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Abstract: In the coupled pickling line and tandem cold mill (PL-TCM), the hot-rolled strip needs
to be trimmed on both sides of the strip before the tandem cold rolling process to ensure stable
operation of the rolling process. The equipment for trimming the strip is the side trimmer, and
during trimming a failure of the side scrap blockage is often caused by the variation in the width
of the hot-rolled strip and the deviation during the actual operation. For this problem, this paper
established a finite element model of strip trimming by side trimmer, analyzed the influence of side
scrap width, structure parameters, and strip specifications on the equivalent plastic strain at the
trimmed position of the strip, and obtained the influence law of each factor during the trimming
process. On this basis, by collecting the historical data of side scrap blockage failure of the side
trimmer, the threshold value of the side scrap width setting is obtained. Combining the width data
of the hot-rolled strip and the actual operation status monitoring of the strip in the inlet section of
the PL-TCM, the side scrap blockage risk identification function and the speed reduction strategy
of the side trimmer are designed to form the side scrap blockage pre-control model together. After
applying the side scrap blockage pre-control model to a PL-TCM, a 40.5% reduction in side scrap
blockage failures was achieved compared with the same length of time before the application, which
achieved satisfactory results.

Keywords: the coupled pickling line and tandem cold mill (PL-TCM); side trimmer; side scrap
blockage failure; finite element method; failure pre-control

1. Introduction

As an important product line for deep processing of strip, the main equipment of
the coupled pickling line and tandem cold mill (PL-TCM) includes pay-off reels, leveler,
laser welder, looper, pickling tank, center position control system (CPC), side trimmer,
5-stand tandem cold mill, etc. [1]. The raw material of the PL-TCM is usually the hot-rolled
strip, which often has defects such as irregularity and cracks on the sides, so it often needs
side trim treatment before rolling [2—-4]. In the PL-TCM, the hot-rolled strip after shearing,
welding, and pickling, in front of the entrance to the tandem cold mill is arranged with
a side trimmer equipment, used to trim both sides of the strip according to the required
width to provide protection for the stable operation of the tandem cold rolling process [5,6].

The side trimmer is a weak link in the PL-TCM prone to accidents as well as affecting
production efficiency, which is a kind of shearing machine, whose blades are two rotating
discs, mainly used for the longitudinal trim process of the side of the strip, generally
arranged in the strip continuous operation of the production line. In the PL-TCM, the
process control system sets different opening sizes for different strip widths and trims the
running strip. The scrap produced after the trimming is cut into short scraps of constant
length through a shearing device and then dropped into the scrap bin.

For the process of trimming the strip side with the side trimmer, Jinpeng Ji et al.
analyzed the additional axial force exerted on the blades by the sickle-shaped bending
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bend of the strip during trimming for the problem of low trimming accuracy due to the
axial instability of disc blades, and the trimming accuracy was significantly improved
after increasing the radial locking force [7]. Zhenhua Bai et al. proposed the concept of
comprehensive quality of trimming and optimized the tension before and after the trimming
process of the side trimmer, which effectively improved the quality of trimming [8]. Kuan
Xu et al. introduced the Gissmo material failure criterion and used the finite element
method to calculate the effects of the stresses on the upper disc blade under different side
trimmer structure parameter settings, and the simulation results have good accuracy [9].
Qunping Jing et al. used ANSYS/LS-DYNA to establish a finite element model of side
trimmer for elastic-plastic finite element analysis, and obtained the stress-strain state in the
process of strip trimming and verified its reliability [10]. Bing Chen et al. used the finite
element method to investigate the section burr phenomenon prevalent in trimming, and
explored the relationship between a number of influencing factors [11]. Lifeng Ma et al.
carried out research on the problems of poor shear quality and large deviation of shear
force theoretical calculation, and established a comprehensive strip thickness, material
properties, and cumulative shear area of disc shear blade gap adjustment model, which has
achieved certain results [12]. Shengcun Li studied the elements leading to trimming defects
and preventive measures, and the passing rate of IF steel trimming was greatly improved
by methods such as limiting the clearance and overlap deviation of the tool [13]. Dongfang
Li et al. used the elastic-plastic finite element method to establish a numerical model of
the trimming process, and calculated and analyzed the shear force and its distribution law
under different conditions [14]. Some scholars have also applied the finite element method
to study the state of the strip after being sheared. Rasool M et al. investigated the stability
characteristics of isotropic and composite shear panels by using the shear deformation
finite element method and studied the post-buckling behavior of thin plates [15].

A disc slitting machine is commonly used in the shearing process of the strip, its
structure and shearing principle are consistent with the side trimmer, and some scholars
have also conducted research on various aspects of it. Yiwei Zhu et al. designed a measure-
ment system for real-time detection of three-direction shear force during disc slitting and
developed a fault diagnosis method based on wavelet packet transform and support vector
machine, which can effectively identify blade runout and has good application value [16].
Jun Zeng et al. established a wear model of the disc blade based on Archard wear theory
after analyzing the contact stress and relative slip velocity of the disc blade edge under dif-
ferent machining parameters [17]. Qiusheng Yan et al. have performed a series of research
on disc slitting. In 2012, they analyzed the process of metal strip slitting and proposed to
set the upper and lower pairs of disc knives as axial negative clearance and radial positive
clearance to achieve less burr-free precision slitting [18]. In 2014, they investigated the
effect of the setting of clearance amount on the sectional morphology and obtained the set
interval of reasonable clearance amount based on the thickness of the strip [19]. In 2016,
they analyzed the deformation process and the formation of cross-section morphology
of galvanized sheet through the variation in metal rheological organization and material
hydrostatic stress [20]. ] Zeng et al. developed a DEFORM-2D model for studying the wear
process of disc tools and the slitting quality during disc slitting [21]. Wenya Feng et al.
studied the effect of disc slitting side clearance on the shape of the parting-off surface and
work hardening, and found that the disc slitting side clearance is a key factor affecting the
work hardening of the material, and also has a certain effect on the shape of the parting-off
surface [22].

The essence of side trimmer trimming strip is the fracture behavior of the material,
for such problems, the finite element method is commonly used as an auxiliary means to
research the fracture behavior of various materials [23,24]. With the help of mature finite
element software, various scholars have made multi-dimensional studies on the fracture
behavior of various types of materials, including ferrous metals, non-ferrous metals, and
composites, etc., which have achieved promising results and proved the effectiveness of
their methods in such research [25,26].
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The research of the above scholars focused on the shearing mechanism of disc slitting
and side trimmer and the influence of structural parameters on the shearing process,
with less attention to the operational stability of the strip shearing process in the actual
production line. In this paper, focusing on the side scrap blockage problem that often occurs
in the trimming process of the inlet section of the PL-TCM, we first established the finite
element model to analyze the effect of the main structural parameters of the side trimmer,
the width of the side scrap, and the strip specification on the equivalent plastic strain at
the trimming position of the strip. Secondly, according to the numerical simulation results,
combined with the actual production data of industrial sites, the set threshold value of the
side scrap width is obtained. Thirdly, based on the quality data of the hot-rolled strip and
the operating status monitoring data of the strip at the entrance section of the PL-TCM,
the static and dynamic risk identification methods for the risk of side scrap blockage are
designed, and the corresponding speed reduction strategies are designed for each risk type.
Finally, the side scrap blockage risk identification model and the speed reduction strategy
are actually applied to a PL-TCM, and a human machine interface is designed so that
operators can pay attention to the strip running and trimming status in real time according
to the human machine interface (HMI). After the application of the above functions in the
target PL-TCM, the side scrap blockage failure is significantly reduced, and the use of the
effect is in line with expectations.

2. Analysis of the Causes of Side Scrap Blockage Risk during Trimming

The side trimmer is a type of shearing machine whose blades are two discs arranged
up and down and rotating in opposite directions for longitudinal trimming of the strip
side during the operation process. As shown in Figure 1, the equipment arrangement of
the inlet section of the PL-TCM is illustrated, and the side trimmer is arranged after the
pickling process.
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Side
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Figure 1. Equipment arrangement of the inlet section of the PL-TCM.

During the trimming process, it is necessary to keep the side scrap width of the strip
on both sides as stable as possible, but the strip may deviate in the production line due
to the asymmetric shape of the strip, head, and tail sickle-shaped bending, etc. When the
strip deviates, the width of the side scrap on both sides of the side trimmer may change,
and when the width of the side scrap on either side is too small, there will occur a scrap
blockage failure. This requires the operator to manually remove the side scrap from the
middle of the two blades of the side trimmer, to confirm that the equipment is normal
before turning on the machine. As shown in Figure 2 is a diagram of the manual processing
of the blocked side scrap.
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Figure 2. Manual handling of side scrap blockage failure.

According to the industrial site summary, the following are the common causes of side
scrap blockage at present:

(1) Side scrap blockage caused by strip deviation, as shown in Figure 3a. Due to the
influence of asymmetric shape factors, such as strip wedge, single side wave, etc., causing
the strip deviation phenomenon when running on the production line, which leads to
changes in the width of both sides of the side scrap, the side scrap width of the smaller side
of the blockage probability will greatly increase.

Operation direction

(a) —_ b
Pr— U E— — BN Operation
/\\ i i VT\\ Back strip direction
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Positonof # /| | . | | | _‘Edggof <
side trimmer'w._ | _’\_/f strip )
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Strip Normal Strip -
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Figure 3. Schematic shape of the strip, (a) possible forms of blockage risk during strip trimming and
(b) strip near weld seam.

(2) Side scrap blockage caused by the narrowing of the strip width, as shown in
Figure 3a. In case of narrowing of the strip width at a certain position in the strip length
direction or damage at a certain part of the strip side, when this position is run to the side
trimmer position, the width of the side scrap on both sides is bound to decrease, and the
probability of blockage will be greatly increased at this time.

(3) Side scrap blockage caused by poor scrap fall. After the side scrap is generated by
the side trimmer, when the side scrap bending and other reasons caused by the fall are not
smooth, there will be a buildup of scrap, which causes the side scrap to block between the
blades. Usually after clearing the blocked scrap can be smoothly restored to production.

(4) Side scrap blockage caused by strip change specifications. According to the char-
acteristics of the production plan scheduling of the PL-TCM, the strip width specification
changes mostly from the widest to the narrowest, and then from the narrowest directly to
the widest rule to arrange. When the front and back strip width specifications are different
during the production process, it will stop when the weld seam runs near the side trimmer,
cut the weld seam position of the strip out of the rounded shape, and then restart the
machine to trim the strip side. A schematic of cutting a round corner at the strip weld seam
is shown in Figure 3b. When restarting, the side scrap is prone to blockage, but at this time
the operating speed is extremely low and is generally controlled manually by the operator,
so the impact is relatively small.

Among the above causes of side scrap blockage in the trimming process of the side
trimmer, the essence of the blockage failure during the trimming process caused by strip
deviation and narrowing width is the change in the width of the side scrap, and there is
currently no effective means of prevention for the PL-TCM. The factors affecting the side
scrap trimming process is analyzed later through the finite element method.
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3. Finite Element Model of Side Trimmer
3.1. Structure of Side Trimmer

The structure of the side trimmer for the PL-TCM is schematically shown in Figure 4.
Its main structural parameters include disc blade size, clearance amount (I), and overlap
amount (S). The dimensions of the disc blade include the diameter (D) and thickness (T).
The side scrap width (WC) is the setting for the trimming process. To ensure the stable
operation of the side trimmer in the PL-TCM, its clearance amount and overlap amount are
set in relation to the state of the strip being trimmed, which includes the side scrap width,
thickness, and material parameters.

(b)

Upper disc
™ blade

I @i
>

Lower disc
blade < |

Figure 4. Structure of side trimmer, (a) arrangement of actual side trimmer, (b) main view and (c) side
view of the side trimmer.

3.2. Finite Element Modeling of Side Trimmer

The side trimming process of the side trimmer is a complex nonlinear problem involv-
ing contact, friction, and fracture, and the numerical simulation method has a high accuracy
for the analysis of such problems [27-29]. The ABAQUS, as a mature commercial finite ele-
ment software, has high accuracy for the analysis of nonlinear problems in the engineering
field, so it is chosen as an auxiliary analysis tool for this paper [30,31]. The analysis module
of ABAQUS/Explicit was selected according to the characteristics of the trimming process,
where the load during the disc blade rotation is dynamic. This module enables effective
simulation of linear as well as nonlinear problems with stable velocities and is also very
effective in dealing with nonlinear problems with changing contact conditions.

The analysis of the side trimming process focuses on the changes in the side scrap of
the strip, in order to facilitate the analysis of the side trimmer structure parameters and
strip material parameters on the impact of the trimming process, considering the trimming
process as an ideal state, set the upper and lower disc blade as analytical rigid for modeling
and cell type is R3D4. As shown in Figure 5 for the geometric model of the side trimmer,
the dimensions of the disc blade refer to the actual side trimmer size of the industrial site,
the specific dimensions are shown in Table 1. Due to the symmetry between the operating
side and the drive side of the strip trimming process, only one side is modeled. Table 1
lists the range of settings for the structural parameters of the side trimmer, and the specific
analysis is described in detail in the later sections. The strip is set as a deformable body,
and the focus of this analysis is on the trimming position of the strip, so there is no need to
model the original dimensions of the strip, and only part of the strip can be created, the
specific dimensions are shown in Table 1.
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Figure 5. Geometric model of side trimmer.

Table 1. Specific dimensions.

Parameters Value
Diameter of the blade (mm) 350
Thickness of the blade (mm) 30

Chamfering of the blade (mm) 0.05
Clearance amount (mm) 0.2~14
Overlap amount (mm) —0.6~0.2
Length of strip (mm) 70
Width of strip (mm) 50
Thickness of strip (mm) 1~2

According to the trimming process, the elastic, plastic, and fracture properties of the
strip material need to be set in the finite element model. This paper chooses to define a
ductile fracture criterion and combine it with cell deletion to deal with the shear fracture
problem [32-34]. Among the many ductile fracture criteria, the Shear Damage criterion is
commonly used in shear simulation experiments and has been shown to have high accuracy.
The principle is to determine whether a material is fractured or not based on whether the
equivalent plastic strain at a certain integral cell of the divided mesh reaches the material
fracture [35,36]. The model assumes that the equivalent plastic strain when the material
begins to fracture is a function of the shear stress ratio and the strain rate, and the effect of
the triaxiality of the stress needs to be considered in the shear stress, which is defined for
the shear stress ratio as shown in Equation (1) [37-39].

Tmax

where 0s is the shear stress ratio; kg is the stress triaxiality weight factor; 7 is the stress
triaxiality; g is the equivalent mises stress; and Tmax is the maximum shear stress.

Define the fracture parameter w. Cell failure can be judged when the fracture parame-
ter reaches 1, as shown in Equation (2).

—pl —pl
g + Y AeP
w= % )
i

where w is the fracture parameter; Egl is the initial equivalent plastic strain; AzP! is the

equivalent strain increment; z? is the equivalent plastic strain at fracture of the material.

The strip material properties in this paper are described by selecting the relevant
parameters of DP600 steel involved in the production of PL-TCM, whose elastic and plastic
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behavior parameters are shown in Table 2 [40,41]. Convert the engineering stress-strain
curves into true stress-strain curves by Equation (3).

{ Etrue = In (1 + snom) 3)

Otrue = Unom(l + 8nom)

where nom is engineering stress, enom is engineering strain, oirye is true stress, and égye is
true strain. The true stress-strain curve of the material is shown in Figure 6.

Table 2. Parameter values.

Parameters Value
Elastic modulus (MPa) 2.154 x 10°
Poisson ratio (-) 0.3
Mass density (t/mm?) 7.85 x 1077
Stress triaxiality weight factor (-) 0.12
Fracture strain (-) 0.178
Shear stress ratio (-) 94
Strain rate (s~ 1) 10

Ture stress / MPa

0 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5

Plastic strain / -
Figure 6. True stress-strain curve of the material.

The Shear Damage criterion is selected as the criterion for the fracture of the strip
trimming process, and the relevant detailed parameter settings are shown in Table 2.

The contact between the disc blade and the strip is selected for the dynamic contact
method with more stringent requirements and higher accuracy. The friction model is
selected as coulomb friction and the friction coefficient is set to 0.1. To ensure the accuracy
of the model calculation, the 8-node linear hexahedral linearly reduced integral cell C3D8R
is selected for meshing, and the mesh of the strip trim region is refined, as shown in Figure 5.
In the actual trimming process, both sides of the strip are simultaneously sheared by a
side trimmer symmetrical about the centerline, and it can be considered that there is no
displacement of the strip along the width direction. Therefore, the model constrains the
displacement of the strip body side along the width direction, while the trimmed side is set
as the free side. Similarly, for the side trimmer, the displacement along the width direction
is constrained. Set the upper and lower disk blades to rotate in opposite directions with a
rotational speed of 62.8 rad/s; the initial speed of the strip moving in the direction of the
blades is 120 m/min to complete the trimming process.

4. Effect of the Influencing Factors on the Trimming Process

As described above in the finite element modeling process, the determination of strip
fracture during the trimming process is based on the equivalent plastic strain of the material,
so the focus of this paper for the simulation process is on the equivalent plastic strain of the
trimming position of the strip side. In the process of trimming the strip by side trimming,
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the strip first undergoes elastic deformation along the trim section, and with the increase
in the degree of trim, the strip in the trim area undergoes plastic deformation. When the
equivalent plastic strain at the trimmed position of the strip reaches the standard of the
fracture criterion, the side scrap is trimmed off smoothly; if the equivalent plastic strain is
small, the side scrap only bending deformation occurs, and then the side scrap blockage
phenomenon occurs.

Based on the analysis of the causes of side scrap blockage in the side trimmer in
Section 2, this section first analyzes the effect of the side scrap width setting on the equiva-
lent plastic strain during trimming.

4.1. Effect of Side Scrap Width on the Trimming Process of Side Trimmer

Fixing other parameters (T =1 mm, S = 0.2 mm, I = 0.3 mm) and adjusting only the
side scrap width, Figure 7 shows the equivalent plastic strain clouds of the trim position of
the strip with different side scrap width settings. Since the mode of unit deletion is selected
to handle the material fracture during the modeling process, the destroyed units are not
shown in the cloud diagram. The equivalent plastic strain with time for the strip trim
position unit with the side scrap width set in the range of 2~6 mm is extracted as shown in
Figure 8. The equivalent plastic strain data were all for cells 40 mm away from the head of
the strip in the trimming path, which is due to the consideration of the need to extract the
equivalent plastic strains after stabilizing the trimming.

Equivalent plastic strain

(a) Side scrap width = 6mm

(b) Side scrap width = Smm (c) Side scrap width = 4mm

(d) Side scrap width = 3mm (e) Side scrap width = 2mm

Figure 7. Equivalent plastic strain clouds of the trimming processes with different side scrap width,
(a—e) for the side scrap widths of 6~2 mm.
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Figure 8. Equivalent plastic strain curves of the trimming processes with different side scrap width.

It was observed in Figure 7 that the side scrap was trimmed smoothly when the side
scrap width was in the range of 5~6 mm. And the equivalent plastic strain in the trim
position unit of the strip is 0.178 in the maximum value of the trim process. When the side
scrap width is in the range of 2~4 mm, the side scrap is not trimmed smoothly and the
equivalent plastic strain of the corresponding unit at the trimmed position of the strip is
less than 0.178, and decreases with the decrease in the side scrap width. This shows that the
setting of the side scrap width affects the equivalent plastic strain of the strip during the
trimming process, and a smaller side scrap width will make the equivalent plastic strain
at the trimmed position smaller, and cannot be trimmed smoothly, thus leading to side
scrap blockage failure. This corresponds to the analysis of the causes of side scrap blockage
failure in the PL-TCM in Section 2.

Since the structural parameter settings of the side trimmer do not change during the
actual trimming process, while the side scrap width is a variable due to the fluctuation of
the width of the strip and the change in the deviation state during the operation. Therefore,
it is necessary to analyze the influence of the structural parameters of the side trimmer on
the side scrap trimming process at different side scrap widths.

4.2. Effect of Structural Parameters of Side Trimmer on the Trimming Process

Different work conditions are designed for different side trimmer structural parameters
corresponding to different side scrap widths for simulation calculations, where the side
trimmer structural parameters include the overlap amount and clearance amount, and the
calculation results are compiled.

The maximum equivalent plastic strain of the trimmed unit in the trimming process
under different overlap amounts is extracted as shown in Figure 9 (fixed I = 0.5 mm,
T =1 mm). In the case where the side scrap was not successfully trimmed, i.e., the equiv-
alent plastic strain of the trimmed unit did not reach 0.178 during the trimming process,
observing the calculated results at each overlap amount. It was found that with wider side
scrap widths, the equivalent plastic strain of the trimmed strip was larger. This is consistent
with the previous conclusion on the effect of side scrap width on the trimming process. If
the side scrap width is certain, the equivalent plastic strain of the strip during trimming
increases with the increase of the overlap amount of the side trimmer.
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Figure 9. Maximum equivalent plastic strain for trimming processes with different overlap amounts
and side scrap width.

The maximum equivalent plastic strain of the trimmed unit during the trimming
process with different clearance settings is shown in Figure 10 (fixed I = 0.5 mm, T = 1 mm).
It is observed that when the side scrap width is certain, the equivalent plastic strain of the
trimmed unit appears to be significantly smaller after the clearance amount increases to
a certain degree, and then tends to be smooth, but tends to become smaller. The effect of
side scrap width variation on the equivalent plastic strain is consistent with the Section 4.1.
Overall, the increase in the amount of clearance amount is not conducive to the smooth
trimming of the side scrap, and the maximum equivalent plastic strain of the trimmed strip
during the trimming process decreases with the increase in the clearance amount of the
side trimmer.

0.2 J
=016 L
S \ )
% | p
.% 0.12 \‘. etk S SR |
= Y
%0.0S r Aok - A k- A —aaa- o)
E
5004 | R L e B
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O 1 1 1 1 1

0.2 0.4 0.6 0.8 1 1.2 1.4

Clearance amount (mm)

—e— Side scrap width = 6mm - - Side scrap width = Smm

- 4 - Side scrap width = 4mm —= — Side scrap width = 3mm

Figure 10. Maximum equivalent plastic strain for trimming processes with different clearance
amounts and side scrap width.

4.3. Effect of Strip Specification on the Trimming Process of Side Trimmer

The factors that affect the trimming process of the side trimmer are also the specifica-
tions of the strip, including the thickness and material properties of the strip. Therefore, the
working conditions of the strip trimming process with different thicknesses and material
properties are designed for simulation calculation.

The maximum equivalent plastic strains of the corresponding units during the trim-
ming of the strip of different thicknesses at different side scrap width settings are extracted
as shown in Figure 11 (fixed S = 0 mm, I = 1 mm). It is observed that when the equiva-
lent plastic strain of the trimmed unit does not reach 0.178 during the trimming process,
the equivalent plastic strain of the trimmed strip increases with the increase in the strip
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thickness if the side scrap width is certain, i.e., the thinner the strip is, the more likely the
side scrap blockage phenomenon occurs. When the strip thickness is certain, the wider the
width of the side scrap, the greater the maximum equivalent plastic strain of the trimmed
unit; that is, increasing the width of the side scrap is beneficial to the smooth trimming of
the side scrap.

0.2 l
O ° — * . =
=016 pes
§ // v
172} ,A’ 7z
2012 . sl
2 -
o . =
£0.08 jpl-ocmamem T T .
2 g —e—Side scrap width = 4mm
-% 0.04 - - -& - Side scrap width = 3mm
m —m— Side scrap width = 2mm
0 1 1 1 1
1 1.2 1.4 1.6 1.8 2

Strip thickness (mm)

Figure 11. Maximum equivalent plastic strain for trimming processes with different strip thickness
and side scrap width.

In terms of material properties, yield strength as an important parameter to character-
ize the material, is modified and designed for working conditions in this paper to analyze
its effect on the trimming process. With the fixed clearance amount of 1.2 mm, overlap
amount of —0.4 mm, strip thickness of 2 mm, and side scrap width of 7 mm, the strip
yield strength is set in the range of 200~600 MPa for simulation calculation. The equivalent
plastic strain cloud for a strip with a yield strength of 600 MPa after trimming is shown
in Figure 12a. It is observed that the units in the upper and lower layers at the trimmed
position are not destroyed, while the units in the middle layer are destroyed during the
trimming process. Combined with the data on the maximum equivalent plastic strain
during the trimming process in Figure 12b, when the yield strength of the material is large,
a phenomenon occurs where the inside of the strip is destroyed due to the accumulation of
plastic deformation, while the outside is not destroyed. The maximum equivalent plastic
strain in the trimming process for the units in the upper and lower layers decreases as the
yield strength becomes larger. The higher the yield strength of the strip the less conducive
to a smooth trimming process.

(a) (®) 02

" = *————————@--------- - -- - -¢
016 | T~
g 'Y
2012 f ' |
E
(=9
= 0.08
< —e— Upper layer
S A
Z - Mi ; se

Middle layer 5004 [ -*-Middle layer e |
= --a--Lower layer

Lower layer 0 . . .
200 300 400 500 600

Yield strength = 600MPa Yield strength (MPa)

Figure 12. (a) Schematic representation of different layer cells of the trimmed strip and (b) maximum
equivalent plastic strain for trimming processes with different material properties.

In summary, the effects of each influencing factor on the trimming process, including
side scrap width, overlap amount, clearance amount, strip thickness, and yield strength,
were analyzed by designing different working conditions for simulation calculations.
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Observing the variation in the maximum equivalent plastic strain of the trimmed strip in
the trimming process with the variation in each influencing factor, it was found that it is
beneficial for the trimming process to have a larger set of the side scrap width, overlap
amount, and strip thickness. While for the larger amount of clearance and the yield strength
of the strip, it is harder for the side scrap to be trimmed smoothly and the risk of side scrap
blockage is higher.

5. The Side Scrap Blockage Pre-Control Model of Side Trimmer
5.1. Identification of the Scrap Blockage Risk

According to the results of the above analysis, although changes in the structural
parameters of the side trimmer and strip specifications cause changes in the equivalent
plastic strain of the strip during the trimming process, they do not change the influence law
of the side scrap width on the trimming process. That is, the size of the side scrap width
will affect the trimming process, while the side scrap width is wider the more conducive to
smooth trimming, and vice versa the risk of side scrap blockage will increase. Therefore,
the risk of side scrap blockage can be determined by monitoring the real-time status of the
side scrap width during the strip running process.

The structural parameters of the side trimmer have been set by past research and
long-term accumulation in the industrial practice, and have been able to achieve reasonable
settings according to the actual specifications of the strip. The main causes of side scrap
blockage failures in the side trimmer at present are fluctuations in the quality of the hot-
rolled strip and changes in the actual running state of the strip. With the improvement of
information technology resources construction for the strip production process, it has been
able to realize the deployment of data resources across processes. Based on the history of
blockage failure of the side trimmer, the actual side scrap width at the time of blockage is
calculated by extracting the width data of the corresponding hot-rolled strip and combining
it with the side trimmer exit width and CPC deviation data. After collation, the blockage
failure sample data can be obtained as in Equation (4).

B= {(SlflllefGllwl)' (52' 12/ TZ/ G2/w2) """ (Sml Imr Tmr Gmrwm)} (4)

where B is the 5-dimensional data sample set; S is the overlap amount; [ is the clearance
amount; T is the strip thickness; G is the steel grade, which is used to distinguish the
difference in mechanical properties of different materials of strip; w is the width of the side
scrap when the blockage failure occurs; and m is the total number of samples.

Usually, the structural parameters of the side trimmer are set the same for the same
steel grade and the same side scrap width setting for trimming, so it is reasonable and
realistic to determine the side scrap width threshold based on actual production data
statistics. For the above blockage failure sample dataset, there will be a phenomenon that
the data in the first four dimensions are consistent, while the actual side scrap width in
the fifth dimension of blockage is different. The maximum value of the actual side scrap
width in such data are taken as the base side scrap width threshold, and for safety, a safety
factor is multiplied on this basis to obtain the final side scrap width threshold, as shown in
Equation (5).

WT _ meax (5)

where WT is the side scrap width threshold; 7 is the safety factor, usually taken as 1.3~1.5; w™X
is the base side scrap width threshold obtained from the historical blockage failure records.
The side scrap blockage failure of the strip due to the narrow width of the side scrap
can be divided into two categories: (1) caused by the strip state such as the width change
or sickle-shape bending of the strip; (2) caused by the actual running state of the strip
in the inlet section of the PL-TCM, such as the strip deviation. Currently, the quality
data of hot-rolled strips can be obtained at the PL-TCM, including strip width, centerline
deviation, etc. Based on information such as the full-length width and centerline deviation
of the hot-rolled strip, combined with the setting of the side trimmer opening size, areas
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with narrower side scrap widths can be identified and the risk of side scrap blockage can
be determined.

Figure 13 shows a schematic representation of each dimension of the strip during
operation. The steps to identify the two types of side scrap blockage risks mentioned above
are as follows:

Centerline of the
| equipment
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| .

| | CPC deflection
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= |
I
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Trimming position of
side trimmer

Figure 13. Schematic of each dimension during strip operation.

(1) According to the cold rolling production plan, the hot state width data of the full
length of the strip under the plan measured in the hot rolling process is obtained, and the
full-length cold state width of the strip is calculated as shown in Equation (6).

H
a

WE

1

(6)

where W;© and W, are the cold and hot widths of the strip; i is the position in the length
direction of the strip; « is based on empirical data from industrial sites on the changes in
width dimensions of strips after hot rolled and after cooling, usually taking a value of 1.01
to 1.02.

(2) The side trimmer width setting and side scrap width threshold are obtained for
this strip, the trim amount is calculated on one side, and it is determine if there is a risk of
side scrap blockage caused by strip width variation according to Equation (7).

w; = WE — WS < 2WT 7)

where w; is the total side scrap width on both sides of the strip; W; is the cold width of the
strip; WS is the side trimmer width setting value; and WT is the side scrap width threshold.
(3) The sickle-shaped bending of the strip can be characterized by the centerline
deviation data of the hot-rolled strip. Obtaining the centerline deviation data for the full
length of the hot-rolled strip, calculating the steady-state deviation for the full length, and
on this basis calculating the relative deviation for the full length of the strip, as shown in
Equation (8).
n
Ci
> (®)

n

CR=¢ !
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where C;R is the strip full-length relative deviation; C; is the strip full-length centerline
deviation data; 7 is the position in the strip length direction; and 7 is the total strip length.

(4) Based on the above calculation to obtain the hot-rolled strip full-length relative
deviation, calculate the side scrap width considering the strip relative deviation and
determine whether there is a risk of side scrap blockage caused by the bending of the strip
sickle-shape by Equation (9).

C S
wf = M R <w ©)
where w;© is the width of the side scrap considering the relative deviation of the hot-
rolled strip.

(5) The above is the identification of static side scrap blockage risk considering only
the shape characteristics of the hot-rolled strip, while the actual risk identification also
needs to consider the operating condition of the strip. The CPC deflection roller has the
function of detecting the deviation of the strip, and the deviation data of the strip obtain
from the deflection roller arranged in front of the side trimmer is collected in real time,
so that the deviation data can be used to calculate the side scrap width on both sides of
the strip during the actual operation and to identify the dynamic side scrap blockage risk.
When the side scrap width on one side is less than the risk threshold, there is a risk of side
scrap blockage, and the side scrap width on both sides of the strip during operation is
calculated as shown in Equation (10).

WE — w*
W=t ——— —|d,| <WT (10)

where w;" is the real-time side scrap width on the side of the strip with higher risk of
blockage; d; is the real-time strip deviation obtained from the CPC deflection roller.

The above is the side scrap blockage risk identification function of the side trimmer.
Accordingly, the speed reduction strategy of strip operation can be designed according to
the risk identification results, and when the risk position is close to the side trimmer, by
reducing the trim speed to achieve the purpose of smooth transition.

5.2. Speed Reduction Strategy

In the inlet section of the PL-TCM, the hot-rolled strip may deviate from the centerline
due to asymmetric shapes such as sickle-shape bending and strip wedge. Therefore, a
center position control system (CPC) is installed at the inlet section of the PL-TCM to correct
the strip deviation during operation. The specific implementation equipment is the CPC
deflection roller, which is based on the principle that there are corresponding sensors for
detecting deviation signals on both sides of the strip, which can detect the deviation status
of the strip in real-time. When the strip is deviating, the deviation signal is amplified and
converted to drive the hydraulic cylinder that controls the angle of the deflection roller,
so that the deflection roller forms a turning angle and changes the friction force on both
sides of the operation and transmission when the strip passes through the deflection roller,
thus changing the running trajectory of the strip and achieving the effect of deflection
correction. According to the industrial field experience, the deflection correction ability of
CPC is related to the running speed of the strip, when the strip is running at a low speed, it
has a better deflection correction effect.

Accordingly, when the strip has a serious deviation phenomenon, the deflection
correction capacity of the CPC deflection roller can be fully utilized by reducing the
running speed of the strip. This balances the side scrap width on both sides of the strip,
reduces the probability of side scrap blockage in the side trimmer, and effectively improves
the stability of the inlet section of the PL-TCM. As shown in Figure 1 for the equipment
arrangement of the PL-TCM, there are two CPC deflection rollers between the No. 2 looper
and the side trimmer, where the deflection roller closer to the s No. 2 looper is named
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CPC-1 and the deflection roller closer to the side trimmer is named CPC-2. Based on the
operation status of the strip at the above two deflection roller positions, the risk of blockage
can be identified. The actual distance between CPC-2 and the side trimmer is too close,
so if this identification result is used as the basis for speed control, it will be too late to
effectively reduce the speed in order to adjust the strip’s deflection status, and therefore the
identification result of CPC-1 will be used as the basis for speed control.

After effectively identifying the three types of side scrap blockage risk described in
the previous section, the risk position needs to be saved in combination with the relative
position positioning function of the strip based on weld position detection, and speed
reduction is carried out when the risk position runs near the side trimmer. For the static risk
caused by the narrowing of strip width, the target speed is 30 m/min for speed reduction
to achieve the purpose of smooth transition. For the side scrap blockage risk caused by
sickle-shaped bending of the strip and position deviation during operation, the target
speed of the strip can be calculated according to the width of the scrap, and the calculation
method is shown in Equation (11).

C_wT
05 = (0 —30) - | Ui
(11)
r_wT
vgb]. = (v" —30) - wle

where vgbj and v;; are the target speeds for the side scrap blockage risk caused by sickle-
shaped bending of the strip and position deviation during operation, respectively, and v" is
the current operation speed of the strip. In summary, the structure of the speed reduction
strategy for the side scrap blockage risk is shown in Figure 14.

Gttt i o Static risk identification and - Reducing strip

. > lculati .
hot-rolled strip target speed calculation i running speed

A
Dynamic risk identification
and target speed calculation

0, e - @
o X @

Hot-rolled strip \./ \,/ U
CPC CPC Side
deflection roll deflection roll trimmer

Figure 14. Structure of the speed reduction strategy.

Accordingly, when the risk of blockage is identified during the trimming process, the
deviation state of the strip can be corrected by reducing the trimming speed to avoid the
risk. For the risk of side scrap blockage caused by narrowing strip width, reduced trimming
speed can also achieve a smooth transition. The above risk identification functions, com-
bined with the speed reduction strategy, form the side scrap blockage pre-control model.

5.3. Industrial Applications

The experimental part of this research was performed in the industry, where the side
scrap blockage pre-control model was applied to a PL-TCM. When the hot-rolled strip
enters the production plan scheduling of the PL-TCM, the full-length width and centerline
deviation data of the strip are extracted and the static side scrap blockage risk is first
identified. When the strip runs in the inlet section of the PL-TCM after pay-off, the dynamic
side scrap blockage risk is identified in combination with the detection of the real-time
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deviation of the CPC deflection rolls. Once the risk identification is complete, then the
speed reduction intervention is performed on the risk position and the implementation
process of the model is shown in Figure 15.

Retrieve rolling schedule and
incoming material information

'

Optimization of side trimmer
parameter settings according to
incoming material specifications

|
v

Identify static risks based on actual
parameter settings
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Save the risk position and Are dynamic risks identified?

calculate target speed
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Reduce the strip speed as the risk
position is close to the side trimmer

No Combine with real-time strip

deflection status for dynamic
risk identification

'

End
Figure 15. Implementation process of the side scrap blockage pre-control model.

The application of the pre-control model can effectively identify the side scrap blockage
risk of the side trimmer and calculate the target operating speed according to the risk
identification results. Accordingly, the operating speed is reduced when the risk area
is close to the side trimmer to reduce the number of side scrap blockage failures, thus
reducing unscheduled downtime and improving the operating stability of the PL-TCM,
which plays a role in supporting production decisions. As shown in Figure 16, the interface
design of the side scrap blockage risk identification model mainly involves (1) production
planning; (2) CPC operation information monitoring; (3) side scrap blockage risk alert
module; (4) operation process data monitoring; and (5) visualization of information such as
side scrap blockage risk area tracking for simulated strip operation. The identification of
side scrap blockage risk areas is visualized and intuitive, providing convenient reference as
well as practical value for the use of side trimmer operators.

The side scrap blockage pre-control model has been applied online in a PL-TCM,
which has a stable operation process and accurately identifies the blockage risk areas and
carries out the corresponding speed reduction and warning prompts, effectively reducing
the number of side scrap blockage failures during production line operation. At the same
time, the operator can pay attention to the strip operation and trimming status in real time
according to the HMI. To avoid experimental chance, three one-month model runs were
conducted, interspersed with a production phase in which the pre-control model was not
commissioned for the same one-month period, i.e., one month with the pre-control model
and the following month without it, repeated three times. As shown in Figure 17, after
the application of the side scrap blockage risk identification model, there is a significant
reduction in blockage failures compared with the same length of time before the application.
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The number of side scrap blockage failures caused by the narrowing of the hot-rolled strip
width was reduced from an average of 16 per month to 7; the number of blockage failures
caused by strip deviation during running was reduced from an average of 54 per month to
34. After the model was applied, the side scrap blockage failure was reduced by 40.5% in
the same length of time, achieving the expected results.

Side scrap blockage
risk alert module

913 Trim amount D)~ 5.8
900 Trim amount (0S) 3.4

Operation process
data monitoring

Production
planning

Risk area tracking
CPC Status Monio BN _ for simulated strip

P gorian s i — g —— operation

CPC operation
information
monitoring

Figure 16. Interface of the side scrap blockage pre-control model.
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Figure 17. The number of blockage failures before and after the use of the pre-control model.

6. Conclusions

In this paper, focusing on the side scrap blockage failure that is prone to occur during
the trimming process of the side trimmer at the entrance section of the PL-TCM, a corre-
sponding finite element model is established, according to which the influence of each
parameter on the trimming process is analyzed. Based on this, the side scrap blockage
risk identification function and speed reduction strategy of side trimmer are designed
to achieve the pre-control of side scrap blockage. After verifying the effect by practical
application in industrial sites, the following conclusions were obtained:
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(1) The larger the set amount of side scrap width, overlap, and strip thickness, the
greater the equivalent plastic strain at the trimmed position and the more conducive to a
smooth trimming process. The larger the amount of clearance and the yield strength of
the strip, the smaller the equivalent plastic strain at the trimmed position, which is less
conducive to the trimming process and has a higher risk of side scrap blockage.

(2) Different side trimmer construction parameters and strip specifications affect the
trimming process but do not change the law of the influence of the side scrap width on
the trimming process. On this basis, the static and dynamic risks of blockage faults are
identified and establish a side scrap blockage risk identification model for side trimmer,
and the strip speed reduction strategy is designed accordingly.

(3) By applying the side scrap blockage pre-control model of the side trimmer to a
PL-TCM, the trim speed is reduced when the risk position is close to the side trimmer, so
as to achieve the purpose of risk avoidance and smooth transition. After the model was
applied, the total reduction rate of blockage failure reached 40.5%, which achieved the
expectation of the application effect.
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