular in shape, with a height 
of 1200 mm. The produced slabs can have 4 different 
widths and thicknesses. On the end of the mould the 
motion of the slabs is made possible by 9 draw beams. 
The purpose of the draw beams is contact and secondary 
cooling, which results in reduction of thermal strain in 
the slab. Straightening of the slab is done in the eight 
zone. After the draw beam, the slab is cooled by water 
jets. The cooling process is regulated automatically. The 
capacity of the water jets is 27 l/h. Water consumption 
in the mould is approximately 300 m3/h, similarly to the 
draw beam zone.   

EXPRIMENTAL 

From the various types of steel produced by con-
tinuous casting, here, the manganese and carbon steels 
were analysed. The carbon steels are divided in two 
groups - with carbon content up to 0.1 % and above 0.1 

%. The chemical composition of the analysed steels, with 
minimal and maximal contents of the elements present, 
is given in Table 1.

The analysed slabs had the following dimensions - 
width 1540 mm and thickness 250 mm. The total number 
of castings was 105; 46 of type I, 30 of type II and 29 
of type III [20]. During the processes, the following 
parameters were monitored:  

- content of some of the elements in the steel - C, 
Si, Mn, P, S, Cu, Al and N, as well as the ratios Mn/S 
and C/10 + S, expressed in %.

- parameters of the temperature regime - the tem-
perature of the steel during the pouring in the ladle (TP), 
in the ladle (TL), during the inflow in the tundish (TT), 
during the inflow in the mould (TM); expressed in oC.

- most important technological parameters of the 
process - casting speed (w), expressed in m s-1, and the 
quantity of water spent for primary cooling (QM) and 
secondary cooling (QS), expressed in litre water/kg steel;

- duration for some of the operations - duration 
of the out-of-furnace treatment of the steel (τO), dura-
tion of the casting of the steel from the tundish to the 
mould (τM) and duration of the casting (τC), expressed 
in seconds. 

For direct measurements of the temperature (in situ) 
in characteristic points of the slabs Pt-RhPt termocou-
ple was used. For the other reaserches, mathematical 
modeling was performed, by applying numerical and 
analytical methods. Some of the results were done 
by mathematical-statistical analysis - distribution and 
regressive analysis. Mathematical modeling was per-
formed by finite element method and also by a new 
analytical method - isothermal method, applying Green’s 
function. 

 
Chemical composition,        

mass % 

Type of steel 
__________________________________________________                     

I                                          II                                       III 
0.8 ≤ Mn ≤ 1.5 [%] C ≤ 0.1 [%] C> 0.1 [%] 

C 0.14 - 0.21 0.06 - 0.10 0.12 - 0.21 
Si 0.15 - 0.36 0.12 - 0.30 0.17 - 0.34 

Mn 0.80 - 1.39 0.26 - 0.51 0.46 - 0.78 
P 0.009 - 0.025 0.008 - 0.017 0.009 - 0.036 
S 0.016 - 0.034 0.021 - 0.033 0.02 - 0.033 

Cu 0.12 - 0.24 0.12 - 0.29 0.11 - 0.24 
Al 0.005 - 0.0085 0.005 - 0.055 0.007 - 0.047 
N 0.007 - 0.011 0.007 - 0.011 0.006 - 0.011 

 

Table 1. Chemical composition of steel.
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RESULTS AND DISCUSSION

The efficiency of the continuous casting process 
is estimated with an analysis of the steel output for all 
followed castings. A mathematical-statistical analysis 
was done. During the disperse analysis a small amount 
of castings with low output percentage was excluded, 
produced as a result of rough defects in the casting pro-
cess. Part of the obtained result is presented in Table 2, 
where the values for the deviations, as well as minimal, 
maximal and mean values for the steel output are given. 
The distribution of the mean values of the output is 
shown on Figs.1, 2 and 3.

As can be seen from the Table 2 and the Figs. 1, 2 
and 3, the minimum output of steel is about 88 %. The 
mean values for the output are from 96.89 % (for type I 
steel) to 95.33 % (for type III steel). Understandably, the 
distribution of the mean values for the output is located 
on the right. 

Afterwards, a regressive analysis was done. As 
independent variables the aforementioned parameters 
were used, 20 in total, and the dependent variable was the 
percentage of steel output. Using the regressive analysis 
dependences in polynomial form, for all three types of 
steel, were obtained. 
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The regressive analysis provided interesting data 

about the influence of some parameters on the steel 
output. On the manganese steel (type I) the parameters 
of the temperature regime showed the greatest influence 
(TP, TL, TT, TM), as well as the primary cooling (QM). 

The chemical composition has somewhat less influ-
ence, whereas the conditions of the secondary cooling 
have the least influence. In the case of carbon steels (type 
II and III) the parameters of the temperature regime also 
have the greatest influence, whereas the influence of the 
chemical composition is less expressed. In general, the 
greatest influence on the steel output is the one of the 
parameters of the temperature regime, especially, TM. 
The most influential from the chemical composition 
are C and S, as well as the relations C/10+S and Mn/S. 
The most important from the other parameters are the 
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Fig. 1.  Distribution of the output of steel for type I of 
steel casting.
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Fig. 2.  Distribution of the output of steel for type II of 
steel casting.
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Fig. 3.  Distribution of the output of steel for type III of 
steel casting.
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parameters of the primary and secondary cooling. 
One of the most important parameters, the casting 

speed, was not singled out by the regressive analysis 
as important for the steel output. The reason for this is 
the narrow interval of variations for the casting speed, 
which, in the investigated cases, varied from 0.0092 - 
0.0133 m s-1. This is also the case for the content of N, 
which influences the output of steel insignificantly, but 
has a crucial meaning in real processes.  

Determining of the temperature field during 
slab solidification by mathematical modeling with 
isothermal method

The temperature field during solidification of the 
slab was investigated by mathematical modeling. The 
known temperature values in individual places of the 
slab, obtained with direct measurements (in situ) during 
the solidification of 3 slabs, were used as starting points 
for the modeling and for determining the time constants 
[21]. The temperature field on the longitudinal sections 
of the slabs was determined by numerical method - 
method of finite elements [22-24]. On the basis of the 
slabs determined temperature field on the 2D sections, 
the spatial areas of the liquid, solid and two-phased area 
were defined [25, 26]. 

Then, the new, isothermal method was used [27]. 
The basis for the isothermal method is the Green’s 
function [28, 29]. It is derived from the mathematical 
description of the cooling process of steel rectangle for 
given initial conditions. Using the isothermal method 
the following parameters were determined: the length of 
the liquid phase, the shape and size of the liquid phase 
on the longitudinal section, as well as the shape of the 
solidus and liquidus curves on the slabs cross-sections.

For determining of the shape of the solidus and 
liquidus on the longitudinal section of the slab the fol-

lowing expression was used [29]:


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where: τ - time, x - coordinate which matches the slabs 
thickness. The coefficient of heat-conductivity, a, is 
[21, 30]:  
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where: λ(T) - coefficient of heat transfer, cef(T) - effec-
tive specific heat and ρ(T) - density. Characteristic for 
these parameters is that they are considered as functional 
dependences on the temperature, and not as constants; 
cef(T) is

( )efc T c L ψ
τ

∂
= − ⋅

∂
  for the temperature interval

liqsol TTT ≤≤ ,                                                           (6)

where: c - specific heat, L - latent heat, Ψ - formed solid 
phase, T - temperature, Tsol - temperature solidus, Tliq - 
temperature liquidus. 

For determining of the isoliquidus and isosolidus 
curves on the cross-section of the slab the following 
expression was used [20, 27]:
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where: L1 - slabs thickness, L2 - slabs width, L3 - slabs 
length, T0 - steel casting temperature, C1 and C2 - time 
constants, which values should be previously deter-
mined. The values for xi  are from 0 to L1/2, and the yi 
values - from 0 to L2/2. The zi coordinate is related to 

Castings Output of steel, Y[%] Root mean square deviation, 

S, [%] minimum maximum mean 

I 89 99 96.89 3.18 

II 88 99 96.22 2.95 

III 88 99 95.33 3.71 

 

Table 2. Values for the steel output, Y, and root mean square deviation, S.
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the slabs length - from 0 to L3.
The values of the time constants are determined 

using the expression [20]:
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The time constants can also be calculated using the 
solidification constant [21]:

solc τδ ⋅= , 			                                 (9)

where: δ - shell thickness, c - solidification constant, 
τsol  - solidification time.

The values of the time constants should be deter-
mined for each meter along the length of the slab. The 
constants values obtained using the expressions (8) 
and (9) were compared with the values obtained by 
direct measurements of the temperature field during 
the solidification. The shape of shell thickness on the 
longitudinal wider section of the slab for all 3 cases is 
presented on Fig. 4. 

With the exception of the beginning, the values of 
the shell thickness obtained by the Greene’s function co-
incide to the real, measured values. Because of that, they 
were inputted into the isothermal model. The appliance 
of the isothermal methods provides analytical solutions 
which satisfy the differential equation - Greene’s func-
tion. The solution should satisfy the given starting con-
ditions, such as the liquid phase length and the mould’s 

dimensions. The areas for liquid, two-phased and solid 
phase on the cross-sections of the slab were determined, 
beginning from the liquid steel’s surface in the mould 
after each meter. 2D cross-section on the mould’s outlet 
with solidus and liquidus curves is presented on Fig. 5. 
On Fig. 6 all of the solidus curves are shown, from the 
mould’s outlet, to 9 m of the slabs length, on each meter 
of its length.

On Fig. 7 the longitudinal section of the wider side 
of the slab (L2) is presented, with defined areas for the 
liquid, solid and two-phased area. The liquid phase ex-
tends to 4.72 m of length, whereas the two-phased area 
has a length of 10.32 m. 

All of the solidus curves, calculated for one quarter 
of the slabs cross-section, from the mould’s outlet, to 9 
m of the slabs length, on each meter, presented on the 
whole cross-section surface, are presented on Fig. 8.

The determining of the slabs temperature field 
has an increased accuracy of 4.3 % because all of the 
thermophysical parameters are entered into the model, 
not as constants, but as functional dependences on the 

Fig. 4.  Shell thickness obtained by different approaches: 
1 - direct measurements, 2 - calculated using the expression 
(9), 3 - calculated using the expression (8).

Fig. 5. Solidus and liquidus curves on 1/4 of the slabs cross-
section on the mould's outlet; 1-solidus, 2- liquidus curve.
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temperature. Also, the isothermal method, in comparison 
to the other methods, has an option for 2D graphical 
presentation of the solidus and liquidus curves on slab’s 
cross-sections, or 3D presentation, with connecting of 
the curves. 

Relation between the production conditions, the 
temperature field and the quality of the slabs

In the aim of establishing a relation between the 
production conditions, the temperature field during the 
solidification and the quality of the slabs, the processing 
of 600 castings was followed and an statistical analy-
sis of the appearance of defects in the slabs was done 
[31]. From the analysed castings, 17.3 % were without 
defects, and 82.7 % had some type of defect present. A 
total of 353 t of steel was removed by flame gouging. 
However, it can be said that the slabs have satisfying 
quality, because 353 t is about 0.6 % of the overall weight 
of the slabs. An overview of the registered defects is 
presented on Fig. 9. The most common are the cracks: 
spider cracks, longitudinal, corner, transverse and edge 
cracks. These defects make 66.8 % of the overall defects. 
Bubbles are also a common type of defect - they occur 

in 25.6 % of the cases. 
The quality of the produced slabs is directly related 

to the chemical composition of the steel and the param-
eters of the continuous casting process. The greatest 
influence, from all of the followed parameters, have the 
conditions of the heat transfer, the steel’s inflow tempera-
ture in the mould and the casting speed, which influences 
the temperature field formed during the solidification. 

The analysis of the defects in dependence on the 
casting speed has shown that the defects occur more 
frequently at higher casting speeds [31]. Thus, the corner 
cracks have increased for 3.5 times during casting speeds 
of 0.013 m s-1 compared to casting speeds of 0.008 m 
s-1. The temperature of the liquid steel also influences 
the increase of different types of cracks, especially the 

Fig. 6.  Solidus curves for all of the cross-sections, shown 
on 1/4 of the slabs cross-section. 

Fig. 7.  Liquid, two-phased and solid area on the longitu-
dinal section of the slab. 
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corner cracks, which have increased 6 times with the 
increase of the liquid steel’s temperature of 18oC. With 
more intense primary cooling it is notable the increase 
of the longitudinal and spider cracks. The intensifying 
of the primary cooling of 25 %, the total sum of defects 
increases for almost 3 times, and the intensifying of the 
secondary cooling of 25 % - increases the total sum of 
defects for 1.5 times.

Comparing the total sum of defects in relation to 
the size and shape of the liquid phase it can be said 
that at larger lengths the defects occur less frequently. 
Thus, castings with a length of the liquid phase of 11.7 
m have 25 % less defects than castings with a liquid 
phase 10.32 m long. Castings with a smaller length of 
the liquid phase are characterised with lamination and 
corner cracks, whereas castings with longer liquid phase 
are characterised with axial porosity and structure form-
ing with three characteristic zones.   

The role of the mathematical modelling of the 
temperature field is in the proper choice of technologi-
cal parameters which will provide optimal conditions 
for steel solidification and heat transfer [32, 33]. The 
structure which provides good quality of the slabs has 
a zone of columnar grains as small as possible and a 

zone of small unoriented grains as large as possible. 
This is provided by a wide two-phased area, which is 
formed at low temperature gradients and less intensive 
secondary cooling. 

CONCLUSIONS 

The mean values for the steel output are from 95.33%, 
for carbon steel with content of C > 0.1 % to 96.89 %, for 
manganese steel. 

The greatest influence on the steel output have the 
parameters of the temperature regime, especially the 
steel’s inflow temperature in the mould, then the chemi-
cal composition and the conditions of the heat transfer. 
The steel output is mostly influenced by the content of 
C and S, as well as the relations C/10+S and Mn/S. 

The temperature field of the slab during solidifica-
tion is determined by mathematical modeling, with 
application of the numerical and the new analytical, 
isothermal method. The areas of the liquid, solid and 
two-phased zones were determined. 

The isothermal method, in comparison to other 
methods, is accurate enough, with the exception of small 
deviations at the beginning of the solidification process. 
The option for graphic presentation of the results makes 
the isothermal method suitable for determining of the 
slab’s temperature field in stationary conditions.  

Various types of defects occur in 82.7 % of the 
analysed slabs. The cracks - spider cracks, longitudinal, 
corner, transversal and edge cracks make 66.8 % of the 
defects. Bubbles are also a common defect - they occur 
in 25.6 % of the cases. 

The defects are more frequent at higher casting 
speeds, higher temperatures of the liquid steel and more 
intense primary cooling.

The role of the mathematical modeling of the 
temperature field is the choice of the technological 

Fig. 8. Solidus curves calculated for each meter of the cross-section and presented together, on a single cross-section.
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parameters which will provide optimal conditions for 
slab solidification and production of quality steel slabs.
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