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Abstract

To reveal the characteristics of strip shape and roll change during the rolling process of six-high cold
rolling mill (SHCRM), a three-dimensional finite element model of SHCRM was established by
computer-aided design. The coupling deformation under various working conditions such as friction
coefficient and bending roller force was analysed. Results show that the width of the plate, the amount
of pressure, the friction coefficient, the rolling force, and the bending force are the key affecting
factors of the deformation of the roller system, the shape of the load roll seam and the contact stress
and strain. The deformation of the roll system, the shape change of the load roller seam and the stress
and strain of the contact region are revealed. The obtained conclusions provide a reference for the
development of rolling model of high cold rolling mill.
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1. INTRODUCTION

The rapid development of industries such as aerospace, automotive, and electronics has
increased the requirements of users for cold-rolled steel sheets and strips. The shape of cold-
rolled steel sheets and strips has become one of the important indicators to measure the
quality of finished steel strips [1, 2]. The quality of the strip shape directly affects the yield of
the finished strip steel and the smooth processing of subsequent products, which is also the
key to quality control of cold-rolled strip steel products [3, 4].

The strip is produced under the action of a deformed elastic body, that is, the roller, and
the elastic deformation of the roller directly affects the cross-sectional shape of the final
product. Therefore, the elastic deformation of the roller system plays an important role in the
overall shape of cold strip mills. In general, if the elastic recovery deformation of the rolled
strip is ignored, then the cross-sectional shape of the rolled strip is the load-bearing roll gap
shape. Some disturbance factors such as the influence of rolling pressure changes on plate
shape, as well as some plate shape control methods such as hydraulic bending rolls, are
achieved through roll deformation. A harmful contact zone is usually formed outside the plate
width due to the full length contact between the roller systems of the six-high cold rolling mill
(SHCRM) along the roll body. This formation reduces the lateral stiffness of the rolling mill
and affects the shape and crown of the rolled product. At the same time, the ability of the
bending rolls to adjust the shape is greatly reduced. Therefore, optimizing roll shape selection
and formulating roll lateral displacement plans are vital to study the effects of rolling and
bending forces on the shape of loaded roll gaps during the rolling process, the influence and
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elimination of the range of harmful contact areas between intermediate rollers due to the
lateral displacement of intermediate rollers, and the effect on the shape of loaded roll gaps.

This study aims to analyse the effects of parameters such as strip width, bending force,
reduction, and roll displacement on the force on the strip and roll during the rolling process of
SHCRM. The influence on the loaded roll gap is also examined. The finite element simulation
method is used to study the strip rolling process and obtain the stress distribution in the
deformation zone and the loaded roll gap distribution during the rolling process.

2. STATE OF THE ART

At present, the related studies on the cold rolling process can be summarized into two main
aspects. One is the distribution of stress and strain in the deformation zone of the strip steel
during rolling, and the other is the distribution of loaded roll gaps during the rolling process.
The two aspects can provide a reference for the study of the influence of deformation of the
SHCRM on the deformation of the workpiece and roller system [5, 6].

Some scholars have studied the stress and strain of strip steel during the rolling process of
an SHCRM. For examples, Eid and Sadawy investigated the effective strain in the role of
AISI 304 austenitic stainless steel in cold rolling deformation by using optical, field emission
scanning electron microscopy, X-ray diffraction, microhardness, and tensile stress—strain
testing methods [7]. Chen et al. established a new deformation resistance model for strip steel
using segmented functions. The mechanical performance could be described at any position
by this model [8]. Baranov proposed a new solution to the Karman equation, which
considerably improved the calculation accuracy of contact stress and rolling force by
considering the reduction area of contact stress and the shape of the strip hardening curve [9].
Antonov et al. mathematically described the stress and strain in the rolls of a four-high rolling
mill and studied the effects of axial displacement and hydraulic bending of the work rollers on
the stress—strain state of the work rollers in cold rolling [10]. Kaliyev et al. developed a three-
dimensional model of the rolling process and they obtained the equivalent stress and
temperature field distribution of the strip steel under a single stand [11]. Milenin et al.
established an elastic—plastic model for the laminar cooling process of hot-rolled strip steel
and a deformation model for the inside of the strip steel coil [12]. Shatalov et al. studied the
effect of lubricants on the stress and deformation indicators of the copper strip [13].

Other scholars have explored the loaded roll gap during the rolling process. Yan et al.
conducted the dynamic simulation of the rolling process and obtained distribution curves of
important rolling parameters such as equivalent stress, control efficiency coefficient,
transverse rolling pressure, side thickness, and work roller deflection [14]. Kapil et al.
developed the control equation for the motion of the work roller of a four-high rolling mill
using finite element method and studied the vibration under different process parameters [15].
Stockert et al. analysed the applicability of combining highly dynamic piezoelectric actuators
with electromechanical spindles, as well as high-frequency precision measurement of
thickness before roll gap [16]. John et al. developed a rolling force model to calculate the
rolling force of each stand, and the calculated rolling force was combined with the roll wear
model to better predict the strip shape [17]. Fukushima et al. proposed a new method for high-
precision online shape prediction based on matrix models by considering rolling force and
tension through experiments and finite element analysis [18]. Li et al. suggested a shape
preset strategy to allocate the convexity of the finishing mill according to the size of the shape
control domain of each frame [19].

Based on the deformation of strip and roll during the cold rolling process, this study
divided the finite element mesh according to the actual assembly situation and structure of the
roll, simplified the calculation process, and completed the analysis of the half rolling finite
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element model of typical specification products. The force influencing on strip and roll during
the rolling process and the loaded roll gap influencing on the roll were obtained.

3. METHODOLOGY

3.1 Model parameter settings

The 1/2 rolling finite element model was established to simplify the rolling process without
changing the environment, which made simulating the rolling process more convenient.

During the three-dimensional rolling process, the changes in the roller system were
represented by the bending deformation of the roll axis. To represent the deformation of the
roller system throughout the entire length of the roll body, a 1/2 two-dimensional model was
built [20-22]. Based on the process parameters of the 1450 cold rolling mill, the finite element
model, the geometric parameters, and performance of the rolled piece were determined, as
shown in Table I.

Table I: Main parameters of 1450 SHCRM and rolled parts.

Support Intermediate Work _ Transverse Elastic Elastic modulus
) ; roller |displacement of .
roller diameter|roller diameter| . . . modulus of | of rolled piece
(mm) (mm) diameter | intermediate roller (GPa) (GPa)
(mm) roller (mm)
1250 490 420 —60 to 60 210 208
Support roller | Work roller . Poisson’s . , .
body length | barrel length Intermediate roller body ratio of Poisson’s ratio
length (mm) of rolled parts
(mm) (mm) roller
1500 1450 1520 0.30 0.30

3.2 Geometric modelling and mesh generation

First, a two-dimensional model was built on the basis of the two-dimensional modelling
method. During this process, the elements in the contact area and the upcoming contact area
were encrypted and subdivided. Simple unit dimensions were built in the noncontact area.
Then, the unit surface was stretched and expanded in three-dimensional to form a rolling
roller. Next, the three-dimensional model of the shoulder was stretched and extended on the
end face of the rolling roller. Finally, a rigid plane was established as the power device for
rotating the roller.

When dividing the grid, only the accessible areas needed to be encrypted and divided to
reduce the number of grid units. Meanwhile, the remaining grid units only needed to meet the
calculation requirements. When dividing the work roller into grids, the actual assembly
situation and the length of the rolled sheet were considered. The length of the encrypted arc
was also made equal to the length of the rolled sheet. Finally, the rolling model shown in
Fig. 1 was obtained.

The rolling model was first simplified prior to studying the deformation of the rolling
roller system. Considering the symmetry of the rolling roller system and deformation, the
finite element 1/2 model was considered the analysis object, and the specific transverse
direction was regarded as 1/2 with the centre of the plate width as the symmetry plane, as
shown in Fig. 2.
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Figure 1: Roller grid of the model; a) Support roller mesh; b) Intermediate roller mesh; c) Work roller
grid.

Figure 2: Rolling model of 1450 six roller system.
3.3 Boundary conditions

After the model was established, the pre-treatment operation of the rolling mill began. The
support, intermediate, and work rollers were all treated according to the elastic body. In this
working condition, the support roller was a press down driving roller, and the support roller
moved downward to drive the overall roller system to press down, which achieved the plate
press down working condition. The work roller was a rotating driving roller, and the rotation
of the work roller drove the intermediate roller through friction to drive the support roller to
rotate. This condition required the use of the large displacement option. By directly contacting
the rigid body and the roller according to the bonding setting, the rotation of the rigid body
was used to drive the rotation of the elastic roller.

At the same time, the central end face of the roller body was symmetrically treated, and
the displacement in the x-direction of all rollers in the roller system was fixed to prevent the
left and right deviation of the rollers from affecting the simulation analysis. Applying a
rotation centre to all the rolls in the roller system provided constraints that the rolls could
rotate. Using displacement constraints for reduction processing, the displacement constraints
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in the y-direction were applied to the upper and lower support rollers. The sum of
displacement amounts was the reduction amount of the rolling mill. The bending force was
applied to the upper and lower work rollers and the upper and lower intermediate rollers. The
bending force of the intermediate and work rollers differed. Front and rear tensions were
applied to the plate to make it straight during the rolling process, and then, the function of a
coiler could be achieved. Rotational speed was applied to the centre of the upper and lower
work rollers as the driving force, which caused the entire roller system to rotate accordingly.
Ultimately, the entire rolling simulation process was completed. The division of contact unit
between roll and workpiece is shown in Fig. 3, the grid of 1/2 rolling calculation model
workpiece is shown in Fig. 4, and the distribution of initial strength of workpiece is shown in
Fig. 5.

Figure 4: Rolled piece grid of 1/2 model. Figure 5: Initial strength distribution of model.

The specific rolling constraints were as follows. For the displacement constraint, the
nodes on the lower end face of the rolled piece were fixed. The nodes on the fixed bottom
surface also served as the upper and lower symmetry planes due to the symmetry of the rollers.
The displacement in the x-direction of the work roller was set to 0, which limited the
movement of the work roller in the x-direction. The rotation of the work roller around the z-
axis was given a certain speed as the power device. The displacement in the x-direction of the
intermediate roller was set to 0, which limited the movement of the intermediate roller in the
x-direction. The rotation of the intermediate roller around the z-axis was not given a rotational
speed, but it only served as a support axis for rotation. The displacement of the support roller
in the x-direction was set to 0, which limited the movement of the support roller in the x-
direction. The displacement of the support roller in the y-direction was set to nonlinear
movement, which represented the pressing device. The rotation of the support roller around
the z-axis was not given a rotational speed and only served as the rotational support axis. The
nodes of the rear end faces of the rolled piece and the roller were fixed. The nodes of the fixed
end face were used as the left and right symmetry planes due to the symmetry of the rollers.
With regard to the concentrated force, the supported forces of the work and intermediate
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rollers were regarded. For the unit surface distribution force, pre and post rolling tensions
were considered.

4. RESULTS AND DISCUSSION

4.1 Analysis of force simulation for strip steel and rolling rolls

Effect analysis of plate width on contact strain and stress between rollers and plates: As
shown in Fig. 6, the plastic deformation at the edge of the rolled piece is relatively large when
the plate width is 1000 mm. The plastic deformation decreases from the edge to the inside
under the same plate width. When the plate width is increased to 1100 mm, the degree of
plastic deformation in the width direction is equal. However, the plastic deformation at the
centre is relatively large when the plate width is increased to 1300 mm. The plastic
deformation also gradually decreases from the middle to the edge under this plate width.
Therefore, increasing the plate width appropriately can effectively improve the shape and
quality of the rolled piece.
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Figure 6: Plastic deformation under different plate widths; a) Plate width of 1000 mm; b) Plate width
of 1100 mm; c¢) Plate width of 1300 mm.

The Mises equivalent stress on the half edge of the rolled piece is shown in Fig. 7. The
maximum contact stress corresponding to the three plate widths is around 380 MPa, and the
contact stress in the contact area between the roller and the strip steel is between 320 and
380 MPa.

Analysis of contact stress and strain between roll and plate under bending force: The
Mises equivalent stress between the sheet metal and the work roller varies with the bending
roll force is shown in Fig. 8. However, the maximum calculated stress values in the figure are
around 380 MPa, and the contact stress in the contact area between the sheet metal and the
roll is also between 300 and 370 MPa.

As shown in Fig. 9, the plastic deformation at the edge of the rolled piece is relatively
large when the bending force is 400 kN. The plastic deformation decreases from the edge to
the inside under the same bending force. When the bending force is increased to 600 kN, the
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plastic strain in the width direction of the rolled piece is equal. However, a small part of the
edge and most of the centre have larger plastic deformation when the bending force is
increased to 800 kN. The plastic strain also gradually decreases from both ends to the middle
under this bending force. Therefore, increasing the bending force appropriately can effectively
improve the shape and quality of the sheet metal.

c)

Figure 7: Equivalent stress under different plate widths (MPa); a) Plate width of 1000 mm; b) Plate
width of 1100 mm; c) Plate width of 1300 mm.
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Figure 8: Equivalent stress under different bending roller forces (MPa); a) Bending roller force of
400 kN; b) Bending roller force of 600 kN; c) Bending roller force of 800 kN.

b)
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c)

Figure 9: Equivalent stress under different bending roller forces (MPa); a) Bending roller force of
400 kN; b) Bending roller force of 600 kN; ¢) Bending roller force of 800 kN.

4.2 Analysis of loaded roll gaps in rolling mills

Owing to the close contact between the upper and lower work rollers and the sheet metal after
stable rolling, the shape of the roll gap in the contact area is consistent with the shape of the
exit section of the rolled piece. The study of the roll gap shape of the roll refers to the analysis
of the exit section shape of the sheet metal, and the influence of lateral displacement and
bending force on the roll gap shape is calculated. The basic parameters of the equipment and
strip steel for simulating the rolling process are shown in Table II.

Table Il: Parameter settings for strip steel and rolling mill.

Front tension Bending roller | Pressing amount

Post tension (kN) Friction coefficient

(kN) force (kN) (mm)
130 80 400 210 0.05
Yield strength Strip steel Young’s

Strip width (mm) Poisson’s ratio

(MPa) thickness (mm) modulus (GPa)
620 2.2 1182 210 0.30

Influence of roll displacement on loaded roll gap: The amount of roll movement will
affect the shape of the roll gap and thus the cross-sectional shape of the rolled piece. In
analysing the shape of the roll gap between the upper and lower work rollers by changing the
amount of roll movement of the intermediate rollers, the amount of roll movement of the
upper and lower intermediate rollers is equal and opposite in direction. Except for changing
the amount of roll movement, all other values are fixed. Thus, more rigorous and accurate
results can be obtained. Each roll shifting amount is set as one working condition, which
results in a total of four working conditions.

The shape of the roll gap is represented by the sum of node displacement and original
position. The nodes in the contact area of the work roller are extracted using Marc software.
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The y-axis is the sum of the selected node and original displacements, and the x-axis is the
axial distance of the work roller.

As shown in Fig. 10, the entrance shape of the roll gap is rectangular before the rolled
piece enters. After stabilizing through six rolls, the middle of the roll gap gradually decreases
toward the edge of the roll. The reason is that the reaction force of the rolling force is
generated after the plate enters the roll gap entrance. The work roller also undergoes flattening
and elastic bending deformations.
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Figure 10: Curve of loaded roll gap under different roll shifting values.

The width of the rolled piece is smaller than the length of the work roller body. Thus, no
contact is applied between the roll gaps beyond the width of the plate. Therefore, edge
thinning occurs in the contact boundary area of the plate. Accordingly, this contact area is
also a harmful contact area, and the roll gap distance outside the harmful contact area is the
shortest. For the loaded roll gap curves of six rolls rolling with four different roll shifting
amounts, the roll gaps show concave shapes when the roll shifting amounts are 0 and 30 mm.
The shape of the roll gap is straight when the roll displacement is 60 mm. The shape of the
roll gap gradually shows a downward convex shape when the roll displacement is 90 mm.
However, only the outer end of the roll gap centre undergoes deformation, that is, the
deformed part of the roll gap gradually rises from a downward direction as the amount of roll
movement increases. A critical value of roll movement that makes the roll gap straight exists,
but the half that has not undergone deformation still shows a half concave shape.

The shape of the roll gap and the cross-sectional shape of the sheet metal are consistent.
As a result, the roll gap changes from concave deformation to straight and then becomes
convex as the amount of roll shifting increases. Therefore, for sheet metal rolling parts, the
cross-sectional shape of the sheet metal changes from convex deformation to straight and then
to concave as the amount of roll shifting increases. In actual rolling processes, increasing the
appropriate amount of roll shifting can improve the central convexity or edge flatness of the
rolled product.

Influence of bending force on loaded roll gap: The bending force not only affects the
bending deformation of the roller system but also may influence the shape of the roll gap.
During the rolling process, only the work roller bending force is changed. Three types of
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bending forces are set, and the other values are set to fixed values. The other parameters are
shown in Table II.

The roll gap curves under the action of three different bending forces are shown in
Fig. 11. The bending force continues to increase, and the shape of the roll gap gradually
changes from concave to straight. The roll gap curve continues to deform and eventually
becomes convex as the bending force continues to increase. Moreover, the height difference
between the roll gap in the contact area and the noncontact area continues to decrease as the
bending force increases. The height of the roll gap in the contact area also changes
inconsiderably. The shape of the roll gap changes. The height of the roller gap in the
noncontact area at both ends gradually increases, and the shape of the roller gap gradually
becomes warped from the middle to both ends.
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Figure 11: Curve of loaded roll gap under different bending forces.

The issue of plate shape is exactly the opposite of the change in roll gap. However, for
plate shape, only the contact area (including harmful contact areas) needs to be analysed.
Therefore, the central shape of the plate gradually becomes straighter from convex as the
bending roller force gradually increases. However, the shape of the plate changes from
straight to concave with the further increase in bending roller force. Therefore, an appropriate
size of bending force can be selected to ensure the flatness of the sheet shape.

When the roll displacement is 60 mm, the contact area of the roll gap shape is relatively
straight, and the height of the roll gap changes considerably. The shape of the roller gap is
flatter and the height of the roller gap is higher when the reduction is smaller. The roller gap
shape is the most stable when the reduction is 0.8 mm. The friction coefficient considerably
affects the height of the roll gap shape. Specifically, the elastic deformation between the rolls
increases and the entire roll moves upward as the friction force rises. Therefore, the height of
the roll gap shape increases as the friction coefficient rises. The bending force inconsiderably
affects the height of the roll gap shape, but it remarkably influences the shape of the roll gap
in the contact area. The plate shape is relatively straight and the quality of the rolled piece is
better when the bending force is 600 kN. The simulation results are consistent with the actual
on-site production conditions, and they can guide the adjustment of on-site production process
parameters.
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5. CONCLUSIONS

By establishing a 1/2 finite element model, the rolling process of an SHCRM was simulated,
and the stress on the strip steel and rolls during the rolling process was studied. The influence
of loaded roll gaps was also simulated. The main conclusions are as follows.

(1) For sheet metal rolling parts, the cross-sectional shape of the sheet metal changes from
convex deformation to straight and then to concave as the amount of roll shifting increases. In
actual rolling processes, increasing the appropriate amount of roll shifting can improve the
central convexity or edge flatness of the rolled product.

(2) For the deformation of the central axis of the work roller, the reduction amount should
be chosen as 0.8 mm, and the friction coefficient should also be chosen as 0.05. The plate
width should not be too wide or long, such as 1182 mm, and the roll displacement amount
should be chosen as 60 mm.

(3) The plate shape is relatively straight and the quality of the rolled piece is good when
the bending force is 600 KN. The shape of the roller gap in the contact area is relatively
straight when the plate width is 1300 mm. The length of the harmful contact area decreases
and becomes straighter under this plate width.

This study provides a reference for the calculation and simulation of the distribution of
loaded roll gaps in the SHCRM. However, the actual cold rolling process is complex and has
many influencing factors. Therefore, multiple factors should be considered in combination
with on-site production practice and the distribution of loaded roll gaps should be simulated in
a more detailed and comprehensive manner to provide theoretical support for improving the
quality of finished strip steel.
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