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MODELING OF THE MICROSTRUCTURE EVOLUTION OF A STEEL BILLET 
DURING THE VARIOUS TYPES OF ROLLING IN RELIEF ROLLS
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ABSTRACT

The paper presents the results of microstructure evolution obtained by finite element modeling in the DEFORM 
program for various types of rolling in relief rolls: symmetric rolling, asymmetric rolling with an asymmetry coefficient 
of 1.5 due to the roll diameters of 200 and 300 mm, as well as single-drive rolling, in which one of the rolls is driven 
and the other roll is idling. After rolling in relief rolls, the billet undergoes two-stage leveling in smooth rolls. The 
presence of a single driven roll with the ability to adjust its rotational speed allows for a higher asymmetry coefficient. 
The microstructure evolution was evaluated using the Cellular Automata method, which allows for the assessment 
of changes in both the size and shape of the grains. It was found that using a billet with a heating temperature of 
700°C is the most preferable option in all cases, as it eliminates the negative effect of static recrystallization, and 
the implementation of single-drive rolling allows for the highest degree of grain refinement.
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INTRODUCTION

For decades, asymmetric rolling has been a 
promising high-tech method for producing high-quality 
metal products in the form of hot-rolled sheets and thick 
plates. During this process, additional shear deformation 
flows are implemented in the deformed material [1]. 
The most common types of asymmetric rolling include 
kinematic rolling (different roll speeds), geometric rolling 
(different roll diameters), and the use of a non-driven 
(idling) roll, as shown in Fig. 1 [2, 3]. During asymmetric 
thin-sheet rolling, additional shear deformations occur, 
which, when combined with compression deformations, 
can effectively reduce grain size.

For each of these options, various technological 
schemes for implementing asymmetric rolling in 
practice have been developed, including the availability 
of auxiliary devices and mechanisms for inclusion in 
a continuous rolling line [4 - 7]. A number of studies 
have focused on the asymmetric rolling of bimetallic 
billets, which can consist of either entirely non-ferrous 
metals or a combination of non-ferrous metals and steels 
[8 - 10]. As a result of the asymmetric rolling process, 
these billets developed an ultrafine-grained structure 
with improved mechanical properties. Additionally, the 
review highlights that the key feature of asymmetric 
rolling is the uneven processing of the billet’s height, 
resulting in a gradient of properties across the cross-
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section [11]. 
The technology of rolling thick sheet metal has been 

investigated, which has solved the problem of producing 
high-quality thick sheet metal without significantly 
altering the initial dimensions of the billet [12, 13]. To 
achieve this, two variants of rolls with a relief profile 
in the form of annular grooves have been developed. 
It has been determined that the most optimal design 
is the relief rolls with a varying ratio of the protrusion 
to the depression. Additionally, a method of geometric 
asymmetry using relief rolls of different diameters has 
been implemented to achieve a high level of asymmetry 
(Fig. 2).

The essence of the proposed solution was to use 
relief rolls with a profile in the form of trapezoidal 
protrusions and depressions during asymmetric rolling 
[14, 15]. The use of such rolls allows for additional shear 
deformation during rolling, not only in the longitudinal 
direction (as in asymmetric rolling with smooth rolls), 
but also in the transverse direction. Additionally, even 
with a high level of asymmetry, the workpiece did not 
bend significantly after exiting the deformation zone of 
the relief rolls, maintaining its horizontal trajectory. This 
effect was achieved due to the resulting relief profile of 
the workpiece, where the protrusions and depressions 
acted as stiffeners. This method proved to be highly 
effective in terms of metal cross-section development 
and improving the mechanical properties of aluminum 
and copper thick-sheet workpieces.

It is important to note that both the most common 

methods of implementing asymmetric rolling (geometric 
and kinematic) have their own technological drawbacks. 
For example, implementing geometric asymmetry 
for a wide range of thick-sheet products requires the 
production of a large number of rolls with different 
diameters. Additionally, it is often impossible to achieve 
a high asymmetry coefficient with geometric asymmetry 
due to the limited range of roll diameters imposed by 
the structural dimensions of the mill stand. On the other 
hand, implementing kinematic asymmetry does not have 

Fig. 1. Variants of asymmetric rolling: (a) - in rolls with different circumferential speeds; (b) - in rolls of different diameters; 
(c) - with one non-driven roll.

Fig. 2. Cage with relief rolls of different diameters.
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explicit limitations on the asymmetry coefficient and 
depends on the ability to adjust the speeds of the electric 
motors. However, this method of asymmetry requires 
a significant redesign of the rolling mill to provide 
individual roll drives with the ability to adjust the 
circumferential speeds of each working roll separately.

An alternative solution to these disadvantages is 
to use a rolling mill with a single driven roll, which 
can further improve the processability of high-quality 
metal products such as hot-rolled sheets and thick 
plates [16]. In this case, the disadvantages listed above 
are eliminated, as the presence of rolls with different 
diameters is not a prerequisite for creating asymmetry, 
and their presence can actually enhance the asymmetry 
effect. The use of a single driven roll with the ability to 
adjust its rotational speed allows for a higher degree of 
asymmetry, as the second roll is non-driven (idle) and 
only rotates due to the active friction forces between 
the roll and the workpiece. In this case, it is sufficient 
to physically disconnect one roll from the drive system, 
which does not require significant modifications to the 
rolling mill.

The purpose of this study was to simulate the 
microstructure evolution of a steel workpiece during 
various types of rolling in relief rolls to assess their 
effectiveness in terms of metal processing and grain 
refinement.

EXPERIMENTAL

In this work, it was decided to conduct all theoretical 
studies in the DEFORM program, as the most actively 
developing product in the field of modeling of metal 
forming processes. In order to fully analyze the 
microstructure evolution of a steel billet during single-
drive rolling in relief rolls, it was decided to conduct a 
multifactorial simulation with simultaneous variation of 
technological parameters. In this case, the parameters 
that could be further implemented in real laboratory 
conditions were selected as the variables. It was decided 
to deform the billet on a mill at Karaganda Industrial 
University, where experiments on deforming aluminum 
and copper billets of similar thickness were previously 
successfully conducted [15]. The laboratory mill allows 
for rolling in both symmetrical mode (both rolls have 
a diameter of 200 mm) and asymmetrical mode with 
an asymmetry coefficient of 1.5 (the upper roll has a 

diameter of 200 mm, and the lower roll has a diameter 
of 300 mm).

The first technological parameter was the temperature 
of the billet, which has a significant impact on both the 
stress state during deformation and the recrystallization 
process. Since this study uses a common AISI 1015 steel, 
the following temperature values were selected: 1100°C 
(hot rolling with static recrystallization) and 700°C (hot 
rolling without activating the static recrystallization 
mechanism).

The second technological parameter is related to 
the kinematics of the rolling process. It was decided to 
conduct a detailed study of the influence of the rotation 
speed of the relief rolls. To achieve this, three rolling 
cases were simulated:

1) symmetrical rolling in relief rolls (both rolls rotate 
at a speed of 60 rpm);

2) asymmetrical rolling in relief rolls (asymmetry 
coefficient of 1.5);

3) single-drive rolling in relief rolls (the upper relief 
roll is disconnected from the spindle, making it idle and 
rotating due to friction when in contact with the billet).

The design of the relief surface of the rolls is shown 
in Fig. 3.

The roll barrel length was 400 mm. The diameter 
of the smooth rollers for aligning the workpiece was 
200 mm. The workpiece was a rectangular sheet with a 
cross-section of 10 × 300 mm and a length of 350 mm. 
It was decided to simulate rolling with a symmetry plane 

Fig. 3. Design of relief rolls for rolling a 10 mm thick 
workpiece.



Journal of Chemical Technology and Metallurgy, 61, 4, 2026

752

in the width direction, i.e., the width of the workpiece 
was 200 mm in the models, which was mirrored. AISI 
1015 steel was chosen as the workpiece material. The 
following technological parameters were used in the 
computer simulation of the process:

- workpiece material was completely isotropic;
- rolling was performed at an ambient temperature 

of 20°C;
- temperature of the workpiece before rolling was 

1100°C and 700°C;
- heat transfer coefficient between the workpiece 

and the tool was 5000 W m-2 °C-1;
- heat transfer coefficient between the workpiece 

and the environment was 0.002 W m-2 °C-1;
- to create the most severe conditions of grip, the 

coefficient of friction at the metal-roll contact was 
assumed to be 0.7 (which corresponds to a rough surface 
with notches and a high level of roughness).

Adaptive solver settings were used to create a finite 
element mesh. Instead of using a fixed number of finite 
elements, the minimum size of a tetrahedral element 
was set to 1.5 mm. This ensures that there are at least 6 
elements in the thickness of the workpiece, regardless 
of the mesh reconfiguration. This number of elements in 
the thickness is sufficient to accurately represent the shape 
changes. Since the design of the gap in the embossed rolls 
implies a maximum amplitude of the workpiece equal to 
twice its thickness, the gaps for alignment in the second 
and third passes were set to 25 % and 50 %, respectively. 
This means that for a workpiece with a thickness of 10 
mm, the gap in the second pass was set to 15 mm, and 
in the third pass, it was set to 10 mm.

The JMAK method is not capable of capturing 
changes in the shape of the initial grain, but the Cellular 
Automata method can. However, this method has its 
own limitation, as it only allows for the microstructure 

study at predetermined points. Given these limitations, 
it was decided to use the Cellular Automata method 
in this study to obtain data on both the size and shape 
of the grains. To use this method, it is necessary to 
determine the points on the workpiece where the 
structure will be modeled. Early, during study the stress-
strain parameters, it was found that the level of strain 
increases most significantly at the contact points with 
the embossed rolls [14]. However, there is a significant 
difference in the impact on the workpiece from the rolls 
in the asymmetric and single-drive cases. Therefore, 
it was decided to use the scheme (Fig. 4). In the two 
sections that encompass the relief rolls, three points are 
defined on both horizontal surfaces and in the center. 
In the symmetric models, only one section with three 
points was considered due to the identical impact on the 
workpiece from the rolls.

The cellular automata algorithm uses the calculated 
data of the stress-strain state, the strain rate, and the 
temperature from the ready-made model in DEFORM, 
and complements it with the data of the physical and 
chemical properties and their behavior for a given 
material and its structure. According to the Yada 
algorithm, it calculates the parameters of the processes 
of static and dynamic recrystallization, which affect 
the change in grain size, and the imposition of the 
deformation-velocity scheme affects the change in grain 
shape [17].

The algorithm used employs a large number of model 
coefficients, which are individual for different materials 
and deformation modes. These coefficients are discussed 
in detail in the work of professor Lenard, where a large 
number of values of these coefficients are presented for 
various grades of steel and alloys, depending on the 
types of deformation and heat treatments [18]. Below 
is a ready-made Yada algorithm with coefficients for 

Fig. 4. Cross-sections and points for microstructure analysis [14].
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low-carbon steel subjected to hot rolling.
During deformation, two types of recrystallization 

occur: static and dynamic, which affect the change 
in the initial grain size. The calculation of dynamic 
recrystallization is part of the model that deals with the 
processes in the deformation zone. It begins when the 
equivalent strain ε exceeds the critical strain εk. The 
main parameter of this model is the Zenner-Hollmon 
parameter (Eq. (1)):

312000expZ
RT

ε
•  = ⋅  

 

 					   
      (1)

where ε
•

- strain rate, s-1; R - gas constant (8,3144 J·mol-1 
· K-1); T - deformation temperature, K.
Critical strain for the start of dynamic recrystallization 
(Eq. (2)):

εk = [4.9∙10-4 ∙ D0
0.5 ∙ Z0.15] ∙1.23 		                (2)

where D0 - initial grain size, μm; Z - Zenner-Hollmon 
parameter.

Strain at 50 % dynamic recrystallization (Eq. (3)):

ε50 = [1.144 ∙10-3 D0
0.28 ∙ ε

•
0.05∙exp(51880 / RT)]        (3)

Dynamically recrystallized part (Eq. (4)):

XDyn = 1 - exp[-0.4 ∙ ((ε - εk)/ ε50)
1.5) 	  (4)

Grain size after dynamic recrystallization, μm (Eq. (5)):

DDyn = 2.26∙104 ∙ Z-0.27				    (5)

The calculation of static recrystallization is a part of the 
model when the studied segment of the workpiece is 
not in the deformation zone. The calculation is carried 
out until static recrystallization is interrupted by the 
deformation stage or phase transition.
The amount of strain after the start of static 
recrystallization (Eq. (6)):
εm = 0.8∙( εk + ε50 ∙ {1 - exp[-(ε - εk)/ ε50]}) 		 (6)

Time for 50 % static recrystallization, s (Eq. (7)):
0.28

2
0

4
05

21 397115 10 exp( )t D
T

ε ε
−•

− −⋅ ⋅ ⋅ ⋅= ⋅ 		  (7)

Time of the beginning and end of static recrystallization, 
s (Eq. (8) and Eq. (9)):

t05= 0.01 ∙ t50					     (8)

t95= 1.9 ∙ t50					     (9)

Pause time for temperature adjustment, s:

tP_kor = 330expTid
R T

   ⋅ −   ⋅   
∑    		  (10) 

where dTi - the amount of time increment, s.
Statically recrystallized part:

XStat = 1 - exp[-0.639∙(tP_kor/t50)
1.7] 		 (11)

Grain size after static recrystallization, μm:

DStat = [6.2 ∙ ε55.7 ∙ D0
0.653 ∙ Z0.5] + 0.35    	    (12)

Grain size after both recrystallizations:

( ) 0(1 ) 1 1Dyn Dyn Dyn Stat Stat Dyn Dyn StatD X D X X D X X X D = + − + − − − 

.		     (13)
With long pauses between deformation stages, grain 
growth begins immediately after static and dynamic 
recrystallization ends, when (XDyn + XStat) > 95 % и 
(tP_kor - t95) > 0. The new value mKG of the grain size in 
μm is calculated using the Eq. (14):

mKG0.81 - D0.81 = 4.3 ∙ (tP_kor - t95) ∙ exp[-330000/(RT)]  	
		     (14)

To display the simulation results, the window 
settings were set to square, with dimensions of 150 μm 
by 150 μm. The initial metal structure in the annealed 
state was set to an equiaxed grain arrangement with an 
average size of 40 μm (Fig. 5).

Before modeling, it is necessary to determine the 
direction of view for studying the microstructure. For 
a complete picture, the transverse and longitudinal 
directions are considered. However, previous 
experimental studies [15] have shown that the grain 
size is almost identical in both directions, while the 
change from an equiaxed to an elongated grain shape is 
observed only in the longitudinal direction. Therefore, it 
was decided to consider only the longitudinal direction.

Additionally, the effect of static recrystallization 
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should be taken into account during the calculation. 
For the AISI 1015 steel used, the process of static 
recrystallization begins at approximately 730°C. With 
this value, models with a temperature of 700°C will be 
calculated without considering static recrystallization, 

Fig. 5. Initial microstructure.

Fig. 6. Microstructure in the longitudinal section during symmetrical rolling: (a) - point 1 at 1100°C; (b) - point 2 at 1100°C; 
(c) - point 5 at 1100°C; (d) - point 1 at 700°C; (е) - point 2 at 700°C; (f) - point 5 at 700°C.

while models with a temperature of 1100°C will undergo 
intensive static recrystallization.

RESULTS AND DISCUSSION

Fig. 6 - 10 show the results of microstructure 
evolution modeling for a 10 mm thick workpiece. Below 
are the explanations for the selected points 1 - 6:

- point 1 is at the depression of the upper relief roll 
(200 mm);

- point 2 is at the protrusion of the lower relief roll 
(300 mm);

- point 3 is at the protrusion of the upper relief roll 
(200 mm);

- point 4 is at the depression of the lower relief roll 
(300 mm);

- point 5 is the central zone of section 1-1;
- point 6 is the central zone of section 2-2. 
The values of the average grain size during 

symmetrical rolling for a 10 mm thick billet are shown 
in Table 1.
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Fig. 7. Microstructure in the longitudinal section during asymmetric rolling at 1100°C: (a) - point 1; (b) - point 2; (c) - point 
3; (d) - point 4; (е) - point 5; (f) - point 6.

Fig. 8. Microstructure in the longitudinal section during asymmetric rolling at 700°C: (a) - point 1; (b) - point 2; (c) - point 
3; (d) - point 4; (e) - point 5; (f) - point 6.
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Fig. 9. Microstructure in the longitudinal section during single-drive rolling at 1100°C: (a) - point 1; (b) - point 2; (c) - point 
3; (d) - point 4; (e) - point 5; (f) - point 6.

Fig. 10. Microstructure in the longitudinal section during single-drive rolling at 700°C: (a) - point 1; (b) - point 2; (c) - 
point 3; (d) - point 4; (e) - point 5; (f) - point 6.
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When considering the results of symmetric rolling, 
three features can be noted:

1) at a lower temperature, the overall level of grain 
refinement is more intense due to the absence of the 
static recrystallization effect;

2) only in the model at 700°C at point 2 (on contact 
with the protrusion), there is a slight elongation of the 
grains, while in other cases, the grains remain equiaxed;

3) the surface layers experience greater refinement 
than the central zone. 

The average grain size values for asymmetric rolling 
for a 10 mm thick workpiece are presented in Table 2.

When considering the results of asymmetric rolling, 
the following features can be noted:

1) the effect of more intensive grain refinement at 
lower temperatures is present;

2) grain elongation is observed at both temperatures, 
but in the 700°C model, grain elongation is more 
pronounced due to the absence of static recrystallization. 
In each section 1-1 and 2-2 (Fig. 4), grain elongation is 
more pronounced at the contact with the roll protrusion;

3) in the 700°C model, all layers undergo greater 
refinement than in the corresponding symmetric rolling 
model due to the additional effect of asymmetry. In the 
1100°C model, this effect is almost invisible due to the 
negative influence of static recrystallization.

The average grain size values for single-drive rolling 
for a 10 mm thick workpiece are presented in Table 3.

When considering the results of single-drive rolling, 
the following features can be noted:

1) there is a grain refinement effect at lower temperatures, 
which is more pronounced than in any other model;

2) the grain elongation pattern is similar to that 
observed during asymmetric rolling (the elongation is 
more pronounced in the 700°C model). However, the 
level of elongation is even more pronounced, especially 
at the contact with the roll protrusions, which indicates 
a higher level of asymmetry due to the presence of an 
idle roll;

3) in the 700°C model, the surface layers exhibit a 
refinement level of 55 - 60 % of the initial grain size, 
while the refinement in the central layers is significantly 
lower. This is a result of the high level of asymmetry 
and the absence of static recrystallization.

CONCLUSIONS

The paper proposed a new method of asymmetric 
rolling, in which the first pass is performed in relief rolls 
with an asymmetry factor (geometric or kinematic). In 
this method, only one roll is driven, while the other roll 
is idled. After rolling in the relief rolls, the workpiece 
undergoes an alignment process in smooth rolls. The 
presence of a single driven roll with the ability to adjust 
the rotational speed of the driven roll allows for a higher 
asymmetry factor. The evaluation of the microstructure 
evolution showed that using a workpiece with a heating 
temperature of 700°C is the most preferable option, as it 
eliminates the negative effect of static recrystallization. 
Additionally, at this temperature, the implementation of 
a single-drive deformation method allows for the highest 
degree of grain refinement. Based on these findings, the 
single-drive rolling method can be considered the most 
effective.

Rolling model Point 1 Point 2 Point 3 Point 4 Point 5 Point 6
Symmetrical, 1100°С 37 35 - - 38 -
Symmetrical, 700°С 30 29 - - 34 -

Rolling model Point 1 Point 2 Point 3 Point 4 Point 5 Point 6
Asymmetric, 1100°С 36 34 35 36 38 38
Asymmetric, 700°С 29 28 28 30 34 34

Rolling model Point 1 Point 2 Point 3 Point 4 Point 5 Point 6
Single-drive, 1100°С 25 21 23 26 28 28
Single-drive, 700°С 22 16 18 25 26 26

Table 1. Average grain size for a 10 mm thick billet with symmetrical rolling, μm.

Table 2. Average grain size for a 10 mm thick workpiece during asymmetric rolling, μm.

Table 3. Average grain size for a 10 mm thick workpiece during single-drive rolling, μm.
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