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Abstract:  A transient, two-dimensional, coupled fi nite element model was employed to simulate the solidi fi cation 
and shrinkage of continuous casting steels by means of ANSYSTM. In the model, a gap-dependent heat transfer 
condition was introduced to modify the heat flux function, and the variations of material thermal properties, 
mechanical properties as well as the yield function with temperature were considered. The solidification and 
shrinkage processes of four round billets and two square billets were simulated by indirect coupled method. 
Simulation results show that carbon content, pouring temperature, casting speed and shape of billets have distinct 
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according to the calculated shrinkage curves of billets. 
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Continuous casting technology is currently the primary 
method in production of steels billets and slabs. The 

mould is considered as the heart of continuous caster. Molten 
steel solidifies and shrinks in the mould, inevitably forming 
gaps, which is a restrictive condition in continuous casting, 
between the solidifi ed shell and the mould’s copper plate. The 
mould design should adapt to the heat shrinkage of the billets, 
therefore a converse taper was designed for the mould inner 
cavity to reduce the formed gap [1], increase the thickness of 
the solidifi ed shell, and to improve the casting speed and the 
surface quality of the billets, while, the mould can not only 
avoid and reduce the temperature recovery events [2], but also is 
propitious to prevent billets from crack and distortion [3]. In fact, 
continuous casting is operated at high temperature above the 
steel melting point, therefore, the measurement of temperature, 
stress and solidifi cation shrinkage is almost impossible. A full–

scale physical simulation is also very diffi cult and expensive. 
Based on intensive research on continuous casting, physical 

phenomena of heat transfer and stress-strain evolution can 
be described by model mathematically, which normally is 
represented by a set of differential or partial differential 
equations. Many scholars have done lots of studying work on 
heat transfer, metal solidifi cation, and stress-strain evolution 
during continuous casting by the mathematical analysis. 
Thomas [4] and Park [5] have developed the fi nite element thermal 
stress to predict temperature, distortion and resultant stress in the 
mould of thin slab continuous casters. J. Z. Jin [3] has developed 
a mathematical model for solidifi cation in continuous casting 
by finite difference method. E. G. Wang [6] has developed a 
finite element mathematical model to simulate the thermal 
elastoplastic stress on continuous casting billet in the mould so 
as to optimize and design the continuous casting mould taper. 
A. E. Huespe [7] has used the plane strain with uniform axial 
strain to simulate mechanical behavior of the round and slab 
billets. Thomas, G. O'Connor and Jonathan A Dantzig[8] have 
used the calibrated numerical simulation model to analyze 
continuous casting process and derived an ideal narrow 
face taper prediction equation. G. Ding [9] has studied the 
solidification and shrinkage of continuous cast slab and the 
suggested optimized mould taper strategy is proved successful 
in the practical production. L. G. Zhu and R.V. Kumar [10] 

have optimized the mould taper profi le in order to intensify the 
heat transfer and improve the quality of the cast products by 
mathematical model. I. V. Samarasekera[11] has designed the 
high speed billet mould taper by the industrial experiments and 
a mathematical billet thermal and solidifi cation model.
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In this paper, the solidifi cation and shrinkage for four round 
billets and two square billets were simulated. Rules of shell 
growth, shell temperature and stress-strain evolution and billet 
shrinkage were numerically studied. The mould taper was 
therefore optimized.

1 Simulation model
Two-dimensional finite element model was developed to 
predict the thermal-stress fields of molten steel within the 
mould. A heat flux varying with the distance from meniscus 
was employed at the boundary between the billet and mould. 
For the square billets, when the solidifi ed shell appears in the 
corner, the heat flux suddenly decreased to only 1/3 of the 
standard value in the boundary center [12]. In the simulation 
process, temperature fields were computed first, and then 
the temperature results were transferred to the thermal-stress 
calculation model as initial condition. 

1.1 Model fundamental
(a) Ignore the longitudinal heat conduction in the direction 

of casting.
(b) Ignore the heat transfer difference between inside and 

outside of curved mould.
(c) Ignore the creep deformation of the solidifi ed shell, but 

consider and develop elastic-plasticity model. 
(d) Assume that metal materials obey the Mises yield 

criterion.
The solidification with phase change and the temperature 

distribution inside the billet during the continuous casting of 
steel can be described by the two-dimensional non-steady-state 
heat conduction equation [13]:

        
Where  (T) is the density of steel (kg/m3), T is the 

temperature (K),    is the time (s), x, y are the rectangular 
coordinates, k(T) is the thermal conductivity (W/m·k), c(T) is 
the specifi c heat (J/kg·k), and S is the latent heat source (W/m3).

Latent heat was generated during the phase change between 
the liquidus and solidus temperatures and it can be expressed 
by the following equation:

Where L is the latent heat of fusion (J/kg),   (T)s is the 
density of solid (kg/m3), fs is the solid fraction.

The increment total strain can be described by the following 
equation [6, 12]:  

                       {dε}= {dε}e+{dε}T+{dε}p      (3)

Where {dε}e, {dε}p, {dε}T are the elastic, plastic and thermal 
strain, respectively.

1.2 Geometry mesh grid model and method of
      simulation
Due to the symmetry, the 1/4 entity model was selected for the 
calculation of both round and square billets. The mould length 

was 780 mm (with working length of 700 mm), diameter of 
the round billet is 182 mm, the square billet section size is 
165 mm × 165 mm and the mould corner radius is 5 mm. 
Considering edge effect of heat transfer, the mesh grid of the 
model was small in the dense heat transfer regions, and gentle 
big mesh grid was used in other regions. Figure 1 and Fig. 2 
show the mesh grid entity model pictures of round and square 
billets.

Fig. 1: Mesh grid entity model of round billets (1/4 symmetry)

Fig. 2: Mesh grid entity model of square billets (1/4 symmetry)

The simulation method is explained in Fig. 3 by taking 
round billet as example. The fixed point P on the billet 
boundary goes through the whole mould from the meniscus 
to the bottom of mould. In the dynamic process of pulling 
billet, results of the transient temperature fi eld were obtained 
first, and then the thermal results as initial conditions were 
transferred to the stress-strain calculation. The calculation 
process was done at every Δt or Δh, hence, the instantaneous 
solidifi cation shrinkage information at point P can be gained 
during t=0 and t=l/v (l is the working length, v the casting 
speed). It is easy to get the shrinkage curve at point P which 
can be referred to optimize the mould taper.

Fig. 3: Sketch of simulation method
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1.3 Initial condition and boundary condition
Pouring temperature was selected as the initial temperature. 
Heat transfer between the billet and mould was defined by 
a function varying with the effect of shrinkage gap [5, 6, 7]. In 
the model, according to actual working condition and mould 
parameters, the modifi ed heat flux function was loaded to the 
surface of the billet. The function is as follow [14, 15]:

        
       
Where t is the pulling time (s), q is the heat fl ux, MW/(m2·k). 
In the mould, the pulling time can also be expressed as t=l/v, 

so, equation (4) can be described as [16]:
         
      

Where l is the distance from meniscus (m), v is the casting 
speed (m/s). Figure 4 shows the heat fl ux distribution along the 
height of mould with different casting speeds.

1.4 Computed parameters
Density, thermal conduction, specifi c heat, latent heat of fusion 
and mechanical properties as well as yield functions changing 
with temperature were developed [17, 18]. Regarding the thermal- 
expansion coefficient, temperature related computation model 

was specially established, with the infl uence of solid-liquid phase 
change well considered [19-21], the equation is shown as follow:

                          (6)

Where T is the present temperature (℃), Tref is the reference 
temperature (℃), V is the present volume (m3), Vref is the reference 
volume (m3); α  is the linear expansion coefficient (1/℃). The 
casting speed, carbon content, and pouring temperature etc. are 
shown in Table 1.

 Steels                   Content of carbon (%)         Pouring temperature (℃)        Liquidus (℃)            Solidus (℃)            Casting speed (m/min)

12CrMoV        0.125     1,536        1,513       1,470              2.9

X42        0.125     1,542        1,517       1,473              2.9

ST45EQ        0.165     1,531        1,511       1,465              2.5

37Mn5V        0.365     1,513        1,493       1,427              2.5

ER70S6        0.07     1,540        1,515       1,465              2.15

B72LX        0.72     1,492        1,472       1,372              1.8

Fig. 4: Heat fl ux distribution along the height of mould

Table 1: Calculated steels and working conditions

2 Results and discussion
Two-dimensional model was applied to predict thermal-
mechanical behavior of six different cast steel billets under 
different operating conditions. Fig. 5 shows the shrinkage 
contour at the mould exit with different time. 

Just below the meniscus, steel solidfiies against the mold 
and shrink away from the mould. The shrinkage of steel shell 
appears at 5 s, and then the shrinkage increases gradually 
and the shrinkage distribution becomes more uniform when 
compared with those at 5 s.

                                                     (a) t=5 s                                                                          (b) t=16.8 s

Fig.5: Round billet shrinkage contours of X42 at different time
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Figure 6 shows the shrinkage distribution contours of the 
square B72LX steel billet at 10 s and 23.3 s (at the mould 
exit), Fig. 6(a) shows that the shrinkage at the corners and 
center of billet boundary is bigger than those at the off-corner 
positions. The shrinkage leads to the gap that forms between 

the billet and mould plate. Figure 6(b) shows that the convex 
phenomenon of the boundary at the off-corner positions have 
decreased and the shrinkage value at boundary corner is more 
than those of the other boundary due to the intense cooling rate 
at the corner. 

Fig. 8: Solidification shrinkage curves of square billets 
boundary center along the height of mould

                                                  (a) t=10 s                                                                            (b) t=23.3 s

Fig. 6: Square billet shrinkage contours of B72LX at different time

Figure 7 shows the solidification shrinkage curves at 
point P along the height of the mould (four round billets of 
ST45EQ, 12CrMoV, X42 and 37Mn5V). Figure 8 shows 
the solidification shrinkage curves at the boundary center 
along the height of mould (two square billets of ER70S6 
and B72LX). As shown in Fig. 7, it is obvious to see that 
the curves can be divided into three stages. At the fi rst stage 
(0 mm to 150 mm), the solidified shell does not appear on 

the boundary of the billet, and the thickness of solid-liquid 
phase region is much thinner due to the release of latent heat 
of fusion, so the shrinkage is much smaller in this stage. More 
solidification occurs in the second stage (150 mm to 300 
mm). The initially solidified shell contacts with the copper 
plate closely under the effect of ferrostatic pressure. Heat 
transfer efficiency is, therefore, improved. As a result, not only 
the solidified shell grew rapidly, the solid-liquid two phase 
region enlarging continuously also. Liquid phase shrinkage, 
solid-liquid two phase shrinkage and solid phase shrinkage 
in the cast billet accumulated together and result in the total 
shrinkage of the boundary. The shrinkage is most obvious in 
this stage. A relatively stable gap appears between the shell 
and copper plate at the third stage (over 300 mm). The heat 
transfer effi ciency is reduced by the gap, so the accumulated 
effect of solidification shrinkage tends to become slow, but 
total shrinkage is increasing continuously. At the mould exit, 
the shrinkage of X42 steel is the largest in all the round billets 
(reaching 4.3 mm). On the contrary, the shrinkage of 37Mn5V 
steel is only 2.2 mm. 

For 37Mn5V steel, it is different from the other three kinds 
of steels in carbon content, temperature region of solid-liquid 
phase and casting speed, therefore the shrinkage curve at point 
P has two obvious stages which are slightly different from 
others.

As shown in Fig. 8, the shrinkage in the square billets is 
obviously less than those in the round billets. The shrinkage of 
B72LX steel reaches 1.22 mm and ER70S6 steel is 1.38 mm at 
the mould exit. The square billets shrinkage can also be divided 
into three stages. The shrinkage curves of the two steels almost 
coincide with each other under the meniscus from 0 to 110 
mm. From 110 mm to 390 mm, shrinkage increases quickly 
and the two curves are very close to each other. Shrinkage 
curves become gentle and total shrinkage keeps on increasing 
for over 390 mm, and the curves of the two steels billets are 
obviously different.

Fig. 7: Solidification shrinkage curves at point P in the 
round billets boundary along the height mould



Research & Development
February 2010

65

3 Mould taper optimization
The mould taper should be determined from the actual air 
gap, which can be obtained by combining the gaps mainly 
contributed by steel shrinkage and distortion. As known, the 
multiple or continuous taper mould should be adopted to 
decrease the gap width between the solidifi ed shell and mould 
wall, so as to ensure good contact between the strand shell 
and the mould wall to maintain the heat fl ow rate and thus to 

improve billet quality. The method for designing continuous 
taper in the mould is discussed below.

The solidifi cation of steel obeys the solidifi cation shrinkage 
curve (from numerical simulation results); the mould wall 
position should be tapered inwards with changing taper in the 
parabolic curve, in accordance with the actual solidified shell after 
shrinking in the mould. The inner cavity of mould with continuous 
parabolic taper is illustrated schematically in Figs. 9-11. 

Fig. 9: Mould ideal taper of 
round billets(ST45EQ, 
12CrMoV, X42)

Fig.10: Mould ideal taper of 
round billets (37Mn5V)

Fig.11: Mould ideal taper of 
square billets (B72LX, 
ER70S6)

In the actual production, it is impossible to provide different 
moulds for each kind of steel. Based on the similarity of 
shrinkage curves of different steels, the average curves are 
parabolic-like, as shown in Fig. 7 and Fig. 8. Therefore, it 
is easy to design an ideal mould taper by only rotating the 
average curves with 90° which can be gained by similar curves 
of same billets, and they are basic foundation in the design and 
optimization of the mould taper. As for the 37Mn5V steel, its 
shrinkage curve has marked difference from the other steels, 
so a special mould taper was designed for it. The taper’s ideal 
mould boundary is schematically shown in Figs. 9, 10 and 
11. The longitudinal coordinates are distance from the mould 
bottom, and horizontal coordinates are the radiuses of mould 
body.

4 Experimental results
Based on the shrinkage curves in the mould, the continuous 
parabolic taper moulds were designed and produced by the 
factory. The experimental data was gained by using of the 
designed moulds under industrial conditions. The round mould 
was used to investigate the lifetime of the designed mould, 
and the lifetime reached at 322 heats, higher than the factory's 
requirements and more than the lifetime of the imported 
mould, which reaches to 200 heats only. The square mould has 
been worked for 55 heats without any problem. The test has 
not yet been finished because there is no further production 
task. Therefore, the real lifetime of the square mould is not 

clearly known. Table 2 shows the lifetime test results of the 
designed mould obtained by factory.

              Items                                     Round mould    Square mould

Total number of heats  322          55

Pouring times    24          6

Max continuous cast heats  47          22

Average continuous cast heats  13.4          9.2

Steel species   35          9

Table 2: Lifetime test results of the designed mould

Table 3 and Table 4 show the quality analysis of round and 
square billets, the 2nd strand moulds are the designed round 
and square moulds, and the others are the compared moulds. 

In Table 3, surface crack, center crack and center porosity, 
do not appear in all the billets. The crystallization structures 
above class 3 appear to some extent for all the cases, but the 
crystallization structures of the 2nd strand are better than other 
strand. The surface cracks emerge in the 1st and 6th strand 
only. In Table 4, the surface crack and the center crack do 
not appear in all experimental strand, but the center porosity 
and crystallization structure above grade 3 appear in the 
billets. Comparing with the other experimental strand, the 
crystallization structure and the center porosity of the 2nd run 
are better, or equivalent. It also shows that the surface crack 
does not appear in the billets in all cases.



CHINA FOUNDRY Vol.7 No.1

66

5 Conclusions
(1) At the mould exit, the average shrinkage of round billets 

(ST45EQ, 12CrMoV and X42) reaches at 3.8 mm and the 
average shrinkage of square billets (ER70S6 and B72LX) 
reaches at 1.3 mm for the center of the boundary. 

(2) According to the simulated shrinkage curve, the round 
mould for ST45EQ, 12CrMoV, X42 (low carbon steel) can be 
designed by three continuous parabolic tapers, and 37Mn5V 
(high carbon steel) can be designed by two continuous 
parabolic tapers. Square mould for the B72LX and ER70S6 
steel billets can be designed by three continuous parabolic 
taper, because their shrinkage curves have similar tendency.

(3) The lifetime of the designed mould satisfied with the 
factory’s requirement. Compared with the imported moulds, 
the designed moulds have equivalent lifetime and even better. 
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