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Abstract. The understanding of the softening behaviour during the hot rolling process is required to 
optimize the hot rolling schedule. Therefore, the microstructural evolution in the hot rolling of 
austenitic stainless steel was simulated. In this work, kinetics of grain growth was investigated by 
means of compression tests using the Gleeble HDS V40 and described by appropriate kinetic 
equations based on the obtained experimental results. Moreover, numerical simulation was performed 
using the Simufact.forming software. The results of the numerical simulation were further validated 
by experimental data, which were obtained from the semi-continuous hot rolling of the austenitic 
stainless steel. 

1. Introduction 
The evaluation of the microstructure development during and after hot deformation of metals has 

practical importance due to its relationship with the mechanical properties of final products. Several 
different processes, such as dynamic recovery (DRV), dynamic recrystallization (DRX), static 
recrystallization (SRX) and grain growth can influence the microstructure of deformed materials 
[1–7]. Semi-empirical approaches that describe softening and microstructure evolution can be 
integrated into numerical simulation of hot rolling processes [8]. This enables the optimization of the 
technological schedule and can also be used for online process control [9]. Therefore, it is important 
to develop accurate approaches describing the softening kinetics in order to increase the accuracy and 
reproducibility of the hot rolling simulation.  

In this work, the grain growth kinetics of an austenitic stainless steel was investigated and a hot 
rolling simulation was carried out. Dynamic and static recrystallization behaviours were investigated 
and described by appropriate kinetic equations in previous works [10, 11]. The aim of the simulation 
was to evaluate softening models that were developed in previous as well as in this work. The results 
of the numerical simulation were further validated by experimental data, which were obtained from 
hot rolling at the semi-continuous mill of the Institute of Metal forming at the TU Freiberg. 

2. Experimental Procedure 
2.1 Material  

A nitrogen-alloyed low-nickel austenitic stainless steel was used in this research work, its detailed 
chemical composition is listed in Table 1. The specimens were produced by a rod hot rolling process 
of the as-cast ingot with a finishing temperature higher than 1050 °C and subsequently machined with 
an upset ratio diameter/height of 1.8 and a diameter of 8 mm. 

Table 1. Chemical composition of investigated steel (in weight %) 
Steel 
name Cr Mn Ni Si C N Mo 

Mn4 16.5 4.0 4.1 0.30 0.05 0.18 0.6 
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2.2 Experimental procedure 
To study grain growth kinetics, hot compression tests were performed and the specimens were 

quenched in water for further metallographic investigations. The hot compression tests were 
performed using the Gleeble HDS V40. Compression tests were carried out on cylindrical specimens. 
In order to minimize the friction between the specimen and the die during hot deformation, Ni-based 
lubricant was used. Tantalum plates were placed on the contact zones to prevent striking. The 
deformation temperature was captured and controlled by a Ni-CrNi thermocouple attached to the mid-
height surface of specimens. 

In these compression tests, specimens were heated to 1190 °C at a heating rate of 3 K/s and held 
for 300 s. Then, the specimens were cooled to the deformation temperature at 5 K/s and held for 10 s 
(Fig. 1). After deformation with a true strain of 0.15; 0.3; 0.6 the specimens were held for delaying 
times tp, 1.25tp and 1.5tp, where tp describes the delaying time for reaching a statically recrystallized 
fraction of 95 %. Delaying times at different deformation conditions were calculated using equations 
of static recrystallization kinetics developed in [10]. 

 
Fig. 1. Experimental procedure of compression tests to investigate the grain growth process 

3. FEM Simulation 
FEM simulation of the hot rolling test was carried out to evaluate material models (softening 
equations). The simulation was performed by Simufact.forming 13.3. The rolling schedule for the 
FEM simulation is shown in Table 2. A three dimensional FE model of the workpiece and the roll 
was developed for the simulation. To simplify the FE model, the simulation was performed using a 
¼ part of the specimen (taking advantage of the symmetry of the sample) (Fig. 2). The sample was 
considered as a rigid visco-plastic material and the work roll was considered as a rigid body. Meshing 
of the sample was done before the first pass with 13322 hexahedral elements (1444 cross section 
elements and 50 elements along the longitudinal direction). Coulomb friction model was used to 
describe the friction condition with friction coefficients of 0.2 and 0.3 for the first three and last three 
rolling passes respectively. In addition, the top and bottom of the rolled material was cut after each 
pass, so that the strip length L=100 mm remained unchanged. This further enabled the reduction of 
the calculation time.  

 
  

Fig. 2. Procedure of the hot rolling simulation 
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Table 2. Rolling schedule for conducting the FEM simulation and laboratory rolling test 
Pass h0, 

mm h1, mm TR, °C ε v, m/s 

1 38 20 1102 0.64 2 
2 20.0 12.0   0.51 2.0 
3 12.0 8.5   0.34 2.0 
4 8.5 6.0   0.35 2.0 
5 6.0 4.5   0.29 3.5 
6 4.5 3.5 1060 0.25 5.0 
  Quenching in water up  < 450 °C 

 
The models for microstructure and grain size prediction used in the present hot rolling simulation 
are shown in Table 3. Equations for the descriptions of the dynamic and static recrystallization were 
developed in previous works [10, 11].  To evaluate the flow stress stress-strain curves from [11] 
were given as tables. The coefficients of the grain growth model were determined in this work on 
the basis of evaluated grain sizes (m – grain growth exponent, m=0.17; Qg – activation energy for 
grain growth, Qg = 360 kJ/Mol; G0 – material constant, G0 = 9.13∙1021 m/s) 

Tabelle 3. Microstructure prediction models used in rolling simulation 
Dynamic 
recrystallization model 

𝑍𝑍 =  𝜀𝜀̇ ∙ 𝐸𝐸𝐸𝐸𝐸𝐸 �
66429
𝑇𝑇

�,  

𝜀𝜀𝐶𝐶 = 0.0958 ∙ 𝐷𝐷00.00402 ∙ 𝑍𝑍0.0934, 

𝑋𝑋𝐷𝐷𝐷𝐷𝐷𝐷 = 1 − exp �−0.693 ∙ �
𝜀𝜀 − 𝜀𝜀𝐶𝐶
𝜀𝜀0.5

�
1.55

� , 

𝜀𝜀0,5 = 0.0054 ∙ 𝐷𝐷00.4146 ∙ 𝜀𝜀̇0.0544 exp �
3848
𝑇𝑇

�, 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = 45 ∙ 𝑍𝑍−0.0937 

Z- Zener-Hollomon 
parameter 

𝜀𝜀̇-strain rate, s-1 

T-temperature, K 

εC-critical strain 

D0 – initial grain size, μm 

XDRX - DRX volume 
fraction 

ε – true strain 

ε0.5 – strain required for 
50 % DRX 

DDRX-dynamically 
recrystallized grain size, μm 

Static recrystallization 
model 𝑡𝑡0,5 = 1.087 ∙ 10−17 ∙ 𝜀𝜀−2.66 ∙ 𝜀𝜀̇−0.758 ∙ 𝐷𝐷02.39 ∙ 𝑒𝑒𝐸𝐸𝐸𝐸 �

34648
𝑇𝑇

�, 

𝑋𝑋𝑆𝑆𝐷𝐷𝐷𝐷 = 1 − exp �−0,693 ∙ �
𝑡𝑡
𝑡𝑡0,5

�
0.449

�, 

𝐷𝐷𝑆𝑆𝐷𝐷𝐷𝐷 = 738.935 ∙ 𝜀𝜀−0.497 ∙ 𝐷𝐷0−0.212 ∙ 𝑍𝑍−0.117. 

t0.5 – time for 50 % 
recrystallization, s 

XSRX - SRX volume fraction 

t – time, s 

Grain growth model 

D0.17 = 𝐷𝐷00.17 + 9.13 ∙ 1021 ∙ 𝑡𝑡 ∙ exp �−
43321
𝑇𝑇

� . 

D0, D – Size of the grain 
before and after growth 

t - time since beginning of 
growth 

The flow chart for the calculation of softening kinetics based on strain, strain rate, temperature and 
inter-pass time in the simulation is shown in Fig. 3. 
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Fig. 3. Flow chart for the calculation of softening kinetics in FEM Simulation 

The calculation of the dynamic and static recrystallization kinetics took place at a constant strain 
rate and variable temperature. Each time the temperature changes, new ε0.5 and t0.5 were calculated. 
Based on this, the strain εi-1 and delay time ti-1 of the previous stage were calculated by using equations 
(1-2). 

 
𝜀𝜀𝑖𝑖−1 = 𝜀𝜀𝐶𝐶𝑖𝑖 + 𝜀𝜀0.5𝑖𝑖 �−

ln�1 − 𝑋𝑋𝐷𝐷𝐷𝐷𝐷𝐷(𝑖𝑖−1)�
0.693

�

1
1.55

. (1) 

 
 
𝑡𝑡𝑖𝑖−1 = 𝑡𝑡0.5𝑖𝑖 �−

ln�1 − 𝑋𝑋𝑆𝑆𝐷𝐷𝐷𝐷(𝑖𝑖−1)�
0.693

.
0.449

 (2) 

Subsequently, the current delay time and the strain were calculated using equations (3-4).  

 𝜀𝜀𝐴𝐴𝐴𝐴 = 𝜀𝜀𝑖𝑖−1 + (𝜀𝜀𝐴𝐴 − 𝜀𝜀𝐴𝐴−1). (3) 
 

 𝑡𝑡𝐴𝐴𝐴𝐴 = 𝑡𝑡𝑖𝑖−1 + (𝑡𝑡𝐴𝐴 − 𝑡𝑡𝐴𝐴−1). (4) 
 

If the applied strain was bigger than the critical strain εc in the roll pass, but the dynamically 
recrystallized fraction does not reach 95 %, the new initial grain size D0 for the subsequent static 
recrystallization was calculated from the dynamically recrystallized fraction XDRX according to 
equation (5). 

 𝐷𝐷0𝑖𝑖𝑆𝑆𝐷𝐷𝐷𝐷 = 𝑋𝑋𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖 + (1 − 𝑋𝑋𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖) 𝐷𝐷0𝑖𝑖−1. (5) 
 

The total softening fraction was calculated by following equation (6):  
 𝑋𝑋𝐹𝐹𝑖𝑖𝐹𝐹 = 𝑋𝑋𝐷𝐷𝐷𝐷𝐷𝐷 + (1 − 𝑋𝑋𝐷𝐷𝐷𝐷𝐷𝐷)𝑋𝑋𝑆𝑆𝐷𝐷𝐷𝐷. (6) 

 

The total grain size after static recrystallization was calculated by equation (7):  
 𝐷𝐷𝐹𝐹𝑖𝑖𝐹𝐹 = 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑋𝑋𝐷𝐷𝐷𝐷𝐷𝐷 + (1 − 𝑋𝑋𝐷𝐷𝐷𝐷𝐷𝐷) 𝑋𝑋𝑆𝑆𝐷𝐷𝐷𝐷 𝐷𝐷𝑆𝑆𝐷𝐷𝐷𝐷 + (1 − 𝑋𝑋𝐷𝐷𝐷𝐷𝐷𝐷) (1− 𝑋𝑋𝑆𝑆𝐷𝐷𝐷𝐷) 𝐷𝐷0. (7) 

 

ε> ε С —

+

—

+
—

+Grain growth DFin

Output Data: σ, D Fin , X Fin  etc.

Input Data (ε ,   , T, t i )

Critical strain ε С

DRX  X DRX , D DRX

X SRX D SRX X fin D FinXDRX > 95 %

𝜀𝜀̇

XFin<95 %
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4. Laboratory Rolling Tests  
The laboratory hot rolling test was carried out on the semi-continuous pilot rolling mill at the 

Institute of Metal Forming. (Fig. 4). For the rolling test, samples with the size of 38x38x900 mm were 
available in pre-rolled condition. Each sample was heated up to a temperature of 1180 °C and held at 
this temperature for 60 min. Subsequently, the samples were hot rolled according to the rolling 
schedule and quenched in water. The rolling schedule is shown in Table 2. The surface temperature 
of the sample was measured using a pyrometer. The average true strain in the duo reversing mill was 
ε=0.5, whereas in the finishing mills it was ε=0.3. 

 
Fig. 4. Semi-continuous pilot rolling mill at the Institute of Metal Forming at the TU Freiberg 
The rolling tests were carried out to validate the models of dynamic and static recrystallization and 

grain growth developed in this as well as in previous works [10, 11] under operating conditions. The 
starting temperature was 1100 °C. The aim was to sustain a final rolling temperature of TR> 950 °C. 
Rolling temperatures below 950 °C are considered to be critical due to precipitations that may occur 
in this temperature range. The measured final rolling temperature of 1080 °C was in the range of the 
target temperature. 

5 Results and Discussion  
The calculations of microstructure development in the FEM simulation were carried out for two 

positions: for the surface and center of the sample cross-section (see Fig. 2). Fig. 5(a) depicts that the 
surface temperature of the sample decreases intensively during the forming process due to the contact 
with the work rolls, and then rises during the interruption time because of the temperature gradient in 
the cross section. 

Fig. 5(b) shows the microstructural evolution during the hot rolling simulation. During 
deformation, the grain size decreases due to the dynamically recrystallized grains. During the inter-
pass time, firstly the mean grain size decreases further due to the statically recrystallized grains, then 
after completed static recrystallization the mean grain size increases due to the grain growth process.  

As shown in Fig. 5(b), the grain size on the surface is smaller than in the middle during the whole 
simulation process except in the first pass. This is due to the grains on the surface being formed at a 
lower temperature. The grain size at the end of the process reached 14.7 and 17 μm for the surface 
and center of the sample cross section. 
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Fig. 5. Temperature (a) and grain size (b) changes during the hot rolling simulation 

The Fig. 6 illustrates the deformed microstructure of the hot-rolled sample taken at the section 
illustrated in Fig. 7. It can be stated that the material has completely recrystallized during the given 
rolling schedule. The measured mean grain size was 15 μm. 

 
Fig. 6. Microstructure after hot rolling 

 
Fig. 7. Area of measured recrystallized grain size 

The experimentally obtained grain size value in the hot rolling test (D=15 μm) agrees with the 
values calculated by the FEM simulation using the softening models (14.7 and 17 μm for the surface 
and center of the sample).  

Fig. 8 shows the evolution of recrystallized fractions in the microstructure. Therefore, it can be 
concluded that the material was completely recrystallized after each pass. This can be attributed to 
the high strain and the high rolling temperature. The smallest total softening fraction of 98.5% was 
calculated in the sixth pass. 

 
Fig. 8. Softening fraction calculated in the hot rolling simulation 
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As it can be seen in Fig. 6, the structure consists of equiaxed grains. This confirms the results of 
the hot rolling simulation, which indicated a completely recrystallized microstructure at the end of 
the process. 

The flow stress generated during the hot rolling simulation is shown in Fig. 9 as a function of true 
strain. Flow stress was calculated in Simufact.forming using given stress-strain curve, which was 
obtained in [11]. It can be seen that the specimen completely recrystallized and the flow stress 
returned to the start point after each pass.  The softening proceeded basically through static recovery 
and recrystallization during the interruption time.  

 
Fig. 9. Flow stress during the hot rolling simulation process 

In order to validate the flow stress obtained on the basis of given flow curves, rolling forces during 
the hot rolling simulation and laboratory rolling test were compared for finishing rolling stages, as 
the flow stress is normally the most important factor affecting the rolling force during finish rolling 
(Fig. 10). The rolling forces in the hot rolling simulation were calculated as Z-Force, applied to the 
rolls of the mill. The rolling forces in the laboratory rolling test were measured with pressure 
indicators on both sides of the mill. Based on Fig. 10, it can be concluded one more time that the 
developed material models describe the rolling test appropriately.  

 
Fig. 10. Measured and predicted rolling forces 

6. Conclusions 
In this study, the microstructural evolution through the hot rolling of austenitic stainless steel was 

simulated. In order to be able to describe the softening behaviour after completed static 
recrystallization, kinetics of grain growth was investigated and described by appropriate kinetic 
equations.  
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Subsequently, the FEM simulation and laboratory hot rolling test were carried out on the semi-
continuous pilot rolling mill at the Institute of Metal Forming. The grain size value obtained in the 
hot rolling test (D=15 μm) is in accordance with the values calculated by the FEM simulation using 
the softening models developed in this work (14.7 and 17 μm for the surface and center of the sample). 
These values are within the scope of spreads. The comparison between measured rolling forces in 
finish rolling mills and predicted ones using Simufact shows a good degree of agreement.  

A good agreement between the experimental and predicted results indicates that the proposed 
kinetic equations can give a precise estimate of the microstructure state of the Fe-16Cr-4Mn-4Ni-
0.05C-0.17N steel. The results of this paper can be further applied to optimise the rolling schedule 
and to adjust the required final grain size and microstructure state (fully, partly recrystallized) in hot 
rolling processes.  
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