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Abstract 

 

Solidification of a 40 MT ingot was simulated using Thercast® FEM code. Simulations were carried 

out for a medium carbon low alloy steel and a stainless steel. In a relatively novel approach, design 

of experiments method along with numerical simulation were employed to achieve optimum 

conditions very rapidly thereby avoiding time consuming and costly physical experimentation. The 

effects of ingot casting parameters including pouring rate, pouring temperature and mould 

temperature on solidification behaviour were investigated. Two mathematical models were 

developed to predict and optimize ingot casting solidification time. Results showed that pouring and 

mould temperatures have significant effects on solidification time. Parameters such as solid front 

movement, flow pattern, air gap formation and temperature profile were studied. The simulation 

model was validated against experimental data. 
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Introduction 

 

 The increased demand for large size forgings in naval, energy, machinery and other industries has 

led to development and innovation for improved quality and productivity. Ingot casting is still by 

large the most important production method for large size forgings of high strength alloys. 

However, as steel ingots increase in diameter, defects such as internal voids, micro & macro-

segregation, and large crystal grains may occur at a larger scale and result in part non-conformity. 

In the large ingot, casting process optimization and specifically solidification time is a critical step 

as it will directly impact production time, and influences the quality of the castings [1]. For 

example, macrosegregation as one of the most important defects in castings, and particularly large 

size ingots, is directly related to the solidification pattern [2]. Among the parameters that influences 



macrosegregation, solidification time can be considered as the most important one [3,4]. As short 

solidification times will not allow for achieving solid state at the center of a large size ingot, 

increasing solidification time will result, on the other hand, in increase segregation and porosity [4].  

The experimental determination of solidification time of large steel ingots rests an important 

technological challenge. Many factors could affect the solidification time such as ingot size, mould 

temperature, pouring temperature, pouring rate, steel composition, etc. However, little data is 

available on the effects of the above parameters on solidification time. The mould temperature will 

affect heat transfer across the casting mould/interface and thus affect thermal gradients in the 

casting [5] which could finally affect the solidification time. Kermanpur et al. [6] showed that 

increasing pouring rate in hot top, of low alloy steel ingots, resulted in increasing solidification time 

of the ingot and improving directional solidification patterns. The experimental determination of the 

solidification time in large steel ingots is not always possible due to the difficulties in following the 

evolution of the solid fraction. To address this issue, numerical simulation methods have been 

considered as a suitable alternative. However, reliable simulation requires accurate and real input 

data to obtain a representative results.  

The objective of this research is to study the effects of pouring temperature, mould temperature and 

pouring time on the solidification time of a large size steel ingot. For this, Thercast® software was 

used to evaluate this duration for a 40 MT ingot model. The validation of the numerical results was 

performed by instrumenting the ingot with thermocouples and measuring temperature evolution at 

different locations within the ingot. 

 
Solidification Model Description 

 

The simulations of solidification were performed by the 3D finite element Thercast® software 

which is based on Lagrangian and Arbitrary Lagrangian Eulerian (ALE) schemes. ALE is 

considered to compute the thermal convection in liquid pool and mushy zone while the other one is 

used to calculate the deformation in solid regions. Considering continuum medium as illustrated in 

Figure 1, the different behaviors of the metal are clearly distinguished by the critical temperature 

TC, being thermo-viscoplastic above TC and Thermo-Elasto-Viscoplastic under TC [5-10]. 

 
Fig.1) Material behavior depending on its condition. 

 



In order to take into account the complex behaviour of solidifying alloys, a hybrid constitutive 

model was considered. In the liquid state, the metal was selected as a Newtonian fluid and the 

Navier-Stokes equation with temperature-dependent terms. The alloy in the mushy state (and also 

solid state) was modeled as a non-Newtonian fluid obeying a Thermos-viscoplastic Norton–Hoff 

law. The Lagrangian formulation was used to compute the deformation in solid regions, the 

computational grid was allowed to move with the material: this was essential to treat the air gap 

between mould and casting. An Arbitrary Lagrangian-Eulerian scheme was applied to compute the 

thermal convection in liquid pool and mushy zone, taking into account the liquid contraction and 

the solidification shrinkage. This prevents the mesh from degenerating and allows tracking the free 

surface [7, 10]. Tetrahedral elements were used for the discretization of the part and mould 

components. The unilateral contact condition was applied to the boundary between mould and 

casting. The heat transfer coefficient was determined by the size of air gap between mould and 

casting. In the resolution stage, a coupled computation of the stress and temperature fields was 

performed so that equations were solved iteratively using a prescribed time step. Symmetry 

conditions and tetrahedral elements were applied in the calculation domains. Thus, only 1/8 of the 

40 MT ingot was modelled and meshed. The finite element mesh of the current model consisted of 

158000 nodes and 775000 elements which were selected based on several mesh refinements. The 

solidification simulations were carried out using 36 cores on CLUMEQ supercomputer cluster 

provided by Compute Canada [11]. The configuration of 40 MT ingot including moulds, hot top, 

refractory, stool and powder is illustrated in Figure 2. 

 

 
(a) 

 
(b) 

Fig.2) Schematics representation of (a) 3D model and  
(b) tetrahedral mesh of 40 MT ingot. 

 

 



Factors Affecting Solidification Time 

 

The most effective factors influencing ingot solidification time are the magnitude of molten steel 

superheat prior to entering the mould and thermal conductivity of the mould. In order to develop the 

mathematical model for identifying the most predominant parameters, three process design factors:   

mould temperature (TM), pouring time (tP) and pouring temperature (TP) were selected. 

Solidification simulations were performed on two different steels. The nominal chemical 

composition of the steels is listed in Table 1.  

Table 1: Nominal Chemical Compositions of Steels (wt.%) 
 C Mn Ni Cr Mo Si P S 

25CrMo4 0.25 0.9 0 1.2 0.3 0.4 0.035 0.035 
25-20 0.08 0.79 20 25 0 0.075 0.04 0.015 

 
Using design of experiment, three levels were considered for each of the above variables as shown 

in Table 2. On this basis, 54 simulations were carried out to investigate high order interaction 

effects between factors and solidification time. 

 

Table 2: Factors, Factor Levels and factor designation for two kinds of steels 

Factors 
Factor Level 

1 2 3 
Mould Temperature (C) 150 350 550 

Pouring Time (min) 20 25 30 
Pouring Temperature (C) 1520 1545 1570 

 
 
Using the above approach, possible systematic bias are minimized or suppressed because there are 

no uncontrollable external factors affecting the results. It is therefore not necessary to randomize the 

run order. Also, because the simulations are deterministic (same output every time for a given set of 

inputs), it is not necessary to replicate experiments to reduce the effects of noise factors and/or 

measurement errors. Finally, since the input quantities in numerical experiments remain the same 

(unlike in physical experiments where, for example, material, equipment or operator quality could 

fluctuate between ingot casting), there is no need to divide the experimental runs into blocks and 

arithmetically remove the difference to increase the sensitivity of the design of experiments.  

However, some limitations of the numerical simulations should also be considered: 1) The 

simulation results (responses) will be a strong function of the quality of mathematical functions 

implemented in the code, 2) The responses will also be strongly dependent on the quality of the 

input data for material properties and boundary conditions such as heat transfer coefficients 

between material interfaces. Therefore, unless realistic values are used, the final mathematical 

model response may not be truly representative of the physical process. For this reason, phase 



fraction, thermal conductivity, specific heat, density, thermal linear expansion and mechanical 

properties of the investigated materials were calculated as a function of temperature. Figure 3 shows 

the liquid-fraction temperature curve and Young's modulus (E) curve of the two investigated alloys. 

 

 
(a) 

 
(b) 

Fig.3) Physical and Mechanical Properties Curves Varied by Temperature for (a) Liquid Phase Fraction and  
(b) Young's Modulus. 

 

Results and Discussion 

 

The solidification time was chosen as the main response function for the present study. The 

objective was to screen out the factors that were significant at the 99% confidence level for the 

solidification time and to make a judgment as to how best to manage those factors in order to reduce 

casting time while not creating any run issue. Preliminary simulations were carried out to determine 

the quality of inputs used in the FEM code. For this, the existing production set up was simulated 

and mould temperatures verified against actual data obtained during real ingot casting production. 

The predictions were found to match very well with production data. Analysis of results was 

conducted by Matlab® and Origin® softwares. Normal probability plots are used to investigate 

whether process data exhibit the standard normal or Gaussian distribution behavior. The normal 

probability plots for the two steels are shown in Figure 4. The level of confidence used was, as 

indicated by . Points lying in the vicinity of the straight line, which is the theoretical 

normal distribution centered near zero, indicate that the effects of factors they represent were such 

that they can be predicted by the proposed mathematical model. Due to variations in the 

composition and temperature dependent viscosity of the molten steels, solidification time of the 25-

20 steel is more than the 25CrMo4. Thus, all of the most important factors like latent heat and heat 

transfer by convective and radiative modes are also considered in the proposed solidification 

function (tS). 



 

(a) 

 

(b) 

Fig.4) Normal Probability Plots of the Proposed Solidification Time Function for (a) 25CrMo4 Steel (b) 25-20 Steel. 

 
By using response surface methodology, the solidification time (tS) corresponding to the highest 

value for the adjusted R2, for 25CrMo4 and 25-20 steels are reported in equations (1) and (2), 

respectively. 

 
tS=-7.8022+(TM*0.0177836)+(tP*-0.0314832)+(TP*0.00741776)+ 
(TM

2*-0.0000135204)+(tP 
2*-0.000611111)+(TP

2*0.00000278519)+ 
(TM*tP*-0.0000197685)+(TM*TP * -0.00000447593)+(tP * TP * 0.0000547407) 

(1) 

  
tS =-12.9431+(TM*0.0237996)+(tP * 0.0155594)+(TP * 0.0155711)+ 

(TM
2 *-0.0000204944)+(tP 

2 *-0.000199815)+(TP 
2 *0.000000866667) + 

(TM*tP*-0.00000759954)+(TM*TP *-0.00000576481)+(tP *TP*0.00000911111) 
(2) 

 
The model is able to predict solidification time (tS) for various ranges of ingot casting process 

parameters. Figure 5(a,b) shows the response (tS) of 25CrMo4 and 25-20 steels, varying the factors 

of mould temperature and pouring time. 

 
(a) 

 
(b) 

Fig.5) Predicted Solidification Time for (a) 25CrMo4 Steel (b) 25-20 Steel vs. Mould Temperature and Pouring Time. 
 
 

 



As can be seen in Fig. 5, the tS value tends to increase with the higher pouring time. However, the 

influence of mould temperature is different. The solidification time increases with the mould 

temperature until a threshold value of 350C after it decreases slightly. 

The influences of pouring temperature and mould temperature on solidification time for both steels 

are illustrated graphically in Figure 6. It is important to note that the pouring time factor in all the 

simulations did not cause surface turbulence which would encourage entrainment of slag droplets 

into the steel and lead to the formation of inclusions. Figure 6 shows also that pouring time has little 

effect on solidification time because tS variation is less than 6 minutes for this large ingot. Also, 

contour maps in Figure 6 shows that the solidification time of the large ingot casting reduces by 

about one hour when pouring and mould temperatures decrease simultaneously. 

 
(a) 

 
(b) 

 
(c) 

Fig.6) Effects of Ingot Casting Process Parameters on Solidification Time for 25CrMo4 at various  
Pouring Time (a) 20, (b) 25 and (c) 30 minutes.  

 

Thermal convection in a large liquid thermal mass is one of the possible reasons for fluid flow 

during solidification. On the solidified surface, there is a drop in temperature, and hence, the 

temperature dependent viscosity is lowered compared to higher temperature and fluidity of the 

liquid at the ingot center. As shown in Figure 7, velocity pattern and flow behaviour in the two 



steels are similar: liquid at the surface flows down and the liquid at the bottom core rises towards 

the ingot axis forming flow loops. 

 
(a) 

  
(b) 

Fig. 7) (a) Velocity Vectors and (b) Fluid Flow Pattern at the 
end of Pouring for 40MT Ingot Casting. 

 
In order to understand the impact of contact resistance during solidification for the proposed model, 

simulation of air gap formation with progress in solidification for the two steels were performed. As 

illustrated in Figure 8, the maximum air gap (6.7mm) was obtained at 1000 C at the end of pouring 

time on the ingot surface for 25CrMo4 alloy. 

  

 

 
(a) 

 
(b) 

Fig. 8) Simulation of (a) air gap formation & (b) temperature 
distribution at the end of Pouring for 40MT Ingot Casting. 

 
The solidification front movement (50% solid fraction) and temperature profile (100% 

solidification) is shown in Figure 9.  In this Figure, fully solid zone is blue, fully liquid zone is red 

and the interface is the mushy zone. However, there is a chance of central porosity formation 

associated with dendrites in the hot top due to a dense mushy region. The temperature profile is 

obtained at the end of solidification and shows lowest temperature drop in the hot top and highest 

one in the bottom portion. Thermal conductivity, latent heat, specific heat and air gap formation 



during solidification are the factors that affect heat transfer rate during solidification. In this 

research, simulation results showed that solidification time decreases around one hour when the 

influence of air gap is taken into account demonstrating the necessity to take into account the air 

gap formation and its influence on heat transfer rate during solidification. 

  

 
(a) 

 
(b) 

Fig. 9) (a) Solidification Profile after 50% Solid Fraction and 
(b) Temperature Distribution after 100% Solidification. 

 
In order to check the accuracy of the simulation results, the casting process of 40 MT ingot for 

25CrMo4 steel was conducted in Finkl Steel-Sorel Company. Temperature evolution on the ingot 

mould during filling and solidification was recorded using K-type thermocouples. Figure 10 shows 

a comparison of the calculated temperature with the measured one. It can be seen that the calculated 

values are in good agreement (less than 4% error) with the measured ones. 

 

 
Fig. 10) Comparison of the Calculated Temperature with the 

Measured one on the Mould of the 40 MT Ingot. 
 



Conclusions 

 

This research has for the first time emphasized both theoretically and experimentally the effect of 

critical process parameters on the solidification behaviour of two different steels. Through the use 

of the design of experiments method for the numerical simulations, the developed predictive models 

for the solidification time of the two steels were obtained. Mathematical models used for proper 

selection of ingot casting parameters showed that pouring and mould temperatures have significant 

effects on solidification time. The simulations also allowed to predict fluid flow pattern, velocity 

vector and solidification front profiles at 50% solid fraction. The obtained results were validated 

against actual experimental data and showed very good agreement. 
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