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Abstract   

The paper presents the results of numerical and physical modelling of the development of microstructure 
during the process of hot rolling of 20 mm diameter plain round bars. The tests described in the paper were 
carried out for the technological conditions of a sample bar rolling mill. The material used for the tests was low-
carbon cold heading steel, 30MnB4. The numerical modelling studies were carried out using the FORGE® and 
QTSteel programs. For the physical modelling of the process under examination, the metallurgical process 
simulator GLEEBLE 3800 was employed. 
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1. INTRODUCTION  

Modelling of structural changes and, consequently, mechanical properties in the processes of 
thermomechanical treatment of metals and alloys is one of the most important research areas being the focus 
of the interest of scientific research centres concerned with materials engineering and plastic working [1, 2]. 
Using contemporary software programs relying on the finite element method, numerical modelling of 
thermomechanical treatment processes can be conducted [1, 3]. A complement to mathematical modelling, 
which enables complex problems encountered when developing new production processes to be solved with 
high efficiency, is the use of the physical simulation method [1]. In this study, finite element method-relying 
programs, FORGE® and QTSteel, were employed for the numerical modelling of the round bar hot rolling 
process. As a result of the numerical modelling using the FORGE® program, the distributions of rolled strip 
temperature, strain intensity and strain rate were determined, which were necessary for carrying out the 
modelling of microstructure development with the QTSteel program. The parameters determined from the 
numerical modelling with the FORGE® program provided also data for physical modelling using the simulator 
GLEEBLE 3800. 

In the FORGE® program, the mechanical state of deformed material was described with the Norton-Hoff law 
[4]. 
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where: Sij - stress tensor deviator, �� - strain intensity rate, ��ij - strain rate tensor,   � - strain intensity, �0 - initial 

strain, T- temperature, K0, m0, n0, �0 - material constants related to the characteristic properties of the material 
concerned. 

For the determination of the temperatures in the FORGE® program, a differential equation describing the 
temperature variations for unsteady heat transfer is used, which can be represented in the following form [4]: 
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where: kx, ky, kz - functions of the distribution of thermal conductivity coefficients in the directions x, y, z;  
Ts - function describing the temperature; Q - function of the distribution of the deformation heat generation rate; 
cp - function of the distribution of the specific heat; � - function of the distribution of metal density. 
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The QTSteel software used in the study for modelling of microstructure development makes it possible to 
predict the heat treatment response of through hardened carbon and alloy steels in terms of microstructure 
and mechanical properties [4]. Starting with the chemical composition and the austenitizing conditions of time 
and temperature, the software calculates the corresponding CCT diagram which describes the decomposition 
of the supercooled austenite into ferrite, pearlite, bainite and martensite [5]. The predicted or user-defined CCT 
diagrams can be used for computer simulation of the isothermal or non-isothermal transformation of the 
specified steel for the predefined cooling curve. The software divides the cooling curve into the sequences 
with a uniform cooling rate and calculates the percentage of various microstructural constituents for each 
sequence [5]. The computer simulation of austenite decomposition can then be followed by the simulation of 
tempering conditions (time, temperature), which will subsequently allow the calculation of the final mechanical 
properties [5].   

The cooling rate (K/s) of a real cooling curve often deviates from the uniform rate. To describe the kinetics of 
transformation of the diffusion-controlled microstructural constituents Xi (ferrite, pearlite, bainite), the Avrami 
equation is applied; however, the values k(T) and n(T) are temperature-dependent during cooling with the 
dependence on the actual cooling rate [5]: 

 
(3) 

With regard to the calculation of martensite Xm, where the transformation is not time-dependent, but only 
temperature-dependent, the standard Koistinen-Marburg equation is used [5]: 

 
(4) 

The Vickers hardness is determined by multiple regression analysis for the following function [5]: 

 
(5) 

where: C0, C1, C2, C3, C4 - regression coefficients, c(i) - percentages of alloying additions, Fe, Pe, Ba, Ma - 
percentages of ferrite, bainite and martensite, respectively. 

The calculation of the ultimate tensile strength Rm is based on the direct dependence of Rm on the HV-hardness 
(6). The calculation of the yield stress Re is based on the general equation (7) [5]: 

 (6) 

 
                        

(7) 

where: D� - ferrite grain size, CR - average cooling rate (K/s), Fe, Pe, Ba, Ma - percentages of ferrite, bainite 
and martensite, respectively. 

1.1. The aim, scope and methodology of the research 

The main aim of the undertaken investigations was to compare the results of numerical modelling of 
microstructure development during the round bar hot rolling process (using the QTSteel program) with the 
physical modelling results obtained with the use of the GLEEBLE 3800 simulator. The investigations were 
carried out for the process of rolling 30MnB4 steel 20 mm-diameter round plain bars under the conditions of a 
sample continuous rolling mill. 

At the first stage of the investigations, numerical modelling was performed using the FORGE® program. The 
determined parameters (the distributions of temperature, strain intensity, strain rate) were used as input data 
for the modelling of structure development using the QTSteel program and for the physical modelling of the 
rolling process under examination.  
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The results of the microstructure development numerical modelling included diagrams of austenite grain size 
variations in individual rolling passes and the distributions of hardness, yield point and tensile strength on the 
cross-section of finished bar.  

At the next investigation stage, physical modelling of the examined process was carried out using the 
GLEEBLE 3800 simulator. From the material after the physical modelling, samples were taken for hardness 
tests and metallographic examinations.  

At the final investigation stage, the results obtained from the numerical modelling were compared with those 
obtained from the physical modelling of the process under investigation. 

2. ANALYSIS OF THE INVESTIGATION RESULTS  

Chemical composition of the investigated material is given in Table 1.  

Table 1 Chemical composition of 30MnB4 steel 

Component contents [%] 

C Mn Si P S Cr Ni Cu Al Mo 

0.31 1.06 0.23 0.013 0.007 0.22 0.07 0.16 0.025 0.012 

N Pb Almet As Cb V Ti B Zn Sn 

0.0119 0.001 0.025 0.008 0.002 0.005 0.047 0.0030 0.018 0.013 

The rheological properties of the material necessary for numerical modelling were determined in study [6]. The 
following boundary conditions were adopted for the numerical modelling: roll temperature, 60 °C; ambient 
temperature, 20 °C; the coefficient of heat exchange between the strip and the rolls, 3000 W / m2K; the 
coefficient of heat exchange between the strip and the air, 100 W / m2K; friction coefficient, 0.4; and friction 
factor, 0.8. The deformation process parameters for all rolling passes are summarized in Table 2. Break 
durations were assumed based on industrial data. After the final deformation, the material was cooled down 
to a temperature of 500°C, at a cooling rate of 5 °C / s, and then to 200 °C at 1 °C / s. 

Table 2 Deformation parameters during the modelling of 30MnB4 steel round bar rolling 

Pass 

No. 

Deformation 
temperature, T [ºC] 

Strain,   [-] 
Strain 

rate,  �  [1/s] 
Interpass time, t [s] 

1 1086 0.12 0.16 26.47 

2 1057 0.39 0.35 19.89 

3 1037 0.28 0.39 29.98 

4 1023 0.59 0.96 11.33 

5 1010 0.46 1.15 8.91 

6 999 0.50 2.02 6.13 

7 998 0.45 2.45 11.65 

8 1005 0.48 4.71 3.35 

9 1009 0.44 5.57 2.62 

10 1022 0.54 10.39 1.85 

11 1030 0.48 12.07 3.09 

12 1049 0.50 20.53 2.28 

13 1052 0.51 24.74 3.18 

14 1069 0.50 46.34 1.35 

15 1072 0.41 47.13 1.11 

16 1087 0.51 79.93 0.90 

17 1091 0.34 70.63 - 
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Sample results for rolling pass 1 are shown in Figure 1. 

a) b) b) 

   

Figure 1 Distribution of temperature (a), strain intensity (b) and strain rate (c) during rolling of 30MnB4 steel 
in the first rolling stand 

To increase the computation accuracy of the microstructure development modelling, the chemical composition 
and the actual CTPc diagram of the investigated steel were implemented in the QTSteel program's database. 

Figure 2 illustrates variations in 30MnB4 steel austenite grain size in successive passes of the continuous 
rolling line. The distributions of hardness and mechanical properties in the cross-section (slice) of 30 mm-
diameter round bar, as computed with the QTSteel program in accordance with the preset deformation and 
cooling conditions, are shown in Figure 3. 

 

Figure 2 Variations in the austenite grain size of 
30MnB4 steel in the 20 mm diameter round bar  

hot rolling process 

The initial 30MnB4 steel austenite grain size was 
200 µm. As the data in Figure 2 shows, the 
austenite grain size decreased gradually as a result 
of the rolling process to attain a value of approx. 46 
µm in the last rolling pass. In the first pass, the 
magnitude of deformation was tool small for 
recrystallization to start, and the austenite grain had 
grown due to the long post-deformation break 
duration. A slight increase in the austenite grain size 
of the investigated steel was observed (in rolling 
passes: 3, 7, 11-13, 16). The analysis of the 
recorded plastic flow curves [6] showed that it was 
caused by the absence of recrystallization due to the 
too low deformation value, which was smaller than 
the critical value necessary for starting the softening 
processes, while in the case of exceeding this value 
- the too short duration of the inter-deformation 
break. 

a) b) c) 

  
 

Figure 3 Distribution of hardness (a), yield point (b) and the ultimate tensile strength (c) on the cross-
section of 30MnB4 steel round bar 
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From the numerical modelling results it was found that the average hardness value on the cross-section of 
finished bar amounted to approx. 217 HV. The average value of yield point Re was about 460 MPa, while 
average ultimate tensile strength Rm, about 669 MPa. 

The percentage fractions of individual microstructure constituents, as calculated with the QTSteel program, 
are shown in Figure 4. 

a) b) 

  

Figure 4 The percentage fraction of ferrite (a) and pearlite (b) of the 30MnB4 steel bar cross-section 

The data in Figure 4 shows that the fraction of individual microstructure constituents of the finished bar after 
the cooling process was approx. 40% for ferrite and approx. 60% for pearlite. 

The schematic diagram of heat treatment during the physical modelling of the bar rolling process using the 
GLEEBLE 3800 simulator is shown in Figure 5. The variations of the yield stress of the investigated steel 
grade and temperature during the physical modelling of the of bar rolling process in the uniaxial hot 
compression test are illustrated in Figure 6. 

During physical modelling, only the last 3 deformations of the rolling line were modelled, assuming that the 
formation of the microstructure of the finished product takes place in the final rolling stage. This was confirmed 
by investigations carried out e.g. in study [7]. 

 
 

Figure 5 A schematic diagram of heat treatment 
during the physical modelling of the 20 mm-diameter 

plain round bar rolling process 

Figure 6 Variations in the yield stress and 
temperature of steel 30MnB4 during physical 

modelling 

When analyzing the data in Figure 6 it can be noticed that no softening had occurred after the first deformation, 
which manifested itself in an increase in yield stress. From the analysis of the plastic flow curves described in 
reference [6] it can be found that, for the analyzed deformation parameters, the leading phenomenon removing 
the hardening effects is dynamic recrystallization. In the case under analysis, none of the deformations 
exceeded the critical value for initiating dynamic recrystallization, therefore static recrystallization occurred. 
Unfortunately, the break duration of 1 s turned out to be too short, as a consequence of which a strengthening 
of the material resulted, which was visible in the form of an increasing stress value during deformation (the 
second deformation). In the subsequent pass (the third deformation), a strain accumulation occurred and 
dynamic recrystallization started, resulting in the refinement of the austenite grains. 
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An example of material microstructure after physical modelling is shown in Figure 7. The hardness values and 
the magnitudes of the yield point and ultimate tensile strength of the material after physical modelling, 
calculated on their basis, are given in Table 3. 

 

Table 3 Selected properties of steel 30MnB4 after the 
              physical modelling of the 20-diameter round 
              bar rolling process 

Hardness  

[HV] 

Yield point, 

Re [MPa] 

Ultimate tensile 
strength, 

Rm [MPa] 

217.83 453.26 688.83 
 

Figure 7 Microstructure of steel 30MnB4  
after physical modelling 

Based on the analysis of the data in Figure 7 it can be found that the material after physical modelling had a 
fine-grained pearlitic-ferritic microstructure. The analysis of the microstructure of the investigated steel has 
shown that the fraction of individual microstructure constituents (pearlite and ferrite) is similar to the results 
obtained from the numerical modelling. 

The differences between the hardness, yield point and ultimate tensile strength values obtained from the 
numerical modelling and the corresponding values obtained from the physical modelling were: approx. 0.4 % 
for hardness, approx. 1.5 % for the yield point, and approx. 2.9 % for the ultimate tensile strength.  

The physical modelling method employed in the study, which involves the determination of the deformation 
parameters and temperature variations by numerical modelling followed by physical modelling of the process 
using the Gleeble 3800 simulator, has represented the phenomena occurring in the material during the actual 
rolling process with a good approximation, as confirmed by investigation results reported, e.g., in study [9]. On 
this basis it can be stated that numerical modelling of microstructure development using the QTSteel program, 
too, enables one to forecast the development of microstructure during the actual rolling process at high 
accuracy, and, as a result, to predict at high accuracy the mechanical properties examined in the study. 

3. CONCLUSIONS  

Based on the results of numerical and physical modelling of the development of microstructure during rolling 
of round bars of steel 30MnB4, the following conclusions have been drawn: 

• the slight austenite grain size increase, observed in some rolling passes, is caused by the absence of 
recrystallization due to too low a deformation value (below the critical value, while in the case of 
exceeding this value - the too short duration of the break between successive deformations; 

• from the numerical and physical modelling results it can be found that after the deformation and cooling 
process the finished bar had a pearlitic-ferritic microstructure, and the numerically computed fraction of 
microstructure constituents was approx. 60 % of pearlite and approx. 40 % of ferrite; 

• from the results of the numerical modelling of the rolling process it can be inferred that, in the examined 
case, none of the deformations exceeded the critical value for initiation of dynamic recrystallization, and 
the softening took place as a result of static recrystallization; 

• in the process under examination, the duration of breaks between final deformations of 1 second was 
too short for the complete static recrystallization, as a consequence of which a strengthening of the 
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material occurred in successive rolling passes up to the strain accumulation and the attainment of the 
critical value for dynamic recrystallization initiation, resulting in a slight decrease in the yield stress of 
the investigated steel grade in the last pass; 

• the hardness, yield point and ultimate tensile strength values obtained from the numerical modelling 
correspond with high accuracy to the values obtained from the physical modelling; and 

• the finite element method-relying QTSteel software program allows the structure development during 
the actual rolling process to be forecast with high accuracy and enables the mechanical properties of 
the examined steel grades to be accurately predicted. 
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