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Abstract: During the temper rolling process, scratch defects on the lower surface of the
steel strip caused by the tension measuring roller are a critical issue that affects the result-
ing product quality. Previous research has been limited to analyzing the mechanism and
influencing factors of scratch generation, and has lacked a systematic design solution for
analyzing and addressing scratch defects. This study deeply analyzed the mechanism of
scratch formation, and it was determined that the fundamental cause lies in the relative
sliding between the steel strip and the tension measuring roller. Specifically, the driving
torque of the steel strip on the tension measuring roller is insufficient to overcome its total
rotational resistance torque. This study identified the strip wrap angle, roller sleeve outer
diameter, and wall thickness as key structural parameters that influence this torque balance.
In optimizing the structural parameters of the tension measuring roller, this research had
two main goals: eliminating scratch defects and avoiding strip warpage defects. To achieve
this, a strip warpage calculation model and a scratch verification model were established.
These were combined with structural connection safety verification. Based on these anal-
yses, the optimal structural parameter combination was determined. This combination
includes a roller sleeve outer diameter of 500 mm, a roller sleeve wall thickness of 20 mm,
and a wrap angle of 30◦. The consistent results that were obtained from theoretical analysis,
finite element simulation, and actual production trials demonstrate that the optimized
structural parameters of the tension measuring roller can effectively prevent relative sliding
between the steel strip and the tension measuring roller, completely eliminating scratch
defects on the lower surface of the steel strip and significantly improving product quality.
This provides a reliable solution for the scratch problem in temper rolling. This solution
also reduces scrap rate and production costs. Furthermore, it meets the strict surface
quality demands of high-end applications. This leads to improved production efficiency
and customer satisfaction. Ultimately, this method enhances product competitiveness and
promotes industry technological progress.

Keywords: temper mill unit; tension measuring roller; wrap angle; wall thickness;
optimization design

1. Introduction
The temper rolling mill unit is an important piece of equipment in steel production

lines that is primarily used for the cold processing of steel strips to improve their surface
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quality, shape, and mechanical properties [1]. A typical temper rolling mill unit usually
includes key equipment such as an uncoiler, a leveler, a temper mill, a tension roller, and
a coiler [2]. Among these, the temper mill is the core piece of equipment, as it applies
pressure and a certain elongation to the steel strip through one or more pairs of rolls to
achieve strip leveling. The tension roller is responsible for real-time measurement and
control of the strip tension at the mill entry and exit, and is a key component in ensuring a
stable rolling process and the product’s quality [3]. The entire unit coordinates the work
of each piece of equipment through an automated control system to achieve efficient and
precise steel strip temper rolling.

During the temper rolling process, precise control of the steel strip tension at the mill
entry and exit is required, as the magnitude of tension directly affects the rolling stability [4].
Furthermore, tension control is one of the important means of ensuring uniform strip
thickness and a good shape (flatness), and appropriate tension can prevent the occurrence of
strip deviation, slipping, wrinkling, and strip breaking defects [5], effectively guaranteeing
product quality. As shown in Figure 1a, tension measuring rollers are arranged at both
the entry and exit of the temper mill in certain units. The tension signals measured by the
tension measuring rollers are fed back to the control system in real-time, and the control
system adjusts parameters such as the motor speed and current based on the feedback
values, thereby precisely controlling the actual strip tension and maintaining it at the set
target value [6].

Temper mill
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rollers

 #1 tension 
measuring 

rollers
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#2 tension 
rollers

Anti-wrinkle roller Anti-vibration roller
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Figure 1. Temper mill unit layout and steel strip scratch defects: (a) temper mill unit layout; (b) steel
strip scratch defects.

As illustrated in Figure 1b, during the production process of the temper rolling unit,
scratch defects on the lower surface of the steel strip frequently occur at the exit of the
temper mill, resulting in significant economic losses. Following on-site production tracking,
it was observed that no scratch defects were present between the temper mill and the #2
tension measuring roller, but that scratches clearly appeared after passing the #2 tension
measuring roller. This indicated that the scratch defects were generated by the tension
measuring roller. Given that the scratches appeared on the lower surface of the steel strip,
it was determined that the defects were caused by friction between the 2⃝ roller of the #2
tension measuring roller and the steel strip. Consequently, there was an urgent need to
analyze the reasons why the tension measuring roller caused scratches on the steel strip
and to optimize the structure of the 2⃝ roller of the #2 tension measuring roller.

Although previous research has focused on steel strip scratching during cold rolling
and explored the influence of parameters such as the lubrication, temperature, and rough-
ness to establish related prediction models and control methods [7–9], these studies primar-
ily target the cold rolling process. Their influencing parameters and scratching mechanisms
are significantly different from those of temper mills and cannot be directly applied to solve
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the scratching problem encountered in this study. Furthermore, while some studies have
utilized computer vision and AI technology for steel strip surface defect detection [10,11],
they have not further explored defect governance technologies. Currently, research specifi-
cally addressing the structural design of tension rollers and their relationship with steel
strip scratching is lacking.

This study posits that the fundamental cause of steel strip scratching is the relative
sliding between the steel strip and the tension roller, meaning that there is a velocity
inconsistency between the two. As a passive roller, the tension roller is driven to rotate
by the steel strip. Relative sliding occurs when the driving force of the steel strip on the
tension roller is insufficient to maintain the same speed for both. This relative sliding can
be mitigated by increasing the friction force between the steel strip and the tension roller or
by reducing the tension roller’s rotational inertia. The friction force between the steel strip
and the tension roller mainly depends on three factors: the friction coefficient between the
steel strip and the tension roller, the tension of the steel strip, and the wrap angle of the
steel strip on the tension roller. Although the strip speed also affects the friction force, the
unit studied herein has certain procedures for speed setting, so this paper does not study it.

Due to the limitations of existing research, specifically the absence of studies on tension
roller structural design and its link to strip scratching, this study deems it essential to conduct
thorough research into how tension rollers cause strip scratching. This involves analyzing
how the structural parameters of the tension roller impact strip scratching [12] in order to
optimize the tension roller’s structure and effectively address steel strip scratch defects.

To gain a deeper understanding of the mechanism behind steel strip scratch defects,
we first need to clarify the interaction between the steel strip and the tension roller. During
the temper rolling process, the tension roller acts as a passive roller, and its rotation is
entirely driven by the contacting steel strip. Ideally, the steel strip and the tension roller
should maintain synchronous movement, meaning that their linear velocities are consistent,
to ensure accurate tension measurement and avoid surface damage.

However, research has found that the fundamental cause of steel strip scratching is
the relative sliding between the steel strip and the tension roller, which means that there is
a velocity inconsistency between the steel strip and the tension roller. As the tension roller
is a passive roller and is driven to rotate by the steel strip, relative sliding occurs when the
driving torque generated by the steel strip on the tension roller is insufficient to overcome
the total rotational resistance torque of the tension roller, leading to a situation where the
steel strip’s speed is faster than the tension roller’s rotational speed [13]. It is this relative
sliding that causes the scratch defects on the lower surface of the steel strip. To prevent or
reduce this relative sliding, we can analyze it from two perspectives: increasing the friction
force between the steel strip and the tension roller or reducing the tension roller’s rotational
inertia [14].

The friction force between the steel strip and the tension roller is the source of the
driving force that makes the tension roller rotate, and it depends on three factors: the
friction coefficient between the steel strip and the tension roller, the tension of the steel
strip, and the wrap angle of the steel strip on the tension roller [15]. Firstly, the friction
coefficient between the steel strip and the tension measuring roller is determined by their
surface roughness. The surface roughness of the steel strip is a specific parameter [16]
which is a product performance requirement and cannot be altered. The roughness of the
tension measuring roller is related to the surface treatment process of the roller sleeve, and
its roughness also continuously decreases during its service life [17], thus it is not feasible to
increase the friction by improving the friction coefficient. Secondly, the tension of the steel
strip is a process parameter in temper rolling which is coordinated with other parameters
such as the rolling force for production; therefore, it cannot be adjusted [18]. Finally, only
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the wrap angle between the steel strip and the tension measuring roller can be adjusted.
It is evident that increasing the wrap angle can increase the friction, while decreasing the
wrap angle reduces the friction [19].

As shown in Figure 2, the moment of inertia of the tension measuring roller needs
to be determined from its structure. The tension measuring roller primarily consists of
two parts: the roller sleeve and the shaft end. The shaft end needs to be compatible with
the parameters of equipment such as the bearings and bearing seats. Modifying the shaft
end structure would involve numerous associated pieces of equipment; thus, optimization
can be focused on the structure of the roller sleeve [20]. The structural parameters of the
roller sleeve include its length, outer diameter, and wall thickness. Among these, the length
is a fixed parameter of the unit, and is related to product specifications. Therefore, the
outer diameter and wall thickness of the roller sleeve can be considered as parameters for
optimization. It should be noted that the outer diameter of the roller sleeve is also the
outer diameter of the tension measuring roller, and if the outer diameter of the roller sleeve
is changed, the diameter of the shaft end should also be changed accordingly. Evidently,
increasing the diameter of the roller sleeve will increase the moment of inertia of the tension
measuring roller, while decreasing the diameter will reduce its moment of inertia. Similarly,
increasing the wall thickness of the roller sleeve will increase the moment of inertia of the
tension measuring roller, while decreasing the wall thickness will reduce its moment of
inertia [21].

L

rz

r

R Shaft end
Roller sleeve

Shaft end
Roller sleeve

Interference fit area

Figure 2. Schematic diagram of tension measuring roller structure.

In summary, the structural design optimization of the tension measuring roller can
be carried out based on three parameters: the wrap angle between the steel strip and the
tension measuring roller, the wall thickness of the roller sleeve of the tension measuring
roller, and the outer diameter of the roller sleeve of the tension measuring roller.

Based on on-site production experience and the structural parameters of tension
measuring rollers in similar units, two optimized values were selected for comparison with
the existing value of each of the three parameters. The surface morphology treatment and
material grades of the tension measuring roller are as follows: The roller shell material
is 42CrMo forged steel that is heat treated and tempered to a hardness ranging from s31
to 41. The shaft head material is 45# forged steel that is heat treated and tempered to a
hardness ranging from Hs31 to 40. The surface hardening treatment results in a hardness
greater than Hs80 and a hardened layer depth between 2 and 3 mm. The surface is textured
by blasting with JS6001-70# corundum grit. The surface is chrome-plated with Cr, with a
chrome-plating layer thickness of between 0.05 and 0.10 mm. The roller surface roughness
Ra is between 2.5 and 3 um, with peak removal treatment, and the Rz is less than 12.5 um.
According to the preceding analysis, considering the reduction in the tension measuring
roller’s moment of inertia and the increase in the driving force of the steel strip on the
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tension measuring roller, the optimized values for the three parameters are presented
in Table 1.

Table 1. Proposed optimized structural parameter values of the tension measuring roller.

Parameter Existing Value Optimized Value 1 Optimized Value 2

Roller Sleeve Outer Diameter (mm) 500 400 300
Roller Sleeve Wall Thickness (mm) 30 25 20

Steel Strip Wrap Angle (◦) 20 25 30

Building upon this, two aspects need to be considered: firstly, ensuring that the optimized
set of structural parameters can eliminate scratch defects and, secondly, ensuring that the
optimized set of structural parameters does not introduce new defects in the steel strip.

Specifically, changes in the outer diameter of the roller sleeve will affect the curvature
of the steel strip on the tension measuring roller, which will in turn influence the elongation
of the upper and lower surfaces of the steel strip, potentially leading to strip warpage
defects [22]. Therefore, warpage defects must be considered when optimizing the roller
sleeve’s outer diameter. Simultaneously, the outer diameter of the roller sleeve also affects
the moment of inertia of the tension measuring roller, thus influencing the occurrence of
scratch defects.

Regarding the wall thickness of the roller sleeve, it primarily affects the moment of
inertia. However, due to the interference fit relationship between the roller sleeve and the
shaft end, the wall thickness of the roller sleeve also influences the magnitude of the contact
force in the interference area [23], which in turn affects the safety of the contact between
the roller sleeve and the shaft end during acceleration and deceleration of the tension
measuring roller [24]. Particularly during emergency stops of the unit, when the angular
acceleration is large, it is necessary to verify whether the interference force is sufficient to
ensure the connection safety of the roller sleeve and the shaft end.

Furthermore, the wrap angle primarily affects the magnitude of the driving force of the
steel strip on the tension measuring roller. It is necessary to verify whether changing the
wrap angle can ensure that no relative sliding occurs between the steel strip and the tension
measuring roller [25], which thereby ensures that steel strip scratch defects do not occur.

Addressing temper rolling mill scratch defects will have a significant economic impact
and strategic importance. It can significantly reduce scrap rates and rework costs, increase
product added value and market competitiveness, reduce customer claims and complaints,
and improve production efficiency and equipment utilization, while also optimizing the pro-
cess flow and promoting technological innovation and knowledge accumulation; thereby,
it has the potential to bring considerable economic benefits and long-term development
advantages to enterprises. In this study, a systematic analysis was conducted on the influ-
ence of different tension measuring roller structural parameters on product quality and
production safety, with the optimal structural parameter combination ultimately being
selected. Furthermore, finite element simulation verification and production trials were
performed, confirming the effectiveness of the optimized structural parameters in ensuring
product quality and production safety.

2. Optimization of Tension Measuring Roller Diameter and
Warpage Verification
2.1. Warpage Calculation Model

Taking the wrap angle of the steel strip that used on-site, 25◦, as an example, a
schematic diagram illustrating the positional relationship between the 2⃝ roller of the #2
tension measuring roller and the steel strip is shown in Figure 3a.
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Figure 3. Positional relationship and stress distribution of tension measuring roller and steel strip:
(a) positional relationship between tension measuring roller and steel strip; (b) stress diagram of
double-sided plastic deformation; (c) stress diagram of single-sided plastic deformation.

As shown in Figure 3b, during the process of passing through the tension measuring
roller, the steel strip no longer undergoes pure bending deformation. Under the action
of tension, the neutral layer of the steel strip will shift. At this point, the neutral layer no
longer coincides with the center line of the steel strip, and the amount of neutral-layer
shift is related to the magnitude of tension. As shown in Figure 3c, with the increase
in tension, the tensile deformation area on the upper surface of the steel strip increases,
while the compressive deformation area on the lower surface decreases. When the tension
increases to a certain value, the type of plastic deformation of the steel strip changes from
double-sided deformation to single-sided plastic deformation.

Based on the linear strain hardening material model, we apply the following con-
ditions: (1) the tension measuring roller is considered as an ideal cylinder, neglecting
the micro-morphology and possible deformation of its surface; (2) the model primarily
considers the stress distribution along the length direction of the steel strip, neglecting
the influence of transverse stress. Furthermore, the boundary conditions of the model are
defined as follows: the steel strip is bent over the tension measuring roller, and its shape
is constrained by the arc of the roller; the tension distributions at the inlet and outlet of
the strip are a constant set value. The difference in fiber plastic strain between the upper
and lower surfaces of the steel strip under the above two types of deformation is analyzed.
Under the action of tension, the offset distance between the middle layer and the neutral
layer of the steel strip is c, the thickness of the elastic layer is 2z, and the force–balance
relationship of the steel strip is:

σFh = σs

∫ h−(z+s)

z+s

[
1 +

( x
z
− 1

)E1

E

]
dx (1)

where σF—the average tension on the steel strip surface; h—the steel strip thickness; z—half
of the elastic layer thickness; σs—the yield strength of the steel strip; E—the elastic modulus
of the steel strip; and E1—the strain hardening modulus of the steel strip.

The neutral-layer offset amount c of the steel strip is as follows:

c =
σFh
σs

× 2
4(1 − E/E1) + hE/E1

(2)

The plastic elongation of the upper surface εu of the steel strip is as follows:

εu =
h
2 + c − z

R
(3)

where R—the radius of the roller sleeve.
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The plastic elongation of the lower surface εd of the steel strip is as follows:

εd =
h
2 − c − z

R
(4)

Then, the difference in elongation between the upper and lower surfaces ε is as follows:

ε = εu − (−εd) =
h − 2z

R
(5)

From the formula for the difference in elongation between the upper and lower
surfaces, it can be seen that, in the case of double-sided plastic deformation of the steel
strip passing through the tension measuring roller, the difference in elongation between
its upper and lower surfaces is independent of the magnitude of tension. At this time, the
warpage amount of the steel strip has no significant relationship with the set tension value.

When the tension reaches a certain value, the lower surface of the steel strip will
no longer undergo plastic deformation, but only elastic deformation. In this case, if the
tension value continues to increase, the plastic zone on the upper surface will increase
while the elastic zone on the lower surface will decrease [26], as shown in Figure 3c. When
the steel strip below the neutral layer is experiencing elastic deformation, the steel strip
deformation adheres to a single-sided plastic deformation model. The critical tension value
when the lower surface layer of the steel strip changes from plastic deformation to elastic
deformation is calculated as follows:

σ′
F = σs(1 − E/E1)− 2Rσ2

s (1−E/E1)
hE + Eh(E/E1)

2R − σs(E/E1)

c + s = h
2

s = z = Rσs
E

c = RσF
σs [2z(1−E/E1)+hE/E1]

σFhz
σs [2z(1−E/E1)+h(E/E1)]

+ z = h
2

(6)

When the tension is σF > σ′
F, according to the stress balance relationship, the following

is true:

σFh = σs

{∫ z

s

x
z

dx +
∫ h−x

z

[
1 +

( x
z
− 1

)
(E/E1)

]
dx

}
(7)

Then, the neutral-layer offset amount c is as follows:

c =
h
2
− s =

h
2
−

−[h(E/E1) + (1 − E/E1)z] +
√

2hz(1 − E/E1)
(

1 − σF
σs

)
+ h2E/E1

1 − E/E1
(8)

The difference in elongation between the upper and lower surfaces ε is as follows:

ε = εu − (−εd) = εu =
h + 2c − 2z

2R
(9)

Summarizing the above formulas, the relative elongation between the upper and lower
surfaces of the steel strip under the action of the tension measuring roller can be expressed
as follows:

ε =

 h−2z
R σF ≤ σ′

F
h+2e−2z

2R σF > σ′
F

(10)

From the above formula, it can be seen that the factors that affect the critical stress
primarily include the yield strength of the steel strip σs, the thickness of the steel strip h,
and the radius of the roller sleeve ρ.
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Furthermore, due to the presence of friction, the tension measured by the tension mea-
suring roller is less than the actual tension of the steel strip [27]. Generally, the magnitude
of the friction equivalent tension of the steel strip is as follows:

Tf = T1 − T2 = T2eµθ − T2 (11)

where θ—the steel strip wrap angle; µ—the friction coefficient (for steel rollers under dry
friction or low lubrication conditions, the range is 0.1~0.15 [28]); T1—the exit tension of the
strip; T2—the entry tension of the strip; Tf —the friction force generated by the strip on the
tension roller.

Therefore, the actual equivalent tension of the steel strip at the tension measuring
roller is σFh = Tf + T2.

A schematic diagram illustrating the geometric warpage relationship of the steel strip
is shown in Figure 4:

rd1

l

rd2
h

z



α

Figure 4. Schematic diagram of steel strip warpage geometric relationship.

Based on the geometric relationship, the warpage amount δ for a steel strip of length l
can be calculated as follows: 

δ = (1 − cos α) (
rd1+rd2)

2
α = 90lε

(rd2−rd1)π

rd1 = 90l
απ − h

2
rd2 = rd1 + h

(12)

where δ—the warpage amount of the steel strip; l—the length of the steel strip; rd1 and
rd2—the curling radii of the upper and lower surfaces of the steel strip, respectively.

2.2. Warpage Verification of Steel Strip

The factors that influence the warpage amount of the steel strip include the steel strip
thickness, tension, and wrap angle. The different yield strengths of various steel grades
also affect the degree of warpage [29]. Therefore, for the three roller sleeve outer diameter
control groups, three steel grades with different strengths, namely DQ-IF, 590DP, and CQ,
were selected for calculation, and the corresponding steel strip thicknesses and different
tensions were chosen for comparative analysis.

2.2.1. Warpage Amount for Different Steel Grades and Thicknesses

Prior to this, a comparative calculation of the warpage amount before and after
the optimization of the tension measuring roller structure was performed. The outer
diameters of the roller sleeve were 500 mm, 400 mm, and 300 mm. Three steel grades,
DQ-IF, 590DP, and CQ, were selected, and the warpage amount was calculated for steel
strips made with these three steel grades with different thicknesses under a tension of
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50 MPa. DQ-IF represents a drawing quality interstitial free steel, known for its excellent
formability and deep drawing capabilities, which is commonly used in applications that
require high ductility. CQ denotes commercial quality steel, a basic low-carbon steel
characterized by good plasticity and weldability, which suitable for general purposes and
simple forming operations. Lastly, 590DP is a dual-phase steel with a tensile strength of
590 MPa which belongs to the category of advanced high-strength steels (AHSSs). This
grade offers a combination of high strength and good ductility, making it suitable for
structural components where both properties are essential. Among these steels, the yield
strength of DQ-IF steel is 150 MPa and its tensile strength is 300 MPa; the yield strength of
CQ steel is 200 MPa and its tensile strength is 350 MPa; the yield strength of 590DP steel is
350 MPa and its tensile strength is 590 MPa. The steel strip thickness range was based on
the actual thickness range of the unit. With a steel strip length of 1000 mm, the calculation
results for the warpage amount of all control groups are shown in Figure 5.
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Figure 5. Influence of different steel grades and steel strip thicknesses on warpage amount: (a) DQ-IF
steel grade; (b) 590DP steel grade; (c) CQ steel grade.

From Figure 5, it can be seen that, when the roller sleeve outer diameter is 500 mm
or 400 mm, the warpage of both DQ-IF and 590DP steel grades fluctuates by about 1 mm
and 1.5 mm, respectively, with a small fluctuation range that can be considered as no
warpage occurring. However, the warpage of the 300 mm roller sleeve outer diameter
increases by about 6 mm and 9 mm, respectively, with an increasing thickness for each
steel grade, which is a larger increase. However, from the thickness range perspective, the
limit thickness was reached for each steel grade, and the ratio of warpage–strip length
for each thickness was less than 1%. For CQ steel, comparing different roller sleeve outer
diameters, the strip warpage increases by 7.5 mm, 15 mm, and 20 mm, respectively, with
an increasing thickness for different roller sleeve thicknesses. The 500 mm outer diameter
still maintains a warpage ratio of less than 1%, but the 300 mm roller sleeve outer diameter
reaches a maximum of 23 mm and the 400 mm roller sleeve outer diameter reaches a
maximum of 16 mm, all of which are clearly unacceptable warpage amounts. Therefore, in
the subsequent control groups, the warpage of the 300 mm and 400 mm roller sleeve outer
diameters under different parameters will be focused on.

2.2.2. Warpage Amount for Different Tensions

This section selects three steel grades, DQ-IF, 590DP, and CQ, and analyzes the influ-
ence of two tension values, 40 MPa and 60 MPa, in comparison to the 50 MPa baseline, on
the warpage amount that is observed using different steel grades, thicknesses, and roller
sleeve outer diameters.
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From Figure 6a, it can be seen that the greater the strip thickness and the greater the
tension, the more prone the roller sleeve is to warpage defects. Within the thickness and
tension ranges for DQ-IF steel, regardless of whether the roller sleeve outer diameter is
300 mm or 400 mm, the maximum change in warpage for the three specifications is 1.5 mm,
indicating that significant warpage will not occur. From Figure 6b, it can be seen that,
when the strip thickness exceeds 2.0 mm, at this tension, if the strip warpage does not
change, then the tension will not affect the strip warpage; similarly, within the thickness
and tension ranges for 590DP steel, significant warpage will not occur for both 300 mm and
400 mm roller sleeve outer diameters. From Figure 6c, it can be seen that CQ steel has lower
strength but a larger thickness range. When the strip thickness is 1.0 mm, the warpage
does not change, and warpage basically does not occur. When the strip thickness is greater
than 2 mm, the ratio of warpage–strip length is greater than 1%, indicating that significant
warpage has occurred. However, under the influence of gravity, the performance of this
warpage should be lower than the calculated value. Further, neither the 300 mm nor the
400 mm roller sleeve outer diameter can meet the production requirements for CQ steel.
Therefore, considering that the steel strip should not exhibit warpage defects, the outer
diameter selected for the roller sleeve can only be 500 mm.
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Figure 6. Influence of different tensions on warpage amount: (a) DQ-IF steel grade; (b) 590DP steel
grade; (c) CQ steel grade.

2.2.3. Warpage Amount for Different Wrap Angles

Next, the influence of the wrap angle on the steel strip warpage is analyzed. To minimize
the influence of other factors on the results, combining the conclusions from the previous
two sections, a roller sleeve outer diameter of 500 mm, which ensures no warpage defects
occur, is used. Additionally, for the calculations to verify the maximum warpage at different
wrap angles, the thickness levels with the least impact on warpage for each steel grade are
selected: 1.0 mm for DQ-IF steel, 1.6 mm for 590DP steel, and 3.0 mm for CQ steel.

From Figure 7, it can be seen that the influence trend of the wrap angle on the warpage
amount of the steel strip is such that increasing the wrap angle slightly increases the
warpage amount, but the degree of influence is not significant. Therefore, the main factors
that influence the warpage amount during the process of the steel strip passing through the
tension measuring roller are the asymmetric elongation of the upper and lower surfaces
caused by the steel strip thickness, roller sleeve outer diameter, etc., while the steel strip
wrap angle primarily increases the friction between the steel strip and the tension measuring
roller, and its influence on the warpage amount is far less than the aforementioned factors.
Consequently, after verifying the structural parameters of the tension measuring roller in
this section, it was confirmed that the optimized values for roller sleeve outer diameters of
300 mm and 400 mm cannot satisfy the condition of no warpage defects.
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Figure 7. Influence of different wrap angles on warpage amount.

2.3. Summary of This Section

This section, through calculation verification, systematically analyzes the influence
of the roller sleeve outer diameter, steel strip thickness, tension, and wrap angle on the
amount of steel strip warpage. The research results indicate that the roller sleeve outer
diameter is the structural parameter that most critically affects the degree of steel strip
warpage. A roller sleeve outer diameter of 500 mm can effectively keep the warpage within
an acceptable range under different steel grades and thicknesses, while roller sleeve outer
diameters of 300 mm and 400 mm can cause unacceptable severe warpage when processing
some steel grades and thicknesses. The steel strip thickness and tension also affect the
warpage, but their influence is less significant than that of the roller sleeve outer diameter,
and the warpage fluctuation caused by these factors is limited under a 500 mm roller sleeve
outer diameter. The influence of the wrap angle on the amount of steel strip warpage
is weak, and its main function is to increase the friction. Therefore, to avoid steel strip
warpage defects, a roller sleeve outer diameter of 500 mm should be prioritized.

3. Optimization of Tension Measuring Roller Sleeve Wall Thickness and
Wrap Angle, and Scratch Verification
3.1. Force Analysis of the Tension Measuring Roller

The tension roller is essentially a cylinder. As the steel strip passes over the tension
roller, it forms a wrap angle around a portion of the roller’s circumference. This geometric
model of “a belt or rope wrapped around a cylinder” perfectly matches the application
scenario of the Euler–Eytelwein formula. Due to the presence of friction, the tension of the
steel strip entering the tension roller and that when it is leaving the tension roller are usually
different. The steel strip driving the tension roller to rotate needs to overcome the roller’s
rotational resistance, and this energy consumption is reflected in the difference in tension
before and after passing through the roller. The Euler–Eytelwein formula quantitatively
describes the relationship between this tension difference, the friction, and the wrap angle;
thus, the Euler formula is chosen to calculate the friction force.

When the strip wraps around the tension measuring roller, friction exists between the
steel strip and the tension measuring roller. This causes a difference in tension between
the strip’s entry and exit, meaning that friction is the reason for this change in tension [30].
Since the friction force is not uniformly distributed on the contact surface, it is actually
the result of the friction force being integrated over the contact surface. Therefore, the
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friction force between the steel strip and the tension measuring roller can be calculated
using Euler’s formula [31], as shown in Equation (13).

T1 = T2 · eµθ (13)

The tension measuring roller is an idler roller and needs to always maintain syn-
chronous operation with the steel strip. Its rotation is entirely driven by the friction force
generated by the steel strip on the roller surface. Simultaneously, the tension of the steel
strip can cause the roller to bend and deform. Excessive roller bending will lead to un-
desirable changes in the shape of the steel strip. From the perspective of roller rigidity,
increasing the diameter of the tension measuring roller can improve its rigidity, but at
the same time, this also increases the moment of inertia of the tension measuring roller,
which is bound to lead to an increase in the inertial force of the roller’s rotation. This
increases the risk of slipping and makes process prone to scratch defects [32]. Therefore, the
design of the tension measuring roller’s rotating body should both ensure a certain rigidity
and be as light as possible. Most tension measuring roller sleeves are made into hollow
rollers, and the deviation in the center of the roller’s mass is controlled within a certain
accuracy, meaning that the dynamic balance performance should be good. Understanding
the normal operating state of the tension roller requires considering the balance of torques.
Under ideal steady-state synchronous operation conditions (i.e., without relative sliding),
the driving torque generated by the steel strip on the tension roller should be equal to the
total resistance torque experienced by the tension roller. This total resistance torque mainly
includes the inherent rolling resistance torque formed by the bearing and seal friction pairs,
among others. In actual dynamic processes, such as changes in the steel strip’s speed
or tension, the inertial torque of the tension roller’s rotation also needs to be considered.
Since the tension roller is driven to rotate by the driving force of the steel strip, it needs
to continuously provide torque to overcome the inertial force of the tension roller and the
inherent rolling resistance formed by the bearing and seal friction pairs. This means that, to
maintain synchronous operation and avoid relative sliding (i.e., to prevent scratch defects),
the driving torque generated by the steel strip on the tension roller must be greater than the
total resistance torque experienced by the tension roller (including static resistance torque
and dynamic inertial torque). Only when the driving torque is continuously greater than
the resistance torque can the tension roller maintain normal operation, and at this time,
scratch defects will not occur.

In analyzing the relationship between the steel strip and the tension measuring roller,
it is found that there is a friction force Tf between the steel strip and the roller sleeve as well
as an interference force between the roller sleeve and the shaft end, and the shaft end is
also subjected to the resistance M2 from the bearing seal friction pair, as shown in Figure 8:

T2

Roller sleeve

T1

θ

R
r

Shaft end

rz

M2

Figure 8. Schematic diagram of cross-sectional force analysis of tension measuring roller shaft end area.
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As a result, the driving torque of the tension measuring roller generated by the friction
force is as follows:

MD = RTf = R
θ∫

0

f dθ (14)

where f—the friction force per unit wrap angle in the direction of the steel strip’s wrap angle.
The tension roller can be regarded as a hollow cylinder with inner and outer radii

of r and R, respectively, and the moment of inertia I about its central axis is given by the
following formula:

I =
1
2

m(R2 + r2) (15)

The mass m of the cylinder can be calculated from its density ρ and volume V.

m = ρV (16)

The volume of the cylinder can be calculated from its length L and cross-sectional
area. The cross-sectional area is an annulus, from which the formula for the volume of the
cylinder can be obtained:

V = Lπ(R2 − r2) (17)

The moment of inertia of the tension measuring roller sleeve is:

J1 =
1
2

ρπL(R2 − r2)(R2 + r2) (18)

where L—the length of the tension measuring roller sleeve; and ρ—the density of the
roller sleeve.

As shown in Figure 2, the shaft end of the tension measuring roller can be regarded as
a composite body composed of several cylinders and cavities. Its moment of inertia J2 can
be calculated using Equation (19):

J2 = mx1r2
x1 + mx2r2

x2 + mx3r2
x3 · · · (19)

where mxi—the mass of the i-th section of the shaft end; and rxi—the radius of the i-th
section of the shaft end.

The inertial force M1 generated by the roller sleeve of the tension measuring roller
during acceleration and deceleration is as follows:

M1 = J1
αn

R
=

1
2R

ρπ(R2 − r2)L(R2 + r2)αn (20)

where αn—the linear acceleration.
Due to friction resistance generated by the bearings, seals, lubricating oil, etc., the

bearing friction resistance torque M2 is equal to the following:

M2 = µ′(P0 + G)r′ (21)

where P0—the radial load of the steel strip, µ′—the comprehensive friction resistance
coefficient, G—the weight of the rotating body of the tension measuring roller itself, and
r′—the approximate radius of the bearing seal friction pair.

When MD > M1 + M2, the tension measuring roller will not slip relative to the steel
strip; otherwise, slipping will occur, leading to scratch defects. When the steel strip moves
at a constant speed, the acceleration of the tension measuring roller is zero, and M1 is
also zero. At this time, MD and M2 remain constant. As long as MD > M2, the steel strip
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will not slip; otherwise, slipping will occur, resulting in scratch defects. When the rolling
mill accelerates over a short period of time, the tension of the steel strip decreases, and
the tension measuring roller speed is in an increasing state, with a positive acceleration
M1 > 0. Coupled with the resistance torque generated by bearings and other friction pairs,
the rotational resistance torque of the tension measuring roller is relatively large at this
moment. By verifying this stage, it is possible to ensure that the structural parameters of
the tension measuring roller satisfy the condition of no scratch defects. When the rolling
mill decelerates, the acceleration is negative, the tension of the steel strip increases from
small to large, MD > −M1 + M2, and the tension measuring roller will not slip.

3.2. Scratch Verification of Steel Strip

The material density of the tension measuring roller analyzed in this paper is
7.85 g/cm3, and the linear acceleration of the steel strip is αn = 0.5 m/s2.

The primary purpose of the verification in this section is to prevent the occurrence of
scratch defects. Therefore, three types of steel strips that are prone to scratch defects were
selected as the verification objects, and their specific parameters are listed in Table 2.

Table 2. Steel strip parameters.

Steel Strip Code A B C

Steel Grade DQ-IF DQ-IF CQ
Steel Strip Specification (mm) 0.5 × 900 0.7 × 1300 2.0 × 1600

Entry Tension T2 (kN) 35.28 53.51 147.39

Taking the roller sleeve wall thickness and steel strip specification as variables, the
verification results for a wrap angle of 20◦ are shown in Table 3.

Table 3. Scratch verification of steel strips of various specifications at a wrap angle of 20◦.

Steel Strip
Code

Roller Sleeve Wall
Thickness (mm)

Exit Tension
T1 (kN)

Radial Load
P0 (kN)

Inertial
Torque (N·m)

Bearing Seal
Resistance

Torque (N·m)

Total
Resistance

Torque (N·m)

Driving
Torque (N·m)

A
20 36.5 24.1 174.4 120.5 294.9 313.2
25 36.5 25.3 198.8 126.2 325.1 313.2
30 36.5 26.4 221.6 131.9 353.5 313.2

B
20 55.4 30.5 174.4 152.7 327.1 475.0
25 55.4 31.7 198.8 158.4 357.3 475.0
30 55.4 32.8 221.6 164.1 385.7 475.0

C
20 152.6 63.7 174.4 318.6 493.0 1308.3
25 152.6 64.9 198.8 324.4 523.2 1308.3
30 152.6 66.0 221.6 330.0 551.7 1308.3

The verification results at a wrap angle of 25◦ are shown in Table 4.

Table 4. Scratch verification of steel strips of various specifications at a wrap angle of 25◦.

Steel Strip
Code

Roller Sleeve Wall
Thickness (mm)

Exit Tension
T1 (kN)

Radial Load
P0 (kN)

Inertial
Torque (N·m)

Bearing Seal
Resistance

Torque (N·m)

Total Resistance
Torque (N·m)

Driving
Torque (N·m)

A
20 36.9 27.2 174.4 136.2 310.6 393.2
25 36.9 28.4 198.8 141.9 340.8 393.2
30 36.9 29.5 221.6 147.6 369.2 393.2

B
20 55.9 35.3 174.4 176.5 350.9 596.3
25 55.9 26.5 198.8 198.8 381.1 596.3
30 55.9 27.6 221.6 221.6 409.6 596.3
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Table 4. Cont.

Steel Strip
Code

Roller Sleeve Wall
Thickness (mm)

Exit Tension
T1 (kN)

Radial Load
P0 (kN)

Inertial
Torque (N·m)

Bearing Seal
Resistance

Torque (N·m)

Total Resistance
Torque (N·m)

Driving
Torque (N·m)

C
20 154.0 76.8 174.4 384.2 558.7 1642.5
25 154.0 78.0 198.8 390.0 588.8 1642.5
30 154.0 79.1 221.6 395.7 617.3 1642.5

The verification results at a wrap angle of 30◦ are shown in Table 5.

Table 5. Scratch verification of steel strips of various specifications at a wrap angle of 30◦.

Steel Strip
Code

Roller Sleeve Wall
Thickness (mm)

Exit Tension
T1 (kN)

Radial Load
P0 (kN)

Inertial
Torque (N·m)

Bearing Seal Resistance
Torque (N·m)

Total Resistance
Torque (N·m)

Driving
Torque
(N·m)

A
20 37.2 30.4 174.4 151.9 326.3 473.9
25 37.2 31.5 198.8 157.6 356.5 473.9
30 37.2 32.7 221.6 163.3 384.9 473.9

B
20 56.4 40.1 174.4 200.3 374.7 718.7
25 56.4 41.2 198.8 206.1 404.9 718.7
30 56.4 42.4 221.6 211.7 433.4 718.7

C
20 155.3 90.0 174.4 449.8 624.3 1979.7
25 155.3 91.1 198.8 455.6 654.4 1979.7
30 155.3 92.3 221.6 461.3 682.9 1979.7

It should be noted that, after the optimization of the structural parameters of the
tension measuring roller, it should be ensured that no scratch defects occur on the steel
strip. Therefore, a scratch safety factor Sh1 must be given, such that MD > Sh1M2. Based
on production experience, the safety factor in this paper is determined to be Sh1 = 1.3. The
difference between the driving torque and the resistance torque MD − Sh1M2 is compared
for all control groups, as shown in Figure 9.
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Figure 9. Torque difference for different structural parameters and steel strip specifications.

From the analysis results shown in Figure 9, it is concluded that only the combination of
a roller sleeve wall thickness and wrap angle of 30◦ + 20 mm and 30◦ + 25 mm satisfies the
requirements. These two combinations of structural parameters can ensure that no scratch
defects occur on steel strips of all specifications while retaining a certain driving force margin
to avoid special circumstances. It should be noted that these two sets of structural parameters
were obtained under the condition that the roller sleeve outer diameter was 500 mm.
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3.3. Summary of This Section

This section analyzed the tension roller settings to prevent steel strip scratches. We
aimed to find the best settings to stop scratches. First, we explained how the roller works.
We highlighted that the steel strip’s pull must be stronger than the roller’s total resistance.
This resistance comes from static friction (like bearings) and movement inertia. We used
calculations to determine how the roller size, roller thickness, strip type, tension, and wrap
angle affect these forces. We tested three types of steel strips that often get scratched (A, B,
and C). We looked at different wrap angles (20◦, 25◦, 30◦) and roller thicknesses (20 mm,
25 mm, 30 mm). We calculated the pulling force and the total resistance, then we compared
them. The results showed that, with a 500 mm roller diameter, only a 30◦ wrap angle with
a 20 mm or 25 mm thickness worked well. This combination provided enough pulling
force, even with a safety margin, and will ensure no scratches happen during changes in
speed. Other settings did not provide enough force for some steel strips, risking scratches.
Therefore, to stop steel strip scratches and be safe during speed changes, the best roller
settings are a 500 mm diameter, a 30◦ wrap angle, and a 20 mm or 25 mm roller thickness.

4. Verification of the Connection Safety of Tension Measuring Roller
Sleeve and Shaft End
4.1. Stress and Deformation of Roller Sleeve and Shaft End

From Figure 2, which shows the fit relationship between the shaft end and the roller
sleeve of the tension measuring roller, it can be seen that the roller sleeve and the shaft
end are connected by an interference fit. It should be noted that the interference fit model
in this section utilizes the following boundary conditions: Continuity of the interference
fit surfaces: in the interference fit region, the inner surface of the roller sleeve and the
outer surface of the shaft end must remain in contact after deformation, and the radial
displacement is continuous. In the interference fit region, a radial contact pressure exists
between the inner surface of the roller sleeve and the outer surface of the shaft end due to
the mutual extrusion caused by the interference amount.

The stress and deformation in the interference area of the roller sleeve and the shaft
end are shown in Figure 10.

 

p0

p0
ut
ux
Gy

 

Figure 10. Stress and deformation in the interference area of roller sleeve and shaft end.

For the roller sleeve, the radial pressure generated by the interference fit is clearly
applied to the inner wall. Under the action of the radial pressure, which is the interference
force, the deformation of the roller sleeve in the interference area is given by Equation (22).

ut =
p0r2

1
E(R2 − r2

1)

[
(1 + ν)R2

r1
+ (1 − 2ν)r1

]
(22)
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where ut—the deformation amount of the roller sleeve under the action of the interference
force; p0—the interference force after assembly of the roller sleeve and the shaft end; r1—the
machining inner radius of the roller sleeve; E—the elastic modulus; and ν—the Poisson’s ratio.

Similarly, the surface of the shaft end is subjected to a circumferentially uniform load.
Using the stress–deformation relationship of a shaft under a circumferentially uniform
load, Equation (23) can be obtained [33].

ux =
1 − ν

E
p0rx (23)

where ux—the deformation amount of the shaft end under the action of the interference
force; and rx—the machining radius of the interference area of the shaft end.

From the geometric relationship of deformation, it is not difficult to see that the
relationship between the deformation of the roller sleeve and the shaft end, as well as the
original interference amount, can be expressed as Equation (24). From Equation (24), the
magnitude of the interference force can be derived, as shown in Equation (25).

Gy = ut + ux = rx − r1 (24)

where Gy—the interference amount after assembly of the roller sleeve and the shaft end.

p0 =
rx − r1

r2
1

E(R2−r2
1)

[
(1+ν)R2

r1
+ (1 − 2ν)r1

]
+ 1−ν

E rx

(25)

4.2. Verification of the Connection Safety

Relative sliding may occur in the interference area between the roller sleeve and the
shaft end under extreme working conditions. This is caused by the friction torque in the
interference area being unable to counteract the driving torque and inertial torque. During
acceleration and emergency stops of the tension measuring roller, the torque between the
roller sleeve and the shaft end parameters may be large, potentially leading to poor contact
between the shaft end and the roller sleeve [34]. Therefore, it is necessary to verify the
connection safety of the optimized tension measuring roller sleeve wall thickness and the
shaft end during starting and braking processes under the influence of different steel strip
tensions, steel strip speeds, and other process parameters to avoid loosening. Under the
condition of emergency stopping of the unit, the roller sleeve is subjected to the resistance
torque from the steel strip and its own inertia torque. The torque–bearing relationship in
the interference area during emergency stops is given by Equation (26):

Ma = Mb + Jtβ (26)

where Ma—the emergency stop torque in the interference area; Mb—the torque of the steel
strip on the roller sleeve; Jt—the moment of inertia of the roller sleeve; β—the emergency
stop angular acceleration.

Since the interference force is not uniformly distributed along the interference area,
when torque is being transmitted, the torque borne by the interference area is calculated
using the method of discretizing elements. The maximum torque that the interference area
can bear is as follows:

Mc =
n

∑
i=m

µ′′ πd2
i Li pi

2
(27)

where µ′′ —the friction coefficient between the roller sleeve and the shaft end; di—the
diameter of the i-th element of the interference area; Li—the engagement length of the i-th



Metals 2025, 15, 593 18 of 24

element of the interference area; and pi—the interference force between the shaft end and
the roller sleeve of the i-th element.

The initial interference force between the shaft end and the roller sleeve of the tension
measuring roller is obtained using Equation (25). Considering that the interference force
between the shaft end and the roller sleeve of the tension measuring roller will be unevenly
distributed, the torque borne by the interference area is calculated by discretizing elements
to make the calculation results more accurate.

To ensure that no relative sliding occurs between the roller sleeve and the shaft end
during emergency stops, i.e., Mc > Ma, and to retain a certain safety margin, a relative
sliding safety factor is proposed. The calculation of the relative sliding safety factor Sh is
given by Equation (28):

Sh =
Mc

Ma
(28)

The connection safety of the roller sleeve and the shaft end was verified separately for
roller sleeve wall thicknesses of 20 mm and 25 mm, as follows.

For a roller sleeve wall thickness of 20 mm, the machining inner radius of the roller
sleeve is r1 = 230 mm, the machining outer radius of the roller sleeve is R = 250 mm,
and the machining radius of the interference area of the shaft end is rx = 231 mm. From
Equation (25), p0 = 80.30 MPa can be obtained, and then by substituting this value into
Equation (27), Mc = 76, 727.49 N·m can be obtained.

In the emergency stop state of this unit, the emergency stop angular acceleration β

of the roller sleeve is 120 m/s2. The diameter of the interference area is d = 462 mm,
and the length is L = 190 mm. Taking the maximum driving torque Mb = 1979.73 N·m
from Section 3 as the torque of the steel strip on the roller sleeve and substituting it into
Equation (26), Ma = 5421.33 N·m can be obtained. From this, the relative sliding safety
factor can be calculated as Sh = Mc

Ma
= 14.15.

For a roller sleeve wall thickness of 25 mm, the machining inner radius of the roller
sleeve is r1 = 225 mm, the machining outer radius of the roller sleeve is R = 250 mm,
and the machining radius of the interference area of the shaft end is rx = 226 mm. From
Equation (25), p0 = 100.89 MPa can be obtained, and by substituting this value into
Equation (27), Mc = 96, 409.81 N·m can be obtained.

In the emergency stop state of this unit, the emergency stop angular acceleration β

of the roller sleeve is 120 m/s2. The diameter of the interference area is d = 452 mm,
and the length is L = 190 mm. Taking the maximum driving torque Mb = 1979.73 N·m
from Section 3 as the torque of the steel strip on the roller sleeve and substituting it into
Equation (26), Ma = 6154.53 N·m can be obtained. From this, the relative sliding safety
factor can be calculated as Sh = Mc

Ma
= 14.99.

From the above calculation results, it can be seen that both roller sleeve wall thick-
nesses of 20 mm and 25 mm satisfy the safety requirements. The corresponding safety
factor falls within the reasonable range for engineering design. Therefore, to avoid abnor-
mal conditions during the emergency stop process, the calculated results are considered
reasonable. It should be noted that the roller sleeve outer diameter used in this section is
500 mm, and the wrap angle is 30◦.

5. Verification by Finite Element Simulation
To analyze the stress distribution on the roller surface caused by the steel strip during

the working process of the tension measuring roller, and to analyze the roller surface under
different steel strip tensions after optimizing the roller sleeve wall thickness of the tension
measuring roller, a model of the tension measuring roller was established using SolidWorks
2024 software, as shown in Figure 11. The three-dimensional model simplifies the overly
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complex stepped structure of the shaft end, and its dimensions and interaction relationships
can be obtained from Figures 2 and 8.

Figure 11. Three-dimensional assembly drawing of tension measuring roller.

In the Abaqus 2024 software, we set the material properties of the roller sleeve and
shaft head materials (42CrMo forged steel, 45# forged steel) as follows: yield strengths of
400 MPa and 600 MPa, respectively, an elastic modulus of 209,000 MPa, and a Poisson’s ratio
of 0.3. The outer diameter of the roller sleeve was set to 500 mm, the wrap angle was set to
30◦, and a simulation dynamic analysis of the tension measuring roller was performed at a
steel strip speed of 130 m/min (the actual production speed of the unit). It should be noted
that the tension magnitude used in the simulation process was 35.28 kN, which is consistent
with the data used in Table 2. The SolidWorks models of the steel strip and the 1⃝, 2⃝, and

3⃝ tension measuring rollers were imported one by one, and meshes were generated for
each. In the mesh partitioning, the global seed approximate global size was set to 200, the
maximum deviation factor was 0.1, and the minimum size control–global size ratio was 0.1.
Three-dimensional hexahedral elements were employed to discretize the model’s geometry.
Hexahedral elements were chosen due to their ability to provide accurate results with a
lower number of degrees of freedom than tetrahedral elements, particularly in regions with
relatively uniform stress gradients. Reduced integration elements were used to improve the
computational efficiency and avoid shear locking issues. Furthermore, the model geometry
used in this study was relatively regular, and the mesh distribution was relatively uniform.
Considering the relatively regular geometry and the uniform mesh distribution in the
critical regions, the influence of mesh density on the key simulation results was limited.

To verify whether slipping occurred between the steel strip and the tension measuring
roller, tension was applied to the steel strip and constraints were applied to ensure that it
moved tangentially along the tension roller. The tension roller was constrained to rotate
about its central axis, and its axial position was fixed. The contact was defined between
the steel strip and the tension roller, and Coulomb’s friction law was applied to describe
the friction behavior of the contact surface, with the friction coefficient being set to 0.1.
As shown in Figure 12a, the torque frictions were taken as the research object, and the
simulation results are shown in Figure 12b. After entering the post-processing module
for result analysis, the numerical curves of the total tangential force (CFSM) and the total
normal force (CFNM) on the contact surface between the steel strip and the 2⃝ tension
measuring roller were output.

From the analysis in Section 3.2, it is known that steel strip of specification A is
more prone to scratch defects. Therefore, a simulation analysis was performed on a steel
strip with dimensions of 0.5 × 900 mm using roller sleeve wall thicknesses of 20 mm
and 25 mm, separately, to obtain the CFSM and CFNM curves for different roller sleeve
wall thicknesses, as shown in Figure 13. According to Coulomb’s friction law, under
stable contact, the tangential force (CFSM) should fluctuate near the limit of maximum
static friction, i.e., CFSM ≈ µ × CFNM. If slipping occurs between the steel strip and the
tension measuring roller, leading to scratch defects, the relationship at this time should be
CFSM > µ × CFNM.
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(a)  (b) 

Figure 12. Finite element simulation process. (a) 2⃝ Tension roller and steel strip; (b) schematic
diagram of simulation results.
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Figure 13. Statistical results of steel strip force. (a) Simulation results for 25 mm roller sleeve
thickness; (b) simulation results for 20 mm roller sleeve thickness. The red dotted squares means that
the tangential force of the steel strip on the tension measuring roller repeatedly exceeds the limit of
maximum static friction.

From the results shown in Figure 13a, it can be seen that the CFSM repeatedly exceeds
µ × CFNM at a roller sleeve wall thickness of 25 mm, which means that the tangential
force of the steel strip on the tension measuring roller repeatedly exceeds the limit of
maximum static friction. At this time, multiple instances of slipping occurred between the
steel strip and the roller sleeve, making scratch defects highly probable. From the results in
Figure 13b, it can be seen that the CFSM fluctuates stably near µ × CFNM at a roller sleeve
wall thickness of 20 mm, which means that the tangential force of the steel strip on the
tension measuring roller is stable near the limit of maximum static friction. At this time, no
slipping occurred between the steel strip and the roller sleeve, meaning steel strip scratch
defects will not occur in this scenario.

6. Production Trials of the Unit
The parameters after multiple verifications were as follows: a roller sleeve outer

diameter of 500 mm, roller sleeve wall thickness of 20 mm, and a wrap angle of 30◦. The
optimized structural parameters of the tension measuring roller were applied to the unit,
and the production status of steel strips of multiple steel grades and specifications was
statistically analyzed, as shown in Figure 14. Figure 14 shows that no scratch defects
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appeared on the surface of the steel strip when either vertical inspection or horizontal
inspection was conducted. The results indicate that the optimized structural parameters
are suitable for all products of this unit, and that problem of scratch defects on the steel
strip has been completely eliminated.

(a) (b)

 

Figure 14. Steel strip surface quality inspection after optimization of tension measuring roller
structural parameters: (a) vertical inspection of steel strip surface quality; (b) horizontal inspection of
steel strip surface quality.

7. Conclusions
This study addressed the issue of frequently occurring scratch defects on the lower

surface of steel strips caused by the tension measuring roller during the production process
of temper rolling units. The mechanism of scratch formation was deeply analyzed, and
the structural parameters of the tension measuring roller were optimized. The following
conclusions were drawn:

(1) It was confirmed by this research that the steel strip scratch defects caused by the
tension measuring roller in temper rolling are due to relative sliding between the steel
strip and the tension measuring roller. The fundamental reason for this is that the driv-
ing torque of the steel strip on the tension measuring roller is insufficient to overcome
its total rotational resistance torque. The steel strip wrap angle, tension measuring
roller sleeve outer diameter, and wall thickness are key structural parameters that
influence this torque balance.

(2) The structural parameters of the tension roller were optimized and verified to achieve
the ideal warpage, scratching, and connection safety based on theoretical calculations
and finite element analysis. By establishing corresponding mechanical models and
simulation models, the influence of parameters such as the roller sleeve outer diam-
eter, roller sleeve thickness, and steel strip wrap angle on the amount of steel strip
warpage, the driving torque, and the stress on the connection parts was systemati-
cally evaluated. In the warpage verification, the results showed that, when the roller
sleeve outer diameter was 500 mm, the warpage of the DQ-IF and 590DP steel grades
fluctuated from around 1 mm to 1.5 mm, which is far less than 1% of the steel strip
length, while 300 mm and 400 mm roller sleeve outer diameters led to warpage as
high as 23 mm and 16 mm for some thicknesses, far exceeding the acceptable range.
In the scratching verification, by comparing the difference between the driving torque
and the total resistance torque, it was found that, under the conditions of a roller
sleeve outer diameter of 500 mm and a wrap angle of 30◦, when the roller sleeve
thickness was 20 mm or 25 mm, the torque difference was positive and retained a
certain margin, meeting the safety requirement for no scratching. Finally, comprehen-
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sively considering the verification results from all aspects, the optimal solution was
determined to be a combination of a roller sleeve outer diameter of 500 mm, a roller
sleeve thickness of 20 mm, and a wrap angle of 30◦, and this solution satisfies the
structural connection safety requirements. In the connection safety verification, the
calculation results showed that the relative sliding safety factor met the requirements
for both 20 mm and 25 mm roller sleeve thicknesses.

(3) The results of theoretical analysis, finite element simulation, and actual production
tests consistently indicated that the optimized tension roller structural parameters
can effectively prevent relative sliding between the steel strip and the tension roller,
completely eliminating scratch defects on the lower surface of the steel strip. The
finite element simulation results show that, when using the optimized parameter
combination of a roller sleeve outer diameter of 500 mm, a roller sleeve thickness of 20
mm, and a wrap angle of 30◦, the total tangential force (CFSM) on the contact surface
between the steel strip and the roller sleeve fluctuates stably around the limit of the
maximum static friction force (µ × CFNM), and that there is no situation where the
CFSM is consistently greater than µ × CFNM, confirming that no slipping occurred.
The actual production tests, after adopting the optimized solution, involved vertical
and horizontal inspections on steel strips of multiple steel grades and specifications,
and the results showed that scratch defects no longer appeared on the steel strip
surfaces, indicating that the scratching problem was completely resolved. The tension
roller structural optimization scheme proposed in this study has achieved success in
actual industrial applications, indicating that is provides a reliable technical approach
to solving the scratching problem in temper rolling.

(4) In the theoretical analysis and simulation modeling process of this study, some pa-
rameters were simplified, and the complexity of the actual production environment
may have a certain impact on the results. For example, the friction coefficient may
change with factors such as the temperature and lubrication state, while it may have
been assumed as a constant in this model. Furthermore, this study mainly conducted
detailed verification for specific steel grades and specifications. When extending the
optimized solution to other steel grades and a wider range of thicknesses, further
verification and adaptive adjustments are needed. Future research can consider intro-
ducing more complex models to more comprehensively consider various influencing
factors in the actual production environment, which would thereby further enhance
the universality and robustness of the optimized solution.
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