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Abstract 
 
A coupled model that predicts the thermal and microstructural evolution of plain carbon steels in the 
cooling table of a flat product hot rolling mill was developed. 
A finite element model is used to calculate the heat transfer of the sheet during the cooling table. The 
thermal properties of the steel such as the thermal conductivity, the specific heat and the reaction heat 
due to the metallurgical transformation are calculated by the metallurgical model. The non-linear 
equations are solved using a Newton-Raphson scheme and line search. 
The metallurgical model describes the austenite decomposition into ferrite, perlite and bainite. It uses 
classical nucleation and early growth theories to calculate the beginning of the ferritic reaction, and 
Avrami-type equations to evaluate the transformation progress. 
The coupled model was tested against mill measurements of coiling temperatures, and good results were 
obtained. 
 

1. Introduction 
 

Hot strip final microstructure and mechanical properties depend on the steel chemical composition and 
the applied thermo mechanical treatment.  Rolling parameters, cooling conditions in both, the runout 
table and the coil, determine the resultant microstructure for each particular chemical composition.  As 
customers are demanding higher requirements in terms of mechanical properties and quality, it is of 
paramount importance to have a tool to design steel chemistry and process conditions. 
The thermo-metallurgical model for the cooling table presented in this paper was designed within the 
framework of a more comprehensive project aimed to develop a model for predicting mechanical 
properties of as rolled steels (including variations inside the coil).  The cooling table model, called 
Thermet, was based on previously published works on thermal evolution of plates during water jet 
impingement [1-6], as well as some existing non-coupled [3; 4; 7-11] and coupled [12-14] thermo-
metallurgical models. 
Thermet consists of a metallurgical model, described in Section 2, coupled to a thermal finite element 
model, described in Section 3.  The metallurgical model calculates the austenite decomposition into 
ferrite, perlite and/or bainite.  It also evaluates the enthalpy and specific heat of the system needed for 
the coupling with the thermal model.  The algorithm of Thermet is shown in Figure 1. 
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Figure 1 –Flux diagram for the thermo metallurgical coupling model. 
t: time         T  :  temperature     h: heat transfer coefficient   Cp: specific heat   k: thermal conductivity 
i: iteration  XΦ:  phase fraction  ε: emithance                          L  : release heat   Tol: tolerance 

 
The description of the cooling table, and the boundary conditions for the numerical model applied to 
TerniumSiderar hot strip mill are presented in Section 4.  The model was validated with measurements 
performed at TerniumSiderar hot rolling mill, as described in Section 5. 
 

2. Metallurgical model for phase transformation 
 
The metallurgical model for phase transformation during cooling from the austenitic range was 
described in detail elsewhere [15].  Only a brief description of this model is presented here.  For 
simplicity the austenite decomposition was divided in two stages: i) the transformation start, which 
includes the first 1% of the reaction (in volume fraction), and ii) the reaction progress, which includes 
the rest of the transformation.  For the range of steel chemistries and processing conditions considered in 
this work, the transformation start comprises the proeutectoid ferrite nucleation and its early growth.  
The transformation progress includes the remaining ferritic reaction, as well as the other possible 
reactions: formation of perlite and/or bainite. 
The start of the proeutectoid ferrite reaction was evaluated using classical nucleation and growth 
theories in combination with the extended volume formalism [16].  Within this approach volume 
fraction of ferrite is given by: 
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where J (τ) is the nucleation rate by unit volume at time τ and V (t,τ) is the volume at time t of the ferrite 
grains formed at τ.  To integrate Eq. (1), the origin of time (t = 0) was set when the material temperature 
drop below the equilibrium Ae3 line.  The phase diagram was constructed using the paraequilibrium 
model [17] and the thermodynamical data presented by Miettinen [18]. 
The coherent pillbox model for ferrite nucleation at austenite grain boundaries [19] together with the 
carbon diffusion coefficient of Agren [20] and the interfacial energies reported by Tanaka et al. [21] 
were used to evaluate the nucleation rate.  The number of nucleation sites per unit volume was taken 
proportional to the austenite grain boundary area per unit volume: N = N0 /dγ where dγ is the austenitic 
grain size.  Since no intragranular nucleated ferrite was experimentally observed in the ranges of steel 
chemistries and cooling rates studied, this type of nucleation was not considered in the model. 
 
Within the paraequilibrium approach, the growth of the ferrite nucleus was considered to be controlled 
by diffusion of carbon in austenite, and was evaluated using: 
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where r is the radius of the ferrite grain; cγα, cαγ and cγ are the carbon concentrations in austenite in 
equilibrium with ferrite, in ferrite in equilibrium with austenite, and in austenite far from the growing 
nucleus, respectively.  The function F depends on the super-saturation ratio Ω, and was evaluated using 
the stationary-interface approximation for ⎪Ω⎪ < 0.7 and the linearized-gradient approximation for ⎪Ω⎪ 
≥ 0.7 [22]. 
The physical model for nucleation and early growth of ferrite has only one parameter to be empirically 
adjusted, i.e. N0.  For all the steels studied the same N0 value was used, which was fitted by comparison 
between model predictions and experimental results for C-Mn steels [15]. 
The progress of the proeutectoid ferrite, perlite and bainite reactions was described using Avrami type 
equations: 
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where χφ is the volume fraction occupied by phase φ at time t (φ: ferrite, perlite or bainite), and χeq is the 
thermodynamic equilibrium fraction for proeutectoid ferrite, or the maximum available volume fraction 
in the case of perlite and bainite.  The following functional form of ψ was adopted: 
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where dγ is the previous austenitic grain size, T0 is the start temperature for each reaction, and Cj is the 
concentration in weight percent of the element j in solid solution in austenite (j: C, Mn, Si, Nb, V).  The 
start temperature for the proeutectoid ferrite reaction was calculated from the nucleation and early 
growth model described in the previous section.  The T0 value for the perlitic reaction was estimated 
with the aid of the phase diagram, as shown by Senuma et al. [23].  The beginning of the bainitic 
transformation was calculated using an empirical expression (3) that takes the chemical composition of 
the steel, the cooling rate, and the previous austenitic grain size into account. 
The empirical parameters that appear in eq. (4) were fitted for each possible reaction (ferrite, perlite or 
bainite) using data obtained from bibliography and from dilatometric tests performed on plain carbon 
and microalloyed steels (Table I).  The dilatometric tests were conducted on a thermo-mechanical 



simulator Gleeble 3500 for cooling rates in the range between 5 and 50°C/sec. The austenization 
conditions were chosen to get approximately the same autenitic grain size prior to transformation than 
during industrial operation.  A detailed description of the experimental procedure was presented in 
reference [15]. 

 
Table I. Chemical compositions of the steels used to fit the phase transformation model 

Steel C [wt%] Mn [wt%] Si [wt%] V [wt%] Nb [wt%] Ti [wt%] 
CMn1 0.15 0.58 0.16 - - - 
CMn2 0.15 1.15 0.15 - - - 

V 0.15 1.09 0.17 0.046 - - 
Nb-Ti 0.13 1.43 0.14 - 0.036 0.016 

V-Nb-Ti 0.12 1.50 0.19 0.070 0.047 0.020 
 

In Figures 2-3 the predictions of the adjusted model are compared to the experimental data.  In these 
plots the temperatures to 5%, 50% and 95% of the reaction (T5%, T50% and T95%) are shown as a function 
of the cooling rate for several steels.  It can be seen that the transformation model correctly describes the 
dependence of the reaction kinetic on the cooling rate, as well as the delaying effect produced by the 
different alloying additions. 
The release heat during the reaction and the specific heat of the system, needed for the coupling to the 
thermal model, were derived from the free energy using thermodynamic relationships.  The free energy 
of the system composed of austenite, ferrite, perlite and bainite was calculated, as a function of 
temperature and time, using the rule of mixing proposed in reference [18]. 
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Figure 2: Comparison between experimental values (symbols) and theoretical calculations (lines) of 
temperatures to 5, 50 and 95% of transformation (T5%, T50% and T95%).  Left: CMn2 steel. Right: V 
steel. 



 
3. Thermal finite element model 

 
The thermal model and the coupling to the metallurgical model were described in detail in [24].  For an 
isotropic material the diffusion equation to be solve by the finite element method [25] is 
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where h is the enthalpy of the solid solution, k is the thermal conductivity and T the temperature.  For 
each material point,  h is function of the temperature and the phase distribution. 
The first term of the diffusion equation can be dealt as follows 
 

t
X

X
h

t
T

T
h

t
h

TX ∂
∂

∂
∂

+
∂
∂

∂
∂

=
∂
∂ φ

φ
φ

  (6) 

 
where the derivates are calculated by the metallurgical model: 
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The derivation of eq. (7) is made on a fixed temperature interval, using the present step temperature and 
the previous step microstructure.  Where Cp is the specific heat, G is the free energy Gibbs and P is the 
pressure. 
The release heat during the reaction per unit time (L) is 
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Figure 3: Comparison between experimental values (symbols) and theoretical calculations (lines) of 
temperatures to 5, 50 and 95% of transformation (T5%, T50% and T95%).  Left: Nb-Ti steel. Right: V-
Nb-Ti steel. 



Between two time steps (t, t+Δt) , L is calculated with the following expressions 
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The derivation of eq. (9) is made on a fixed temperature interval, using the present step temperature. The 
nonlinearity due to the dependency of the temperature with the properties is solved using a Line Search 
scheme [26].  The transient heat transfer equation is solved using an implicit Euler Backward time 
integration method [25]. 
 

4. Application of the thermal metallurgical model to the cooling table 
 
A diagram of TerniumSiderar cooling table is shown in Figure 4. 
 

Figure 4 – TerniumSiderar cooling table scheme. 
 
In both the upper and the under side, the strip is cooled by several groups of water jets and the obtained 
heat transfer coefficient depends on the water impingement 
To ascertain the strip temperature along the runout table, pyrometers are placed at the beginning of the 
cooling table (TFL finish mill temperature) and at the end (TB coiling temperature).  
The necessity to reduce calculation time leads us to use a Lagragean formulation, where a 
unidimensional section of this strip is modeled.  In the strip transverse direction, chemical composition, 
TFL temperature, water flow rate and austenitic grain size are assumed homogeneous. 
The austenitic grain size is predicted by a metallurgical program that models the industrial hot rolling 
from the overheating furnace to the runout table.  The model takes into account the temperature reached 
in the overheating furnace, the steel chemical composition and the hot rolling sequence [27]. 
 
The strip cooling is modeled using three different heat transfer coefficients that take into account 
different cooling regimes: 
- Dry zones: places where there is not any water and the cooling is made by convection and radiation 
with the air. In this case the emithance of the steel is calculated using Seredinski [28] formulation. 
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In order to fit the convection heat transfer coefficient, a trial was performed in TerniumSiderar: a strip 
was passed through cooling table remaining the water jets closed and measuring TFL and TB 
temperatures. 
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-.Wet zones: places where the water jets impinge on the strip surface.  The heat transfer coefficient for 
water cooling surface is modeled using a Hodgson formulation [29, 30] that depends on both strip 
temperature (Ts) and water flux rate (W& ), as shown in equation (11), Figure 5 
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Figure 5 – Heat transfer coefficient for wetting zones 
 

- Humid zones: places where residual water creates a stable boiling film.  A coefficient presented by 
Chang [31] that take into account steam physical properties and the temperature surface, is used to 
model the heat transfer. 
 
Model fitting 
 
For several process conditions, the heat transfer coefficients were fitted by comparing the numerical 
model predictions and the on-line temperatures measured in the cooling table. 
In order to adjust the heat transfer coefficient in the wet zones for the upper side, the empirical 
parameters A and B were fitted, keeping the rest (C, Tm, Tn, M, N) equal to those reported by Hodgson 
[29, 30], Figure 5.  The under side heat transfer coefficient was adjusted by a proportional constant to 
the fitted upper side coefficient.  The dependency of equation (11) with the W&  was modified to fit a 
maximum W&  that  saturates the heat transfer coefficient for higher water flux rates. 
In Figure 6 the predictions of the adjusted model are compared with the on-line TB temperatures data 
collected in TerniumSiderar plant, for a C-Mn steel strip and 9.50 mm thickness. 
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coupling model 
 

5. Model validation 
 
About 300 C-Mn steel coils with different thicknesses (4.75 mm→ 12.70 mm) and process variables 
were analyzed.  Each coil was modeled in approximately 130 sections, which means sampling 40,000 
data. 
In order to validate the model, an average parameter was established for each coil as follows 
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Results in Table II show that very good predictions have been obtained, with less than 5 % errors in 95% 
of the cases studied.  



 
Table II – Comparison between the on-line TB temperature and the THERMET results for wide 
range of thicknesses. 

Thickness (mm) Number of 
coils 

TB temperature 
average (°C) 

Error (°C) 
 [TBnum - TBmeas] 

Error % 

4.75 3 610 30 4.9 
3 590 10 1.7 

5.00 5 630 20 3.2 
5.60 67 620 -10 a -20 -2 
6.35 9 600 10 1.7 

6.40 
9 600 10 1.7 
2 620 5 0.8 
1 610 10 1.6 

6.70 4 600 20 3.3 
6.90 11 580 0 a 20 2 
7.00 4 590 0 0 
7.10 14 600 0 0 
7.90 4 600 0 a -5 -0.7 

8.00 

4 610 0 a +5 0.7 
20 630 -10 a -20 -2 
7 640 -50 -7.8 
70 640 -10 a -30 -4 
1 630 -30 -4.7 

8.70 11 630 -30 -4.7 
6 630 -60 a -70 -9.5 

8.80 15 630 5 a 10 1 
9.50 17 630 5 0.8 

12.50 3 640 0 0 
3 640 0 0 

12.70 12 630 0 0 
 
 

6. Conclusions 
 
A thermo metallurgical coupling model was developed for TerniumSiderar cooling table.  The 
metallurgical model was adjusted for the range of chemistries and cooling rates of interest. The heat 
transfer coefficients for the thermal model were fitted using on-line process variables. 
Not only the program predicts the TB temperature accurately but also the TB temperature shape along the 
strip and the final microstructure.  When the TB model predictions were compared with plant 
measurements less- than- 5 % errors were observed in 95% of the cases studied; while it was 10 % in 
only 13 coils. 
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