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Abstract

Hot rolling of sections is one of the metal forming processes used to shape materials into profiles with a fixed cross-
section, such as road rails. Iron is chosen for this process due to its repeatability. Despite the numerous equipment and
high costs associated with it, the analysis of this process and its simulation can be highly desirable. In this process, the
initial raw piece is passed through several rollers until the desired section's shape is created (1,2). The more passes are
made, the greater the reduction in the cross-sectional area, and the tolerances increase. During rail rolling, several key
factors play a crucial role, including the length of the workpiece, cross-section change, piece deviation, roller speed, and
friction. This article focuses on investigating the effective parameters in this process using simulation software. For the
rolling analysis, we use an isothermal and rigid model of rollers, considering the heat transfer between the rollers and
the rail during the shaping process. The analysis is performed using thermal stress solutions in Abaqus/explicit.
Additionally, the workpiece may deviate due to the asymmetry of the top and bottom shapes. Hence, we examine the
effects of the friction coefficient between the part and the rollers on rail deflection, stress values, strain, and rolling
force. The results indicate that the maximum stress on the rail's surface occurs below the points of contact with the
rollers, leading to a higher percentage reduction.
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1. Introduction

Rolling a cross-section involves shaping the cross-sectional surface of the workpiece by passing it through grooves on
the side surface. The rollers on a rolling rack are designed in a way that, at each stage of rolling, the shape of the cross-
section of the workpiece resembles the shape of the caliber created between the grooves of the upper rollers. One of the
most crucial aspects in the design of the rolling stages is the examination and recognition of how well the metal aligns
within the caliber of the shaper (3,4). Various methods, such as modeling with plastic materials and advanced analysis
of metal alignment using techniques like slip lines and upper limits, have been studied to understand plasticity. During
the continuous hot rolling of billets through different stages, it is essential to carefully ensure that acceptable
dimensions are transformed into products, and the cross-sectional area of the piece gradually decreases. Researchers
in the field of hot rolling section analysis consistently strive to identify events that occur in the cross-section of the part
during the exit process (5). Defining the caliber and designing the profile of the piece is of utmost importance. The
application of the finite element technique in the rolling process allows us to easily study other calibers with different
shapes. In rolling, various factors are considered, including material flow, resulting stresses, friction, the force applied
to the rollers, temperature, and the phenomenon of roller flattening (6).
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In this article, we use Abaqus software to simulate the rolling of iron rails, with a specific focus on the first two stages
within a series of rolling stages.

2. Material and methods

2.1. The hot rolling process of railway rails

In this process, the preform, intended to be placed between two shaped rollers, is heated and then rolled. The standard
rail has a distinct cross-section, consisting of three parts: Sir Rail, John Rail, and its base. The rail form used in this article
is selected from the general classes of rail design, closely resembling an inverted T. The shape, dimensions, and standard
of the sample used for rolling in this article are sourced from Harmer Steel factory, one of the manufacturers of various
railway rails, and are illustrated in Figure 1.
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Figure 1 Exact dimensions of the rail after final rolling

The material used to simulate the rail is 309 steel, and the dimensions of the rail before the two final rolling stages are
provided in Table 1.

Table 1 Rail dimensions before rolling

Thickness of the Rail Web | Seismic Zone | Rail Height | Rail Width

28 mm 76 mm 167.2 mm 130 mm

In addition, both calibers use grooved steel rollers with a diameter of 580 mm and a speed of 9 rad/s, along with smooth
rollers with a speed of 16 rad/s and a diameter of 290 mm to simulate the last two stages, i.e., stages 12 and 13, at a
temperature of 1100 degrees Celsius. Typically, the cross-section of rails is created from rectangular ingots and varies
based on design type and rail class throughout the 10 to 18 rolling stages. Production proceeds with careful caliber
design, and the rolling operations are closely monitored to ensure the produced rails meet precise dimensions and high-
quality standards. Following complete rolling, the rails undergo controlled cooling, typically on cooling beds, where they
are cooled to a temperature of 725 degrees Celsius. Subsequently, the rails are transferred to carrier beds, and the
cooling process continues for up to 10 hours. After cooling, final operations include inspection, chamfering, and grinding
of rail heads. Ultimately, the rails undergo hardening and are quenched in oil before being subjected to further heat
treatment. Rails are formed using two main methods: the tab method and the grooved roller method, as well as the
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angular method, and occasionally a combination of these methods is employed. As illustrated in the figure, the method
employed in this article corresponds to the first method, as depicted in Figure 2. This method utilizes two grooved
rollers aligned on the same axis and one tongue roller with its axis perpendicular to the two axes of the rollers.
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Figure 2 Design of grooved and tongued rollers

2.2. Rolling process simulation

For finite element simulations, we utilize the ABAQUS software program, known for its proficiency in analyzing
nonlinear behaviors involving extensive elastic and plastic deformations. Kamyab Moghaddam addressed the critical
issues of railway ground-borne vibration induced by high-speed and intercity trains, presenting a significant challenge
for railway systems. His work highlighted the efficacy of vibration attenuation at the source, incorporating elastic layers
beneath various track components. Kamyab Moghaddam's findings underscored the importance of the deflection and
stress control method as a significant approach to reducing vibrations at the source. The current article builds on his
previous work, focusing on investigating the key parameters in this process using simulation software to examine the
impact of the friction coefficient between the part and the rollers on rail deflection, stress values, strain, and rolling
force to control the vibration. The results affirm these findings and are compared to those obtained in Kamyab
Moghaddam's previous work for validation (7). In the analysis of each stage of rolling, the rollers are considered as
isothermal, and the object is modeled as rigid. Heat transfer occurs between the rollers and the rail (8,9). Heat can be
generated during rolling for two reasons: plastic work done and friction caused by the contact between the roller and
the workpiece. The heat lost from the rolling rail due to cooling in the environment and the use of coolant is calculated
as conduction in boundary conditions, and part of the heat is radiated to the surrounding environment. Therefore, the
analyses are based on the complete combination of thermal stress explicitly. In the simulation analysis, automatic
adaptive meshing for the rail is used during rolling analysis to maintain the best mesh quality while changing shape. To
increase the efficiency of analysis calculations, it is automatically carried out until a steady state is achieved. Conditions
and criteria are applied to attain a stable state, which is based on the torsional torque of rigid rollers, an increase in the
width, and plastic strain in the cross-section of the piece.

The design of two simulated calibers, our pre-final and final calibers, is shown in Figure 3.

482



International Journal of Science and Research Archive, 2023, 10(02), 480-489

Final

Rollers

prefinal
= Rollers

Figure 3 Two pre-final rollers and two final rollers

3. Finite element analysis

By employing the boundary element method, the shape inside the caliber is divided into different cells or elements. The
subsequent pattern of shape change can be predicted through the analysis of these elements, allowing for a complex
section to be anticipated. The finite element model used in the design and verification of calibers offers the advantage
of analyzing the new caliber without the need for creating a complex and time-consuming model. Due to the lengthy
calculation times and the complexity of mechanical and thermal boundary conditions involved in the finite element
model, its application in today's rolling processes is primarily limited to evaluating analytical models and conducting
preliminary studies of new calibers. During sample rolling experiments, the temperature of the input cutoff exceeds
1100 degrees Celsius, while the temperature of the rollers surpasses 150 degrees Celsius, resulting in heat transfer
between the workpiece and the rollers. However, due to the high speed of the rollers, the range of heat transfer within
a short time frame is limited. As a consequence, the temperature difference of the test piece from the time of entry to
the exit is less than 30 degrees Celsius. Consequently, we consider this process as isothermal in our simulation.

The analysis of the stages used to model the two stages of rolling is as follows:

o The firstrolling process is implemented in explicit mode to achieve a stable solution state.

e Two-dimensional meshes of the cross-sectional area for data transformation in a stable plane are generated
using CAE. The final temperatures of the stable plate are also determined.

e A new cross-sectional model with finer meshes is created in CAE. In the second thermal analysis, the
Abaqus/Standard subprograms are utilized to transfer heat from the previous step to the new finer meshes.
The focus of the analysis is solely on heat transfer to the new meshes.

e The 3D meshes for the second rolling are generated using the new cross-sectional meshes and the thermal
information from the previous stage.

o The second rolling step is performed in explicit mode to establish a stable rolling solution

3.1. Thermal analysis

The meshing for the internal heating system analysis is derived from the database outputs of the first rolling pass using
CAE.

This program is used to create a temperature map for the three-dimensional analysis of the primary rolling pass and
the heat transfer within the inner pass of meshes. Subsequently, more precise transverse section analysis is conducted
for the second stage. To draw the temperature map for the first heat transfer analysis, the new heating mesh is employed
for the second transfer analysis. The new mesh for the second heat transfer analysis is generated using the original CAE
document. This program takes the database output from the first heat transfer analysis as input, examines the meshes,
and produces the components of that mesh. These components are not new; they are adapted to fit the requirements of
the new mesh for the second heat transfer analysis. Since the position of the nodes in the new two-dimensional mesh
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differs from the position of the nodes in the internal heat transfer analysis mesh used previously, temperatures are
assigned to the new mesh nodes accordingly. Abaqus/Standard heat transfer analysis employs the following modeling
techniques for this purpose.

The final temperatures from the second heat transfer analysis serve as the initial temperatures for the second rolling
pass. This process can also be automated using the initiator file method. Similarly, the second rolling pass is conducted
in a manner similar to the first rolling pass and will conclude once it reaches a stable state (10,11).

Both experience and experiments have demonstrated that the stress in metals is dependent on the strain rate. In other
words, when the strain rate increases, the stress in the metal also increases. Similar to the stress-strain relationship,
there is an exponential correlation between shear stress and strain rate, represented by equation 1.

o=Cém (D

The constant C represents the material's resistance coefficient, while the constant m represents the material's strain
rate. The values of C and m specific to the sand type discussed in this article are provided in Table 2.

Table 2 m and c values for the rail

m C m c | strain strain rate per second
1200 800 200-520
0.184 | 60 | 0.079 | 272 | 0.25
0.174 | 66 | 0.074 | 311 | 0.4
0.185 | 66 | 0.076 | 323 | 0.6

3.2. Friction in hot rolling

Determining the friction coefficient in hot rolling is undoubtedly of paramount importance in practice. This is because
various factors such as the quality, surface condition, dimensions, and temperature of the workpiece, as well as the
surface quality and diameter of the roller, rolling speed, and more, all affect the magnitude of the friction coefficient in
rolling. Due to the complexity of these factors, it is challenging to find a single formula that comprehensively
encompasses all of these structural elements.

Most of the available relationships used to determine the base friction coefficient rely on experimental and laboratory
data, and each of them is applicable under specific rolling conditions. One of the most significant and successful

relationships for determining the friction coefficient in hot rolling of steel sections is a formula in which the friction
coefficient depends on rolling temperature, roller type, and rolling speed. This relationship is formulated as follows:

i =ar kr (1.05 - 0.0005) (2)

0 represents the rolling temperature in degrees Celsius, while ar is a constant whose magnitude varies depending on
the type of roller. Different values of ar are listed in Table 3.

Table 3 Different amounts of ar

Different amounts of ar
1 Rough steel and cast-iron rollers
0.8 Smooth steel rollers
0.55 Transparent steel rollers

kr is a constant whose magnitude is determined by the linear speed of the working rollers. According to Equation 2, the
friction coefficient is calculated to be 0.3.
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3.3. Calculation of roll pressure in hot rolling of steel by Gle Chi method

In this method, the average pressure of the roll in hot rolling is also as The product of a factor greater than one in the
yield stress of steel Hot work conditions are suggested, in such a way that:

Pm=2k(1+pCv0/251d/hm) 3)

In this equation, vr represents the linear speed of the roller in meters per second, p stands for the coefficient of friction
between the workpiece and the roller, and C is dependent on the ratio of the length to the average thickness of the
workpiece, which has been determined as 6. 1d corresponds to the contact length of the roller, calculated based on
Equation 4 (12,13). Additionally, hm refers to the average height of the part, measuring 55 mm, and Ah represents a
decrease in thickness, which is 7 mm.

Ld = VR.Ah (4)

2k represents the yield stress of steel under hot working conditions. According to the von Mises yield criterion, 2k is
equal to Y1.15, which has been calculated for the specific type of steel being used. The main characteristics of this
criterion are:

No preconditions are required between the main stress components. It can be formulated in terms of the first and
second invariants of the stress tensor. Laboratory experience has shown that this criterion accurately predicts material
behavior more effectively than the COD delivery standard.

3.4. Calculation of force in hot rolling

The determination of force in hot rolling is closely related to the determination of pressure, particularly the average
pressure on the roll. If pm represents the average pressure on the roller during contact, simply multiplying it by the
contact surface area yields the rolling force, as expressed in Equation 5, which is as follows:

F/Wm =Pm.y R.Ah (5)

Where Wm is the average width of the workpiece. The average pressure, pm, is calculated using Equation 3.

The force entering the first and second pair of rollers was calculated by the software and is shown in Figures 4 and 5,
respectively. As can be seen, the amount of force in the first pair of rollers is 5.44 * 10 6 N and for the second pair of

rollers is 6.1 * 10 7“6 N, and The reason that the amount of force in the second pair of rollers is more is that The
temperature in the work piece is reduced and so is the strain hardness of the piece increase.
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Figure 4 Two pre-final rollers and two final rollers
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Figure 5 The diagram of the rolling separation force in the second pair of rollers

3.5. Deviation of the work piece up or down

If the diameter of the upper roller is larger than that of the lower roller, with both rollers rotating at the same speed,
the linear speed of the upper roller becomes greater. Consequently, when the workpiece exits the gap between the two
rollers, it deviates downward. This rolling condition is referred to as 'low zinc.

When forming the workpiece in a caliber that has a deep groove on one of its rollers, it results in speed differences
between the material at the bottom of the groove compared to the material in areas above the groove. This discrepancy
is due to the different radii of the roller for these two material regions. As a result, the workpiece may encounter
difficulties when exiting the caliber, making it advisable to avoid designing calibers with excessive depth (14).

Figure 6 Use of three-roller rolling machine to prevent rail deviation

In rolling sections, the vertical movement or position of the caliber within the space between the two rollers can result
in a difference in the working diameter of the upper and lower rollers (15). Aside from the roller diameters, several
other factors can also cause the workpiece to move either upwards or downwards. These factors include differences in
the rotational speed of the upper and lower rollers, variations in temperature between the upper and lower surfaces of
the workpiece, or discrepancies in friction between the upper and lower rollers (16,17). In this article, initially, a single
double-grooved roller was used, which, due to the asymmetry of the grooves around the piece's axis, caused deviation.
To resolve this issue, a three-roller setup was employed, consisting of two rollers with symmetrical groove shapes and
one smooth roller to shape the rail floor. The radius of the smooth roller is half that of the grooved rollers, and its
rotational speed is twice as fast at 18 rad/s. When the linear speed of all the rollers was equal, deviation in the rail was
observed again, as shown in Figure 7a. To eliminate the deviation, the speed of the smooth roller was reduced from 18
to 16, effectively solving the problem, and the rail was rolled without deviation. The resulting shape of the rail is depicted
in Figure 7.
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Figure 7.B Rolled rail without deviation

4. Results and discussion

The first rolling stage, which ends when the rolling conditions are deemed stable, reduces the required analysis time,
while maximizing the tension in both calibers within a single plane. This plane lies under the contact point of the roller,
as illustrated in Figure 8.

The analysis results reveal a uniform shape change in a stable condition, as shown in Figure 8. The region with the
largest plastic strain experiences the most significant shape change. The plastic deformation leads to heat generation,
with the temperature peak precisely corresponding to the location of the plastic strain peak.

As the workpiece passes between the rollers, it undergoes cooling, and its thermal gradient decreases. After the second
rolling pass, it appears that stable conditions have been achieved, allowing for a significant shape change, and most of
the rail's shape can be recreated by rolling with new calibers. The software used in this article cannot account for elastic
shape changes, only plastic deformation and heat transfer. In multi-machine rolling, to validate the accuracy of this finite
element simulation, elastic-plastic rolling in both isothermal and non-isothermal conditions within the rolling groove
was conducted. A very small difference of about 0.02% was observed. Therefore, two-machine rolling analysis can be
performed under isothermal conditions. Additionally, the theoretical average pressure of the first pair of rollers was
calculated using Equation 3, and these results were used to calculate the theoretical force using Equation 5, with the
results presented in Table 4.

Table 4 The amount of power in theory and simulation relationships

average pressure In the theory | The rolling force in Theoretical | The rolling force in
relationships (Mpa) relationships (MN) Simulation (MN)

761.7 5.65 5.44
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Figure 8 The maximum amount of stress and plastic shape change in the stage the end of rolling the rail

Upon comparing the theoretical relationships with the force obtained from the simulation, a difference of 3.7% was
observed.

5. Conclusion

The hot rolling process in a steady state has been analyzed using ABAQUS software. In this rolling process analysis, the
constant friction coefficient was employed with three rollers, two of which are coaxial, while the other is positioned
vertically on the axis of the two coaxial rollers. The latter two were designed to be rigid. The simulation was carried out
until a suitable response was achieved after forming. The analysis involved calculating stresses and strains in the
workpiece as well as the separating force in the rollers. These calculations can serve as the foundation for further
analyses.

In addition, we determined the stress and strain levels, as well as their respective locations of maximum occurrence.
The workpiece's deviation during rolling was thoroughly investigated, and to mitigate it, the speed of the smooth roll
was reduced. In our calculations, we observed that the forces from theoretical calculations and simulation results were
in good agreement, with an error calculated at 3.7%. The outcomes of this research can be applied to simulate the rolling
of rail sections and improve the shape to better match reality.
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