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Abstract 

The objective of this research project was the setting up of a numerical model able to predict the 

microstructure of rod rolled products which, taking into account the rolling schedule and cooling, is 

able to provide the mechanical and microstructural final characteristics. The model was developed 

starting from the theoretical knowledge proposed by many researchers who have dealt with these 

issues, and the experience gained in the design of rolling systems in Siemens-VAI. In order to allow the 

maximum working flexibility to the final user, the prediction model requires to fill in the 

thermomechanical conditions for rod rolling (preheating temperature, reduction pass, rolling 

temperatures, interpass time, strain rate and cooling profile); a database of more than 150 steel types 

was developed, containing CCT curves and the mechanical properties relative to the cooling rates. The 

tool provides the CCT curves, suitably modified to take into account the microstructure of the rolled, 

superimposed with the cooling trajectory set up by the operator, as well as mechanical and 

microstructural data of interest for that particular class of steel. The Model was validated by direct 

comparison with the properties of rod rolled products under controlled conditions, obtaining an 

excellent prediction capability. 

 

1. Introduction 

 

The temperature, the deformation, the strain rate and cooling rate following the rolling can determine 

the technological characteristics such as to eliminate, in some products, subsequent costly thermal 

treatments. At the end of the rolling, the temperature of the workpiece is still very high, which depends 

both on the rolling system and the adopted rolling parameters. Modern technologies require constant 

monitoring of the temperature at different stages of the process, including the final cooling after the last 

rolling stand, and the evolution of the austenite grain size. The most interesting phases of the process 

are: a) rolling at a controlled temperature in the roughing mill and intermediate; b) upstream and 

downstream water cooling of finishing stands; c) controlled cooling of the evacuation lines. 
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For products in bars, cooling beds are used and properly proportioned in length and width, where the 

products, once discharged, are transported on special racks and processed during their movement by 

means of natural cooling, forced or delayed according to specification. For the products in coils, 

different evacuation lines are used, always equipped with cooling devices, such as air or water, and/or 

insulating hoods in case of necessity of slow cooling. 

A number of models describing various recrystallisation phenomena are available in literature. These 

models are sensitive to the applied strain, strain rate and deformation temperature besides austenitic 

grain size prior to deformation. Most of the researchers have used models available in literature and 

some have modified or developed their own [1-5]. Typically the models were validated by matching 

the mill loads or loads from laboratory trials. Since measuring the austenite grain size and its 

distribution in the strip during industrial hot rolling is impractical, the choice of microstructure 

evolution equations is dictated by the ability to predict the mill loads and final mechanical properties 

adequately. The CCT diagrams, containing the quantitative data pertaining to the dependence of steel 

structure and hardness on the temperature and time of the supercooled austenite transformations, are 

used for determination of the structure and the hardness of the steels after cooling at room temperature. 

Locations and shapes of the supercooled austenite transformation’s curves, plotted on the CCT 

diagrams, depends mostly on the chemical composition of the steel, austenite grain size, as well as on 

austenitising temperature and time [6]; for this purposes, a database of more than 150 steel types was 

developed, containing CCT curves and the mechanical properties relative to the cooling rate. 

The objective of the present research project, which is described herein the final product, was the 

setting up of a method of predicting the microstructure which, taking into account the conditions of 

rolling and cooling, would be able to anticipate the main mechanical and microstructural characteristics 

of the final product. 

 

2. The prediction model 

 

The model was developed starting from the theoretical knowledge developed by many researchers who 

have dealt with these issues in the last decades [6-15]. In particular, the following aspects should be 

taken into account: 

a. The effect of the chemical composition on the CCT curves and on the critical temperatures Ar3, 

 Ar1 and Tnr 

b. The effect of grain size on the position of the CCT curves 

c. The extent of the deformation applied on each single rolling pass 

d. The temperature and preheating time imposed on the material prior the rolling and the relative 

 effect on the size of the starting austenitic grain 

e. The interpass time 

f. The possible presence of cooling equipment and the related laws of cooling imposed on the 

 rolled material 

g. The kinetics of static and dynamic recrystallisation between one pass and another (recrystallised 

 fraction, kinetic constants, critical deformation for the onset of recrystallisation, temperature of 

 non recrystallisation)  

h. The kinetics of grain growth recrystallised statically or dynamically (see Appendix) 

 

In order to allow a greater working flexibility to the user, the model requires to be fitted with the rolling 

working conditions (reduction for each pass, temperature, transfer time between stands, preheating 

temperature, possible cooling profile); the model includes a database of over 150 steel types, it contains 

the CCT curves and the mechanical properties in relation to the cooling rate. Once the steel is chosen 

from the database, the input data is set, the processing result is obtained in the form of a CCT diagram 

superimposed with the cooling trajectory set by the operator, as well as mechanical and microstructural 

data of interest for that particular class of steels (for example, ferrite grain size, hardness HV or HB, 
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yield and ultimate stress for carbon steels). The calculation of the AGS after each rolling pass, which is 

a function of process parameters (imposed deformation in each stand and relative temperatures and 

strain rate, temperature and transfer time between stands, etc.., see Appendix) is obviously an important 

factor to estimate the position of the CCT curves, which move to the right as the austenite grain is 

coarser. Fig.1 shows an example of the output screen for the chosen steel (42CrMoA14). The screen 

shown in Fig.1 allows evaluating of some of the data calculated by the model, choosing in particular 

the property of interest too on the graph of the CCT diagram (this is given the Vickers hardness). A 

summary of the results of the calculation procedure is also provided in the form of a worksheet (Fig.2), 

which also shows, among other information, the input data relating to the rolling schedule. 

 
 

Composizione chimica wt%

C 0.420

Si 0.170 0.489

Mn 0.690 19.37

Cr 1.160

Mo 0.240

Ni 0.080

V 0.000

W 0.000

Al 1.088

Nb 0.000

Ti 0.000

S 0.020

P 0.022

Cu 0.120

N 0.000

B 0.000

Co 0.000

As 0.000

Dimensioni d γ Temperature critiche

dγ = 31.35 μm A1 738.8 °C

dγ = 7.38 ASTM AC3 860.9 °C

da=  Ar3 713.3 °C

Ms 310.3 °C

Raffreddamento M95 130.3 °C

vraff = 0.7 °C/s Tnr

H=368±18 HV
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Fig. 1  Selection screen of the material, with relative CCT diagram calculated according to the 

conditions set for the rolling schedule. 

 

 
 

Fig.2  Summary sheet in which it has been synthesised the input data related to the rolling schedule: 

deformation temperature (Tdef), strain rate ( ), interpass time (tip), strain (), temperature and time of 

preheating, cooling rate. The sheet also shows the final mechanical properties of the rolled. 
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3. Experiments and validation of the model 

 

For the experimental validation of the Model, Siemens-Vai carried out various rolling tests on site for 

10 steels of different chemical compositions, in addition two different rolling schedules for steels S1 

and S2 with different final finishing temperatures 960°C and 760°C. The chemical composition in wt% 

of the studied steels is reported in Table 1. The samples were obtained from rolled bars (10 to 22 mm in 

diameter) according to the processing schemes; tensile tests and microhardness tests were carried out 

along the profile of the cross section; the microstructures were investigated by optical microscope, 

different etching solutions were used based on the carbon content of the steel.  

Table 1  chemical composition of the studied steels (wt%). 

 

steel 

C Mn Si P S Cu Ni Cr Mo W V Fe 

S1 0.43 0.70 0.25 <0.01 <0.02 0.30 0.19 1.00 0.04 0.04 -- bal. 

S2 0.49 0.73 0.23 <0.01 <0.02 0.25 0.13 0.08 0.04 0.02 -- bal. 

S3 0.11 0.88 0.15 <0.01 <0.02 -- -- 0.15 -- -- -- bal. 

S4 0.09 0.46 0.16 <0.001 <0.02 -- -- 0.04 0.03 0.02 -- bal. 

S5 0.41 0.76 0.25 <0.001 <0.02 -- -- 0.06 0.04 -- -- bal. 

S6 0.29 0.84 0.04 <0.001 <0.01 -- -- 0.44 0.04 0.04 0.13 bal. 

S7 0.38 0.73 0.25 <0.001 <0.01 -- -- 1.13 0.25 0.04 -- bal. 

S8 0.85 0.87 0.23 <0.001 <0.01 -- -- 0.24 0.03 -- -- bal. 

S9 0.16 0.54 0.20 <0.001 <0.02 -- -- 0.05 0.03 -- -- bal. 

S10 0.57 0.79 1.73 <0.001 <0.01 -- -- 0.13 0.02 -- -- bal. 

 

Fig. 3   Microstruttura degli acciai S1 (a,b) e S2 (c,d) laminati a 960°C e 760°C. 
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It can be noted that for steel S1, the effect of finishing temperature is more significant than steel S2; in 

fact, contrary to what is expected, the hardness in steel S1 decreases by refining the austenite grain in 

the bars rolled at 760°C (see Figs. 3a and 3b); an explanation is, even if the refinement of austenite 

produced a finer ferrite-pearlite microstructure, the shift to the left of the cooling diagram CCT leads to 

a higher fraction of ferrite rather than pearlite at the same cooling rate. This effect is negligible in the 

carbon steel S2 (Fig. 3c, 3d). The microstructures of the other steels are shown in figures 4. 

 

  
S3 S4 

  
S5 S6 

  
S7 S8 
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S9 S10 

 

Fig. 4   microstructure of the steel obtained by OM. 

 

 

In general, the predictive capabilities of the model appear to be more than adequate, as clearly shown in 

Fig.5 and Fig.6; for at least 8 of the 10 studied steels, the results of the predicted properties presented 

by the model are included in the 10% band of the experimental values indicated by the dotted lines on 

the graphs. Taking into account the complexity of the production process and the micromechanisms 

involved during the rolling process, it is concluded that the model is able to provide a reliable 

prediction of the final mechanical properties after rolling process. 
 
 

50

100

150

200

250

300

350

400

50 100 150 200 250 300 350 400

predicted HV 

m
e

a
s

u
re

d
 H

V
 

S1 S2

S3 S4

S5 S6

S7 S8

S9 S10

 
Fig.5   Comparison between the predicted hardness Vickers and the experimental one of the 10 steels. 
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Fig. 6   Comparison between the experimental ultimate strength (UTS) and the yield stress (σ0.2)  and 

the calculated ones by the model. 

 

 

4. Conclusions 

 

The prediction model developed during this research was particularly effective in estimating the effect 

of rolling parameters on the properties of rolled products. The model takes into account the complex 

kinetics of microstructural evolution taking place at various rolling stages, in order to provide an 

estimation of the austenitic grain size exiting the rolling mill. If the chemical composition plays an 

important role in determining the shape of the CCT cooling curves, the austenitic grain size causes a 

shift of these curves that can substantially affect the final microstructure. Considering all these factors 

and the cooling parameters imposed on the product, it is possible to estimate the mechanical properties 

that, in the most of the case, differ by less than 10% from the experimental values. On this basis, it is 

possible to conclude that the model is sufficiently reliable to be used successfully in the design of 

rolling thermomechanical schedules of steels and allows optimising the rolling parameters in order to 

enhance or reduce some properties based on the customer needs. 

 

APPENDIX: Constitutive equations used for the prediction of the AGS during rolling 

 

Once the thermo-mechanical parameters are calculated during the rolling process, the main problem is 

to calculate the average size of the austenitic grain and its evolution during the whole process. 

The metadynamic recrystallisation (MRX) is the dominant microstructural phenomenon in many 

phases of the process. During the early rolling phases, the deformations per pass are usually very high, 

and it is easy for dynamic recrystallisation to occur. Further to the passes which impose deformations 

such as to cause a complete dynamic recrystallisation, the recrystallisation is not dynamic but 

metadynamic; this means that it starts while deformation is imposed and is completed in the transfer 

phase to the next rolling stand (interpass). In case of the finishing passes, the nominal deformations are 

below the critical value to start the DRX, while time is too short to promote the SRX. As a result, the 

deformations accumulate pass per pass, until they reach a critical value to initiate the dynamic 

recrystallisation. Over the years, several research groups have developed equations relating to the 

evolution the austenitic grain size to hot rolling. A recent review is provided by Hodgson and Gibbs
12

. 

The equations utilised by the software in this study are presented below. 
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Model Equations 

Critical strain 
4 0 3 0 17

05 6 10 . .

c . d Z    
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Recrystallised grain size  

    Static 
0 5 0 4

0343
II

. .

SRX

Q
d d exp

RT
   

  
 

 

    Metadynamic 
4 0 232 6 10 .

MDRXd . Z    

Grain growth if  tip >1 s 

    7 7 27

0 51 5 10 4 32 III

SRX ip .d d . t . t exp Q / RT      

    7 7 25

0 58 2 10 2 65 III

MRX ip .d d . t . t exp Q / RT      

 if  tip < 1 s 

    2 2 7

0 54 0 10 4 32 IV

SRX ip .d d . t . t exp Q / RT      

    2 2 7

0 51 2 10 2 65 IV

MRX ip .d d . t . t exp Q / RT      

Partial recrystallisation 

4 3 2

0 1 01/

, i Ri RXi Ri id X d ( X ) d   
 

1 1 1a ,i i Ri i( X )       
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