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Abstract: The superficial quality of the strip is a very important issue in steel production; the profile, flatness,
and geometry of strip are indicators of supreme quality. Considering the dimensions, the thickness is one of
the most important variables in the production of strip. In the present study the elastic curve of Back Up Rolls
(BUR) is analyzed, considering them as simply supported beams as well as the effect of rolls on the profile of
the strip, specifically in the strip edge producing edge drop. The analysis is simulated with a model in 3D using
a Finite Element Method (FEM) considering +0.039 mm crown on Back Up Roll and +0.101 mm crown on Work
Roll (WR). The results showed that there is an instability zone of 76mm in the strip edge, this geometry is
symmetrical in both ends of the strip, it was validated with the results of compact X-ray thickness gauge from
a 4-high cold mill. This study not only provides a theoretical basis for the edge drop, but also provides the basis
for the understanding of deformation on rolls used in rolling mill processes and their effect on the thickness,
profile, shape, and dimensional quality of strips.

Keywords: drop edge; elastic curve; 4-high mill; strip edge; thickness of strip

1. Introduction

The flatness, profile and thickness of strip are some of the most important variables of superficial
quality of steel processed by flat rolling. Nowadays there are many studies and developments of
technology aiming to improve the quality of the strip. It is a complex matter because in flat rolling
process there are a lot of variables which modify considerably the shape of the strip, mainly the
flatness, profile, and thickness, which is most critical in the strip edge, because it could cause the
production of strip to be out of standard or in extreme cases produce scrap coils due to the
phenomenon known as drop end or edge drop. The edge drop is a little difference in the thickness of
the strip between the center line and the strip edge, it could be critical if it is not controlled causing a
visual defect as shown in Figure 1.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Illustration of defects on strip edge.

Edge drop has been studied for some scientists, considering the importance of variables such as
width of strip, rolled material, taper roll contour, crown, etc., all of them used a FEM to analyze and
propose a model of control for this phenomenon on a 4-high cold rolling mill [1-3]. Chi et. al. [4]
studied the same but applied to a 4-high hot rolling mill; the difference between the studies was the
influence of wear, which is more severe in hot rolling mills. The control and distribution of rolling
forces is one of the variables that must be perfectly controlled, the modern 6-high tandem cold rolling
mills and sendzimir mills play an important role in controlling the edge drop control work roll
(EDW). Cao et. al and Hongbo et. al. [5,6] included in their studies the use of roll shifting system,
their conclusion was that cold rolling is the key process for the thin strip edge-drop control. Chang
et al., Lu et al., and Xuan et al. [7-9] developed a model of roll stacks and strip deformation, and
proposed the reasons of edge drop in the silicon strips cold rolling for the four-high rolling mills and
six-high rolling mills, and the edge drop was improved considerably.

Edge drop and profile of strip are closely related, hence, the influence of the roll contours must
be analyzed to understand and decrease this phenomenon. Yang et al. and Li et al. [10,11] studied the
effect of smart crown on BUR for cold rolling mills and hot rolling mills, respectively. Wang et al. and
Cao et al. [12,13] complement their studies using Continuous Variable Crown (CVC) in BUR and WR,
the conclusion of their studies was that the profile of strip is closely related to contact pressure
concentration between BUR and WR which is the responsible of the deformation of the strip. Xiawei
et.al. [14] confirmed the relationship between the profile of strips and contours of WR. Since the
transverse thickness distribution of the strip is strongly dependent on roll’s shape, it is imperative to
consider work roll’s non-circular shape, particularly in thin strip edge drop, during the rolling
process.

The edge drop is a problem located on the strip edge, some other research focused in this
particular area, such as the analysis of the pressure distribution on the strip edge in cold [15] and hot
[16] rolling mills, in these cases, the results showed peaks of pressure near the ends of the barrel of
BUR. Kong et al. and Cao et.al. [2,17] determined that the pressure distribution is related to the strip
width and can be modified by the chamfers at the ends of the barrel of BUR, trying to produce flexion
on WR and distribute the pressure to decrease the problem of profile and consequently the problem
on strip edge. Yanlin et. al. [18] attribute the peaks of rolling pressure to the influence of temperature
on the edge of the strip, they analyzed the strip edge temperature drop and the influence of phases
in electrical steel when there is a change of temperature.

The precision of thickness distribution and profile of strip are directly related to the rolling forces
applied. Several scientists have developed analytical models for the prediction and control of strip
profile in flat rolling [19-22], including in recent years the application of neural-networks to improve
the accuracy of roll forces [23,24]. Other scientists have studied strip profiles in asymmetrical rolling
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mills, investigating the influence of work roll crossing angle and work roll shifting; the results show
that the thickness of strip is consistent, and the profile of strip is nearly flat [25].

In past years, many researchers had focused on edge drop control, and some positive results
have been obtained, however, the problem of edge drop continues on the edge of the strip, thus, it is
necessary to complement the study with the analysis of the elastic curve due to distribution of rolling
forces, moments of inertia and the response with the aid of FEM software, validating the results with
industrial data of compact X-ray thickness gauge from a 4-high rolling mill.

2. Materials and Methods

The process of flat rolling for a 4-high cold mill involves many variables of the operation process,
geometrical dimensions and mechanical properties of components implicated in the production of
strip. The analysis of plastic deformation of rolls, application and transmission of rolling forces used
to reduce the thickness of strip is analyzed considering the system as a simply supported beam. The
flat rolling process is a structural member that supports loads which are applied perpendicular to its
longitudinal axis. For the determination of stress, distribution of pressure in this structural member
and bending of rolls under rolling load, it is necessary to consider the equilibrium, the response of
materials and geometry of the whole the system. The Figure 2 presents the illustration of the
geometrical variables necessary for this analysis and the operational variables for cold rolling process,
which are defined for this particular case. The cold strip stand mill consist of four rolls, two BUR and
two WR, mechanical and metallurgical properties of rolls and strip are indicated in Table 1. The
structural mechanism of flat rolling process is considered as a simply supported beam, analyzing the
plastic deformation of rolls considering +0.039mm crown on BUR and +0.101mm on WR, chamfer of
76.2 mm x 6.604 mm on BUR and no taper on WR.

|WR Model Parameter R Lg¢

Description Symbols Value (mm) 4]& L b
Roll diameter D,. 356.870 — -
Roll barrel length L 838.200 »
Roll neck diameter D,.. 206.197, ] |
Roll crown - 0.101 mJ
Maximum Thermal crown - 0.150
Maximum wear - 0.150
Chamfer . No taper;

BUR Model Parameter

Description Symbols Value (mm)
Roll diameter D, 812.800
Roll barrel length L, 857.250
Roll neck diameter D, 479.221
Roll rolling force length Lys 1676.400
Roll crown - 0.039
Maximum Thermal crown - 0.100
Maximum wear - 0.600 R N
Chamfer - 76.200x6.604 |Vanables of operation process‘

Strip width W 520.700 mm

lixed support Strip thickness H 6.096 mm

GEREaLIHt H Rr?lh.ng force - R, 4893.000 kN
Rolline l'orce Friction Coefficient n 0.500

Ollr ‘o1
& | | Reference Temperature T 250 oC

Figure 2. Schematic of the main dimensional and operation variables for 4-high cold Mill.

Table 1. Mechanical properties of components for a 4-high rolling mill.

Chemical Composition (%Wt) Mechanical Properties
Application Material Yield Hard Poi Modul
PP C Si Mn Cr Mo V Limit ordness roisso s
(MPa) Range n Ratio Elasticit
y (GPa)
Forged Steel 5% 54
BUR orged Steel 5% ) .= 115 060 537 080 015 1200 0% 030 200
Cr (HV)
WR Forged Steel 3% o o) 015 060 313 040 018 1000 2090 o8 190

Cr (HV)
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. 119-162
Strip Structural Steel 0.26 0.40 250 (HBW) 0.26 200

The simulation for the rolling process is based on a FEM, using the ANSYS Mechanical Static
Structural Software (ANSYS 2023R2, Ansys Inc. Canonsburg, PA, USA) considering the geometrical
dimensions of mechanical components involved in the process. The rolling forces are uniformly
distributed and are applied in the bearing areas of top BUR. Elastic deformation is considered for the
rolls and strip by means of a model with linear relationship of stress-strain. General joints in the
lateral face of the rolls are considered, which only allow for vertical movement in the direction of
force application. The bottom rolls are fixed and the boundary conditions of the simulation are shown
in Figure 2. The mesh was generated by ANSYS, using intelligent meshing with an element size of
0.05 m as shown in Figure 3. The mesh element used for the simulations was a SOLID186, element
defined by 20 nodes with three degrees of freedom per node, translation in the nodal x,y and z
directions. This element can take hexahedral, tetrahedral, pyramid or prism shape in function of the
complexity of the geometry. The mesh had a total of 980,438 nodes and 544,956 elements. The contact
region mesh (BUR-WR-Strip) was considered with a bonded system, no sliding or separation between
face and edges is implement without penetration [26].

S

All contacts are bonded typew;
‘ J 7 >

Nodes 980438

Elements 544956

Figure 3. [llustration of the mesh used for the Finite Element Model.

Results obtained with theoretical analysis and simulation with FEM will be validated with
results obtained from a compact X-ray thickness gauge installed in the last stand of a 4-high cold mill.
Thickness and Profile Gauge System with x-rays operate on the principle of transmission radiation.
X-ray or isotope radiation emitted by a radiation source passes through the strip. A detector located
on the other side of the strip measures the intensity of the radiation. As the radiation passes through
the strip, the strip material absorbs some. The remaining non-absorbed radiation arrives at the
detector. The detector measures the intensity of this radiation and produces an ionization current,
which is proportional to the thickness of the strip. The ionization current is converted into a digital
signal in a measuring transducer. It is then transmitted to the gauge signal-processing computer via
an Ethernet link. The output signal from the gauge computer represents the strip thickness. The
results are shown in the computer of the control pulpit.

3. Results

3.1. Theorical Analysis

The principal problem of mechanical of materials is the determination of relationships between
stresses and deformation produced by the applied forces in a structure or mechanical component.


https://doi.org/10.20944/preprints202312.1402.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 December 2023 doi:10.20944/preprints202312.1402.v1

The bending study is complicated because the effect of applied forces is variable along the beam,
these variables are clearly identified as shear forces, bending moment and elastic curve.

For our analysis, the flat Rolling process is a statically determinate system of simply supported
beam, such as shown in Figure 4a, where the uniformly distributed load is applied on the strip while
on the rolls several stresses are produced, and the deformation must be controlled to minimize edge
drop. For our case, the two rolling forces of 4,893 kN distribute along the strip width of 520.7 mm
resulting in the uniformly distributed load of 18,793.93 kN/m. The sections of the beams where load
conditions are variable, normally are called points of change or points of discontinuity, identified
with the letters A, B, C and D.

For any plane a-a, located along the segment A-B in the beam, the shear force maintained the
constant value of 4893 kN, and the bending moment is defined by the following equation:

M,_p = Reax )

In the case of the planes b-b, located in the section between points B and C, the shear forces are
varying from 4893 kN to -4893 kN, and the bending moment is defined by the following equation:

w
MB—C = Rfo - ?(x - a)z (2)

To complete analysis of all the beam, considering any plane c-c, located along the segment C-D,
the shear force maintained the constant value of -4893 kN and the equation for the bending moment
is determined with the following equation:

w w
M=Rfo—?(x—a)2+?(x—a—b)2 3)
where a = 0.5778m and b = 0.5207m

Considering that the differential equation of the elastic curve is:

d2
Elde =M 4)

Integrating Equation (4), supposing that El is constant, we find the slope of the bending moment
equation, which is:

dy
E1$=Jde+C1 (5)
Solving the equation for our case, the equation is:

d R, x?
g1 = e
dx 2

F F
—g(x—a)3+g(x—a—b)3+C1 (6)

Integrating one more time the slope of the bending moment equation, we obtain the elastic
curve, which is:

Ely = f j Mdxdx + Cix + C, )

Solving the double integration for our case, the final equation of the elastic curve is:

x> F F
Ely = —ﬁ(x—a)4+ﬁ(x—a—b)4+C1x+Cz (8)

6

The numerical values of the constants of integration C1y Cz are calculated according to boundary
conditions.

The shear forces shown in Figure 4b, are used for calculating the bending moment. The most
important area of the analysis is the section between the points B and C (Strip edge), because at this
zone the shear forces are changing from 4893 kN to -4893 kN. At this zone the phenomenon of
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reduction of strip by cold rolling is done, as shown in Figure 4c. At the points B and C the bending
moment is lower than that at the center line mill, there is a difference of 637 kNm which represents a
18.37% of the total bending moment. In the case of the graph shown in Figure 4d, the elastic curve
has a similar result, the difference of bending from strip edge to centerline mill is 0.024 mm, which
represent 12.24% of total bending.

R;, =4894 kN i Rip =4894 kN
bl
.9
1
. (@
1 |
1 1
: Distributed Load
:A B| 520.7 mm |C D:
. 4894 ' !
= - Lo fonait]
24, 2447 LU - - LR N -
g - 1 b
= 0 ! Y B[ ‘
S i 630 -420 -210 (';NQ 21101 [1] 1420/ [[] [ B30l 840 (b)
& 2447 ----nee T T B
E $ U I : '
& -4894 - : ‘
Length of roll [mm] :
3500 e
2800 [ '

Moment [kN-m]
=
8

I E 1 5
-840 -630 -420 -210 0 210 420 630 840

] Lerllgth of roll [mm] :

: I
— 0.00 . :
E 0,051 ,
g !
S 0104 | )
._8 0.10 ! | (d)
= 015 \ |
= i I
(@) -0.20 : ; ] |F LT ' |

-840 -630 -420 -210 0 210 420 630 840
Length of roll [mm]

Figure 4. Diagrams of variables for the theorical analysis of the involved forces in a 4-high cold Mill
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3.2. Results of the Simulation

Using the variables of production for cold strip mill described above, the study is complemented
with the distribution of stress and deformation of the strip. In the case of the analysis of stress, the
Figure 5 shows the distribution of stress, we can observe maximum stress values of 200 MPa located
in two contact zones, the first contact zone is between BUR and WR, and the second one is between
the strip and WR; for the analysis of edge drop the most important zone of the analysis is in the
contact of WR with the strip. In this case the illustration of Figure 5 shows the stress concentration in
the strip edge, therefore, in this area is normal to get the edge drop on the strip; it can be confirmed
with the results of the simulation shown in a schematic illustration of Figure 6, where we can observe
the maximum deformation on the strip edge.

i [ [ .
5.3311e8 Max  1.75¢8 1.25e8 7.5e7 435.88 Min
2e8 1.5e8 Te8 Se? 0
C: 004 model
Equivalent Stress 3
Type: Equivalent {von-Mises) Stress
Unit: Pa
Time: 1
13/06/2022 04:37 p. m.

Y
0.000 0.500 1.000
(m) ®
0.250 0.750

Figure 5. Schematic of stress concentration on 4-High cold Mill.

C: 004 model

Total Deformation 5
Type: Total Deformation
Unit: m

Time: 1

03/06/2022 11:50 3. m.

0.00031421 Max
0.00029313
0.00027206
0.00025099
0.00022992
0.00020885
0.00018777
0.0001667
0.00014563
0.00012456 Min

0.000 0150 0300(m)
0075 0225

0.000 0500 1,000 ()
0.250 0.750

Figure 6. [llustration of strip deformation on 4-high cold Mill.

The thickness of the strip obtained from the FEM simulation is shown in Figure 7, this illustration
shows instability in all the width of strip, however, in the strip edge the variation is more critical, the
zone of instability has a length of approximately 76 mm, the effect is similar on both edges of the
strip. Comparing the last three figures of Stress, deformation, and thickness, all of them confirm that
the strip edges revealed a zone of stress concentration and instability causing the edge drop.
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6.102 e —
_ (76mm 76mm
g 6.09%6 1, i
£ ] e Sabaanad | o aa/
5 6.090 -
N <
)
§ 6.084
IS
< 6.078 -
= 6.078 -

6.072 T T ! T ' T * T ! T * T

0 80 160 240 320 400 480
Strip Width [mm]

Figure 7. [llustration of strip thickness along the width of the strip.

To get an idea of the elastic curve during the cold rolling process, the Figure 8 shows the
illustration of bending in the axis of BUR. In this illustration we can see the maximum bending and
deformation at the end of the neck for BUR, however, the zone of interest for the process of rolling
and quality of the shape in the strip is the zone of contact between the rolls and the strip, particularly
in this case in the strip width of 520.7 mm. The simulation results of this zone are compared in Figure
9 with the graph of the mathematical equation of elastic curve obtained from the theoretical analysis.
The values have a small difference of 0.08 mm, however, the geometry of them is exactly the same,
this means that the simulation analysis of the rolling process for a 4-high cold Mill is in agreement
with the theoretical analysis of the process as a simply supported beam.

C: 004 model
Total Deformation 8

e Type: Total Deformation
/ Unit: m

Time: 1
10/10/2023 09:57 a. m.

0.00090452

1 0.00084337

{1 0.00078221
0.00072105
0.00065989
0.00059874
0.00053758
0.00047642
0.00041526 Min

H 0.00096568 Max

0.000 1.500 3.000 (m

0.750 2.250

Figure 8. Schematic illustration of elastic curve in BUR for 4-Hi cold Mill.
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0.00 | \
= 0.0 ] —— Calculated |
£& 010 —8&— Simulated |
§ 015
.b‘ 1°%9%-0-0.010-0-0-0.00. X .0-010-0-0-0-0-0"
o -0.20 o caae
% |
0o 025

I—— 4 g0
030 — N o . S e S B

260  -195  -130 -65 0 65 130 195 260
Strip Width [mm)]

Figure 9. Comparison of theoretical and simulation results of the elastic curve in BUR for 4-high cold
Mill.

3.3. Industrial Results

The industrial validation of the scientific analysis is an essential tool to guarantee the efficiency
of the study, the objective of the industrial validation is to prove that the obtained results with
simulation and calculated values of edge drop agree with the industrial results obtained with the use
of compact X-ray thickness gauge installed in a 4-high cold mill. The Figure 10a displays an
illustration of the average of profile width showing that in the strip there is a thickness variation of
180 pm, with more instability in the Operation Side (OS, -140 um) than in the Drive Side (DS, 40 um).
It is confirmed in the Figure 10b with the marks of alarm, showing that in the total coil length of 400
m the thickness deviation appears more frequently on OS than on DS.

Coil 1> Allay Code Nominal Thickness | ] Nominal Widih [mm] Reference Temperalure [C]
Next 1K88339 APMS5G 6096 5207 250
Actual IK8H240 APMSSC 6093 520.7 250
Aclual/Average Values Unils Values Actual Scan Average Sen Average Scan Part 1
‘Lhickness CL mm 609 ey | Average Polynomia  Average Scan Part 2
Thickess Dev. €L T S Acual Wedge ] Average Wedge _AverageSantand | [ | Coown Tolerance
Thickness Dev. DS mm 0027
Thickness Dev. 05 mm 0076 -
Width mm 520700 | — =
Width Dev. mm wo0| 5 o (@)
Centerline Dev. mm 20000 | o =
s & 40, — I A i N L
Wedge i w0000 | £ =
Crown m 71000 | <4 gpJ ==
i g 80 ==
Tength m aonoon | 2 N
Speed mis 5300 120+ S
Lemperalie € 2300 250 20 a0 -0 -0 0 50 W00 150 200 250
- Drive Side (DS) Width [mm] Operation Side (08)
Distance (o) 60 50 25
Wedge (umy 42 44 60
Crown () 64 67 78 Thickess Doy, Tol +25% Thickness Doy, Tol +50 Wedge
[ Thickoess Doy, Tol -25% Thitkies Doy, Tol 60 Crown

1ligh/Low Spot Detection
SpoiNo. === 2
Teight () ) f ) o
wilth () ] o
Pos. {mm}

Operatinn Side (0%)

200 5 5 400
Length [m] Drive Side {DS)

Figure 10. Thickness deviation in strip edge.

According to the results of the graphs from control pulpit, the problem of edge drop is always
critical in the strip edge, it is confirmed in the images of Figure 11. Figure 11a illustrates in the strip
edge a little difference in the color, it represents a value close to 73 um which is considered as edge
drop, indicating that there is a disturbance on the thickness of the strip of almost 70 mm width,
moreover, the most critical case is in the entry and tail of coils, because in this interval of time there
is an instability, shown in Figure 11b, almost in 20 m long in the entry and tail of coils.
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Sctup Time Coil ID Alloy Code Nominal Thickness [jim] Nominal Width [mm)] Ref. Temperature [°(]]
Next 01:52:25 | IK883539 APMS5G 6096 5207 250
Current  01:48:47  1K88240 APM55G 6096 520.7 250

Operation Side (OS)

250 Thickness [um]
- -
£ 125
= 5105
3 ()
= -125 gl

03
250 T T T T T T T 86
0 50 100 150 200 250 300 350 400
Length [m] Drive Side (DS)

150
g 100
=
P 04—
19
=1 _ t
g o E———— (b)
2 04 /\‘/M Wedge
& -100 4 | ——Crown

Centerline Thickness Dev.
-150 T T

T T T
0 50 100 150 200 250 300 330 400
Length [mm]

Figure 11. Thickness deviation in entry and tail of strip.

4. Discussion

Rolling forces applied on the bearing zone produce the elastic curve on BUR and consequently
the shape of the strip, affecting the flatness, profile, and reduction on thickness; to distribute the
pressure and avoid the stress concentration variables as taper roll contour, crown and chamfers at
the ends has been studied, however the problem of drop edge continues on the strip edge. The points
of change or points of discontinuity B and C correspond to the strip edge. The geometry of curves for
bending moment and elastic curve are symmetrically opposite, but the profile is similar. Analyzing
the points of change B and C, the results showed that the difference between the values in the
centerline and those of the strip edge are very similar for bending moment and elastic curve, 18.37%
vs 12.24% respectively.

The stress concentration indicates instability and consequently alterations on the flatness and
thickness of the strip, the images of the simulation shown in Figure 5 are in agreement with the edge
drop obtained in the strip edge shown in Figures 10b and 11a. Moreover, the 76 mm width of
instability obtained by simulation in the edges shown in Figure 7 matches the results of edge drop
shown in Figures 10b and 11a.

The geometry of the elastic curve obtained on BUR with theorical analysis shown in Figure 4d
has the same profile of the elastic curve obtained by simulation software according to the image
shown in Figure 8, WR transmit the mechanical contact and compress the thickness of strip
generating the profile of strip shown in Figure 10a, it has a similar appearance with the profile of
elastic curves described hereto; this means that mathematical model, simulation, and industrial
results are in agreement.

According to the results obtained with the theoretical analysis and simulation software, there is
a relationship between all the analyzed variables with edge drop produced on the strip, it is critical
in the strip edge or points B and C stablished in this study, moreover, industrial results indicated that
edge drop is more critical in the entry and tail of coil, due to a disturbance on the thickness and
instability of the process.

The geometry of theoretical and simulated results for elastic curve shown in Figure 9, are similar
and symmetric on both sides of the strip, it is due to the conditions, considered as an ideal system,
however, in the geometry of the strip shown in Figure 10a, there is a thickness deviation that appears
more frequently in OS than in DS; Rongrong et. al. [27] described the destabilizing of rolling mill due
to the evident energy exchange process between BUR and WR, which is transmitted to the strip.
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5. Conclusions

The profile on strip takes the geometry of the elastic curve of BUR. The phenomenon of edge
drop in rolling process is a common problem, a result of static distribution of forces and stress
concentration in strip edge, to avoid it, it is necessary to carry out an analysis of every roll mill as a
particular case, looking to decrease or invert the elastic curve of BUR.

The elastic curve is a function of rolling mill design, mechanical properties of rolls and operation
variables for the rolling process; the problem of edge drop is a function of these variables, to decrease
the elastic curve it is necessary the use of adequate crowns on rolls for every particular case of each
rolling mill combined with the use of roll bending moment.

The present study analyzed the rolling mill process, considering it as a simply supported beam,
however, in the centerline the shear force is zero, meaning that it could be analyzed as a cantilever
beam system.

The evidence documents that the mathematical analysis and simulation are validated on an
industrial scale and consistent results can be obtained, which helps considerably to understand the
principle of edge drop. To reduce the edge drop and significantly improve the surface quality of the
strip the authors recommend to complement the FEM simulation compensating the elastic curve of
BUR in the process applying bending on WR combined with the use of positive crowns on it.
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