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Abstract 

 
Thermal–mechanical behavior of the solidifying shell is important for design of taper and 
understanding crack formation and other defects during continuous casting of steel.  A transient 
finite-element model, CON2D, has been developed to simulate the evolution of temperature, 
stress and strain in the solidifying shell during this process.  The model features unified elastic-
viscoplastic constitutive models for austenite, ferrite, mushy, and liquid steel.  The model was 
validated by simulating an SSCT experiment similar to that of Kurz. CON2D was then applied 
to investigate the effect of steel grade on thermo-mechanical behavior of a slice domain under 
realistic heat flux conditions.  The shrinkage predicted by CON2D was compared with simpler 
methods, such as that of Dippenaar.  This simple method is found to over-estimate the 
shrinkage of low carbon steels, where a substantial fraction of soft delta-ferrite exists, but 
matches reasonably for high carbon steel, containing strong austenite. Implications of the stress 
and strain profiles in the solidifying steel and practical applications are also discussed. 
 

Introduction 
 
The shrinkage associated with solidification and cooling is of practical importance for many 
casting processes, as it affects both the casting dimensions and the formation of hot tear cracks, 
and other defects in the product.  In continuous casting processes, molds are often tapered to 
match the shrinkage, in order to continuously support the weak shell and avoid defects.  Taper 
design depends on accurately quantifying the fundamental phenomena that govern shrinkage 
during the formation and cooling of a solidifying shell.  
 
This paper summarizes recent work with computational models to predict these phenomena for 
steel, during the continuous casting process.  The model is first validated by comparison with 
measurements of a "Submerged Split Chill Tensile" (SSCT) test.  This important measurement 
tool was pioneered by Kurz[1] to study mechanical behavior and failure phenomena during 
solidification.  The model is then applied to predict shrinkage during continuous casting of 
steel, investigating the effect of grade.  Finally, simplified models to predict shrinkage are 
evaluated.  
 

Shrinkage Models 

A finite-element elastic-viscoplastic thermal-stress model, CON2D[2-4] has been developed to 
predict thermal-mechanical behavior of steel during continuous casting, including shrinkage of 
the solidifying steel shell.  The model results have many applications, such as for designing the 
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taper of the narrow faces of a continuous casting mold for steel slabs, in order to accommodate 
shrinkage of the wide faces, as shown in Fig. 1.[5]  The model solves a 2D finite-element 
discretization of the transient heat conduction equation in a Lagrangian reference frame that 
moves down through the caster with the solidifying steel shell.  Next, the force equilibrium, 
constitutive, and strain displacement equations are solved under a condition of generalized 
plane strain in both the width and casting directions[2].  Thermal and mechanical behavior are 
studied here in a longitudinal slice through the centerline of the shell (Fig. 2).  This slice 
domain has been shown to be an accurate and economical method to approximate shrinkage of 
the thin solidifying shell in the mold, despite the corner effects[6]. 

 
Simple Shrinkage Predictions 
Owing to the great computational effort required for a complete finite-element stress simulation, 
and the dominance of thermal strain in the shrinkage, simpler ways are sought to estimate 
shrinkage from the computed temperature histories of points in the shell.  Recent work with 
CON1D[7] compares two simple methods.  First, thermal strain εth1 can be estimated simply from 
the shell surface temperature, Ts: 

1 ( ) ( ) th sol sTLE T TLE Tε = −  [1] 

where TLE is the thermal linear expansion function for a given steel, Fig. 3, calculated from 
weighted averages of the phases present.  
 
Another method, developed by Dippenaar[8] computes the strain εth2, by summing the average 
TLE of the solid portion of the shell between each pair of consecutive time steps: 
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where the shell thickness is divided into i sections.   
 
CON2D Stress Model 
In the elastic-viscoplastic finite-element model, the total strain is decomposed into elastic, 
thermal, inelastic and flow-strain components.  Thermal strain dominates the total, and depends 
on temperature and steel grade, as shown in Fig. 3.  A simple micro-segregation model is 
adopted to track the weight fractions of each phase[7]. Unified plastic-creep constitutive models 
are used to capture the temperature, strain-rate, phase fraction, and grade sensitivity of steel 
strength at high temperature. The instantaneous equivalent inelastic strain rate depends on the 
current equivalent stress, temperature, the carbon content, and the current equivalent inelastic 

Fig. 1: Wide face shrinkage and narrow face taper Fig. 2: 1-D Slice Simulation Domain for CON2D 
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strain, which accumulates below the solidus temperature.  When the steel is mainly austenite 
phase, (%γ >90%), Model III by Kozlowski[9] was applied.  This function matches tensile test 
measurements of Wray[10] and creep test data of Suzuki[11].  When the steel contains significant 
amounts of soft delta-ferrite phase (%δ >10%), a power-law model is used[4], which matches 
measurements of Wray above 1400 oC[12]. Fig. 4 shows the accuracy of the constitutive model 
predictions compared with stresses measured by Wray[10] at 5% strain at different strain rates 
and temperatures.  This figure also shows the higher relative strength of austenite, which is 
important for shrinkage of the solidifying shell, and greatly affects the grade dependence of 
 

Temperature (oC)

Th
er
m
al
Li
ne
ar
E
xp
an
si
on
(m
/m
)

800 1000 1200 1400 1600
-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

0.015

0.02

0.003%C
0.044%C
0.1%C
0.27%C
0.44%C

Reference Temperature = Solidus

 

0.1

1

10

1200 1250 1300 1350 1400 1450 1500 1550

ELEC FE - 2.3x10 -2 (s -1)

ELEC FE - 2.8x10 -5 (s -1)

FE 0.028%C  - 2.3x10 -2 (s -1)

FE 0.028%C  - 2.8x10 -5 (s -1)

FE 0.044%C  - 2.3x10 -2 (s -1)

FE 0.044%C  - 2.8x10 -5 (s -1)

FE 3.0%Si - 2.3x10 -2 (s -1)

FE 3.0%Si - 2.8x10 -5 (s -1)

dε/dt 2.3x10 -2 (s -1)

dε/dt 2.8x10 -5 (s -1)

Tem perature ( oC)

δ
+
L

δδ
+
γ

γ

 

Fig. 3: Thermal expansion of steel, TLE(T) Fig. 4: Steel strength at high temperature (comparing 
predicted and measured values for α and γ) 

ideal taper.  Further details regarding the model formulation are presented elsewhere, including 
its extensive validation with both analytical solutions and plant measurements[4, 6]. 
 
Model Validation: Submerged Split Chill Tensile (SSCT) Test 
To further validate the model, it was applied to simulate an SSCT test (Fig.5).  The SSCT test 
was pioneered by Kurz and coworkers[1, 13] to measure metal strength during solidification by 
applying a tensile force perpendicular to the columnar dendrite growth direction.  The measured 
change in position of the lower half of the copper chill is shown in Fig. 6, as it is lowered into a 
bath of 0.25%C steel, held for 12s, and then pulled away from the upper half[13].  During the 
submergence and holding time, thermal expansion of the upper half of the chill exerts a tensile 
force on the solidifying shell.  Shrinkage of the solidifying steel shell adds to this force.  This 
pushes the lower half downward, while the applied force measured at the load cell remains at 
zero, owing to force control.  At the end of the 12s holding time, the test switches from force 
control to position control.  At the beginning of the tensile test (after the hold) the lower half 
moves downward at a controlled velocity.  When movement starts, the force is redefined to zero. 

The SSCT test was simulated with a 0.5 x 25mm slice through the solidifying shell.  Heat flux 
at the chill / steel interface is taken from thermocouple measurements and was adjusted so that 
predicted shell growth roughly matched the measurement.  The domain was kept flat by 
constraining the vertical displacements along the upper side of the mesh to the same position-
time profile, chosen to mimic the position – time results in Fig. 6.  Specifically, during the first 
2.7s after submergence, the position moves 0.23 mm (0.0023 s-1 strain rate, based on the chill 
height of 37mm).  The strain rate dropped to 0.0004 s-1 for the remaining 9.3s of the hold.  
Finally, a strain rate of 0.046 s-1 was applied during the tensile test time. 
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If there was no axial force exerted on the shell, then the stress profile of Fig. 7 would be 
produced. Note the surface would be in compression with the interior in tension, where hot 
tears could form.  Stress would drop to the ferrostatic pressure (near zero) in the liquid. 
However, the expansion forces the entire shell into tension. The simulated and measured force 
versus time curves are compared in Fig. 8.  True force on the shell was not measured prior to 
the hold time so the simulation starts at 12s. Similarly, the time of applied load is offset to 
measure from the time of initial submergence in both cases. Before the test officially starts, the 
model predicts force to grow during the hold time.  After the tensile test begins, both model and 
measurement show a steep force increase.  The measurement later relaxes to a constant before 
declining just before the test ends.  This is likely due to gradual failure of the shell due to hot 
tearing and strain localization.  This is not simulated, so the model overpredicts subsequent 
force in the shell.  Solidification during the test allows the shell to maintain a load even after it 
starts to fail.  The strain to failure is difficult to determine, as it includes strain both before and 
after the  test  starts.  Thus, the  combination of  sophisticated  experimental  measurements  and  
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Fig. 5: Submerged Split Chill Tensile 
(SSCT) apparatus[1, 13] 

advanced modeling of the experiments is the best 
way to understand the fundamentals of 
mechanical behavior during solidification.  
Considering the simplifications and uncertainties, 
the model is reasonably able to predict 
mechanical behavior during solidification, prior 
to crack formation. 
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Fig. 6: Typical SSCT test data 
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Fig. 7: Typical temperature and stress profiles 
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Results 
 
The shrinkage models are applied to simulate the solidifying shell during continuous casting of 
steel slabs.  In particular, the effect of steel grade is investigated.  
 
Heat Flow Model  
Heat flux leaving the surface of the solidifying shell is calculated using a finite-difference 
model of shell solidification, CON1D, that features detailed treatment of the slag layers in the 
interfacial gap, coupled to a 2-D computation of mold heat conduction[7].  Constants in the 
model, such as contact resistances, powder consumption rate, flux properties, and solid flux 
velocity, dictate the heat flux profile down the mold.  Through calibration, the total heat flux 
(integrated from the heat flux profile) was forced to match Eq. 3[14], which was obtained from a 
curve fit of many measurements under different conditions at a typical slab caster. 

2
6 0.09 1.19 0.47 0.107 %4.63 10 1 0.152exp

0.027G flow C
CQ T Vµ− −

  −  = ⋅ − −   
     

 [3] 

where QG is the mean heat flux (MW/m2), µ is the powder viscosity at 1300 oC, (0.083 Pa-s for 
flux E and 0.192 Pa-s for flux C), Tflow is the melting temperature of the mold flux (1120 oC for 
flux E and 1215 oC for flux C), Vc is the casting speed (1.5 m/min), and %C is carbon content.   

Heat flux and surface temperature predictions are presented in Figs. 9 and 10 for steel grades 
with a range of carbon contents.  These results quantify the well-known fact that heat flux drops 
for peritectic steels (near .107%C).  Heat flux drops even further for peritectic steels because 
they generally use mold powders like C with high solidification temperatures, (which hence 
form a thicker insulating flux layer against the mold wall)[5, 7].  Surface temperature is naturally 
lower for the higher heat flux. 
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Fig. 9: Heat flux predicted down mold  
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Fig. 10: Predicted surface temperature profiles 

 
Shrinkage Predictions 
Shrinkage and stress predictions were made using the CON2D model, assuming ideal taper 
conditions (implying free shrinkage of the shell in the mold).  The temperature and stress 
profiles through the shell are shown in Fig. 11 for a peritectic steel (0.1%C).  Compared with 
the higher carbon steel in Fig. 7, the stresses near the solidification front are lower, owing to the 
extra creep of the weak delta-ferrite phase.    The effect of steel grade on shrinkage is shown in 
Fig. 12.  Lower surface temperature increases the amount of shrinkage.  This effect appears to 
outweigh the importance of the extra shrinkage (higher TLE) experienced by peritectic steels. 
Thus, peritectic steels experience less shrinkage and require less taper than either low or high 
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carbon steels.  The low carbon steels experience both heat flux and shell shrinkage that is 
greater than for the other grades. 
 
The simple Dippanaar method 2 for predicting shrinkage performs well for higher carbon steel, 
as it matches the advanced CON2D model predictions in Fig.14.  However, the low carbon 
steels (<.16 %C) have extra inelastic strain, owing to their microstructure being in the soft, 
rapidly creeping delta phase. This extra creep generated in the solid tends to lower the amount 
of shrinkage experienced by these grades. This explains the big overprediction of method 2 for 
these grades, observed in Fig. 13.  The simple shrinkage prediction method 1 (based on surface-
temperature) consistently underpredicts the shrinkage, because it neglects the compression 
generated in the surface.   

 
Fig. 11: Stress Profile through shell 

 
Fig. 12: CON2D Shrinkage predictions 

 

 
Fig. 13: Typical shrinkage profile comparison 
for low and medium-carbon steels (Powder E) 

 
Fig. 14: Typical shrinkage profile comparison 

predicted for high-carbon steel 
 

Applications 
 
A finite-element model CON2D to predict thermo-mechanical behavior of the shell during 
solidification has been developed and validated.  This model has recently been applied to a 
variety of practical problems:  
1) predicting ideal taper during slab[5] and billet casting,[6]   
2) understanding the effect of corner radius on longitudinal cracks in the mold,  
3) finding the minimum shell thickness at mold exit to avoid breakout,[15] and  
4) finding the maximum casting speed to still avoid bulging and off-corner longitudinal cracks 

below the mold.[4]   
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