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Abstract: A precise prediction of the rolling force is critical to ensure the quality of the final product,
especially in the cold rolling of thin strips. Based on this, a new mathematical model is developed to
work out the rolling force when considering the roll crossing angle and work roll shifting values at
speed ratios of 1.1, 1.2 and 1.3. An iterative method was used to indicate the contact area shape, from
which the rolling force was automatically calculated using the Matlab™ code for the cases of work
roll cross angles of 0.5◦ and 1◦. Experimental measurements and analysis were carried out to validate
the theoretical calculations. The result shows that the theoretical analysis and experimental results
are in good agreement, which indicates that the developed theoretical model can predict the rolling
force well with a consideration of roll crossing during the cold rolling process.

Keywords: asymmetrical rolling; rolling speed ratio; strip shape and profile; roll crossing; work roll
shifting; cross shear region

1. Introduction

Cold rolling of thin strips changes the thickness of a strip via reduction by compressive
pressure exerted by rotating rolls at approximately room temperature [1–3]. The cold
rolling process results in changes to significant material properties, e.g., improvements in
strength and the achievement of evenly-reduced thickness. Modern continuous cold rolling
production lines use shape-control milling to meet the manufacturers’ requirements of strip
shape and surface finish [4–6]. The key aim of rolling is to reduce strip thickness. In the cold
strip-rolling process, the most imperative parameter is the rolling force. The accuracies of
strip thickness distribution and flatness are directly related to the rolling forces encountered.
Precise prediction of rolling forces plays a significant role in pre-setting the crucial initial
control parameters of the cold rolling production system. Current tandem cold rolling mills
are controlled by a computerised control system, and are often completely automated. The
automation system requires a wide range of parameter inputs for controlling the rolling
progress effectively. Among these parameters, the most important ones are those which
determine the rolling forces in the rolling process [7–9]. For these reasons, calculating
rolling forces accurately, by means of mathematical models, is the most important function
of computer-based rolling control systems. The calculation model of rolling force consists
of several sub-component models, such as the roll flattening radius model, the rolling force
model, the coefficient of friction (µ) model and material deformation resistance (K) model.
The combined effect of all these models affects the calculation accuracy of the rolling force.
A two-dimensional differential model was derived to express the rolling pressure in the
roll bite under equilibrium conditions, and Tselikoy subsequently proposed a solution
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through a consideration of Coulomb’s law of friction with the arc of contact substituted for
its chord [10].

For the modelling of the cold rolling of a thin strip, Fleck et al. [11] analysed the roll
pressure distribution in the no-slip zone via a consideration of the elastic deformation of the
rolls, treating them as elastic half-spaces. Later, Le and Sutcliffe modified the conversion
equation by adding a new element for modelling to obtain a pressure distribution in the
neutral zone, in which the pressure gradient and shear stress were linked with the roll
slope. This combination facilitated the incorporation of other effects such as the friction
models with the final change in roll shape [12]. Jiao et al. analysed the rolling force
and the roll flattening radius of a five-stand tandem cold mill using the iterative method
during online process control [8]. Several researchers have proposed analytical models to
calculate the rolling force of crossed-pair hot rolling mills [13,14]. Other researchers have
investigated strip profiles in asymmetrical cold rolling, investigating the influence of work
roll crossing and roll shifting on the rolling force using both numerical and experimental
methods [15–18]. Also, in the rolling process, finite element methods have been widely
used to simulate and investigate the process. This is a powerful numerical technique
for solving complex engineering problems. Jiang et al. analysed the rolling force and
rolling torque in the strip rolling process and considered the effect of friction variation
on the roll bite [19]. They compared their numerical results with the experimental results
and demonstrated good agreement [19,20]. Hsu et al. established a rigid-plastic FE code
combined with a realistic friction model to analyse the lubricant flow and determine
the hydrodynamic friction stress within a billet–roll interface. Their work developed
predictions of the rolling force, rolling torque and outlet velocity ratios which could be
obtained with high accuracy during a lubricated cold rolling process [21]. For the hot rolling
of aluminium, Shahani et al. applied a coupled thermal visco-plastic finite element code to
estimate the effects of initial slab thickness, thickness reduction ratio, friction coefficient and
rolling speeds on the hot rolling process [22]. For the cold rolling of steel plates, Devarajan
et al. applied a two-dimensional elastic-plastic finite element model to study the influence
of roll diameter and rolling speed on residual stress and contact pressure in cold rolling of
plate steel [23]. Moreover, for thicker sections of material (slab rolling) Liu et al. developed
a three-dimensional elastic–plastic finite element model to describe the metal flow in slab
rolling [24]. Very good agreement was demonstrated between the forecasted metal flow
and the experimentally measured data, accurately tracking the profile evolution of the
workpiece with different types of reductions, and width and thickness ratios.

There are several published models for calculating rolling force, including the Bland–
Ford–Hill model, the Hitchcock or roll-flattening model, the coefficient of friction and
deformation resistance model [25–28]. None of these models take into consideration the
influences of rolling process parameters such as the work roll crossing angle and work roll
shifting on rolling force. Roll crossing angle and work roll shifting are increasingly being
used for reducing rolling force and improving strip profiles [15]. However, no previous
studies have been reported that develop a theoretical basis for calculating rolling force
considering the effects of roll crossing angle and work roll shifting. As a result, applications
of WRC and WRS have previously been limited to computer-based systems.

In this study, we propose a new mathematical model to calculate rolling force taking
into account the roll crossing angle and work roll shifting system effects, as illustrated
in Figure 1. A theory for calculating the rolling force considering the effect of WRC and
WRS is developed considering speed ratios of 1.1, 1.2 and 1.3. The concept is shown
schematically followed by the development of an iterative method for calculating rolling
force. The equations for evaluating the unit pressure and contact area used in this study
wetr obtained from [29]. The corresponding calculations were performed with Matlab codes.
Three different speed ratios were generated from the Matlab codes. The calculation process
consisted of several steps, as shown in the flow chart of the whole program in Figure 2. In
the case of roll crossing angle, the contact length was calculated (without consideration of
work roll flattening). The coefficient of friction (µ) was calculated by assuming it for the
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speed ratios of 1.1, 1.2, and 1.3 and hence the coefficient delta (δ) and external friction effect
coefficient (n) could be obtained. At the end, the rolling force and the contact length were
calculated with consideration of the flattening of the work rolls.
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2. Mill Testing and Experimental Procedure

The experimental tests were performed on a 4-high Hille 100 rolling mill modified to
be used as a roll crossing and shifting system. The detailed specification for the test mill is
given in Table 1.

Table 1. Specification for the 4-high Hille 100 rolling mill.

Mill system Work roll crossing and shifting

Cross angle 0–1.5◦

Shifting value 0–8 mm

Work roll Diameter for upper work roll = 63 mm, lower
work roll = 69 mm, length = 250 mm

Backup roll Diameter = 228 mm, length = 250 mm

Rolling force 0–1500 kN

Rolling torque 0–13 kN m

3. Theoretical Analysis of Rolling Force Considering Roll Crossing with Asymmetric
Rolling System
3.1. Rolls Crossing Method

The roll crossing method changes the area of roll contact, which gradually changes
the rolling force during work roll rotation from 0 to 1◦. Figure 3a represents the schematic
of the roll crossing contact areas. As the roll crossing angle increases from 0 to 1◦, the
contact area decreases, as represented by ABCD. Figure 3b depicts a quarter of the total
contact area. For a specific work roll crossing angle, the BAC triangle is in contact when
roll crossing is considered during the rolling process. As the roll crossing angle changes,
point B moves along length AD. Accordingly, to identify a 0.5◦ or 1◦ work roll crossing
angle, length AD can be divided into 100 parts as shown in Figure 3c. In the case of a 0.5◦

work roll crossing angle, the 15th increment of AD is used to represent the location of B. At
the same time, in the case of a 1◦ work roll crossing angle, the 27th increment of AD is used
to represent the location of B. Both the 15th and 27th increments match the experimental
results for 0.5◦ and 1◦ roll crossing angles respectively.
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3.1.1. Calculation of Rolling Force Steps

The calculation of rolling force is performed in 5 steps as described below.
Step 1: calculate the unit pressure [29].



J. Manuf. Mater. Process. 2023, 7, 104 5 of 18

1. Compute the coefficient δ which is related to the µ and roll diameter and ∆h, and can
be expressed as

δ = µ

√
2× D1 × D2

(D1 + D2)∆h
(1)

2. Calculate the reduction ratio (%) value as follows:

ε =
∆h
h1

(2)

3. Obtain the n value from equation “n = P
K ” based on the relationship between the

external friction effect coefficient (n), the µ, the work rolling diameter and the amount
of thickness reduction, as shown in the Table 2 [30].

Table 2. Values of coefficients delta and n value for reductions of 20 and 30%.

Speed Ratio Value of µ δ (20%) δ (30%) n Value
(20%)

n Value
(30%)

1.1 0.09 2.31 1.89 1.05 1.03

1.2 0.08 2.1 1.714 1 0.99

1.3 0.07 1.80 1.53 0.945 0.95

4. Check the material yield stress through a tensile test for low-carbon steel alloys as
shown in Figure 4.
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5. Calculate the constrained yield stress, K, using Equation (3):

K = 1.15× σ (3)

6. Finally, calculate the unit pressure using Equation (4).

p = K× n (4)

Step 2: calculate the contact area based on Hertz contact theory [30].
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The elastic deformation of work rolls is initially ignored, and then the contact area is
obtained as shown in Equation (5):

a =
w1 + w2

2

√
D1 × D2

(D1 + D2)
∆h (5)

Step 3: calculate the rolling force for the case of work roll shifting using Equation (6):

P = l × a× p/L (6)

Step 4: calculate the contact area (for cases with a roll crossing) using the iteration
method, as explained in Section 3.1.2.

Step 5: Finally, calculate the rolling force.
Calculate the rolling force for the case of roll crossing with Equation (7):

P1 = a1 × p (7)

3.1.2. Iteration Method for Calculating the Theoretical Rolling Force (without
Consideration of Flattening)

For the case of a speed ratio of 1.1, a 20% reduction, and a 80 mm strip width, for
example, the contact length can be calculated using Equation (8):

L =

√
2R1R2

R1 + R2
∆h =

√
D1D2

D1 + D2
∆h (8)

where D1 and D2 are the diameters of the top and bottom work rolls, respectively, ∆h
is the difference between the entry and the exit thickness, and hence, L = 1.8147mm,
AC = 40mm and AD = 1

2 L = 1.8147
2 = 0.9074mm,

where, l is the contact length without roll crossing, AC is the half-strip width, and
AD is the half-contact length. The total contact area without roll crossing = 1.8147× 80 =
145.176 mm2.

AB15 = (AD/100) × 15 = (0.9074/100) × 15 = 0.1365 mm (for a 0.5◦ work roll crossing
angle), and AB27 = 0.2457 mm (for a 1◦ work roll crossing angle). Then, the curve represent-
ing the shape of the real contact area is obtained based on Matlab curve fitting (see Figure 5)
using the following function to generate incremental data for the B location along AD:

X = linspace (0.1365, 0, 9);

x = [0.1365, 0] = [0.1365, 0.1194, 0.1023, 0.0852, 0.0681, 0.051, 0.034, 0.017, 0]

y = [0, 40] = [0, 5, 10, 15, 20, 25, 30, 35, 40]
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Then, the mathematical expression of the curve can be obtained as shown in Equation (9),
which fits the real shape of the contact area:

F = @(x)43.26e−13.49x ⇒ f (x) = 43.26e−13.49x (9)

In order to obtain the area of the four corners, the integration method is used using
Matlab as follows:

A = quad (F, 0, 0.1365) × 4 = 2.6982 × 4 = 10.7928 mm2 (10)

Finally, the contact area for a 0.5◦ roll crossing angle can be calculated by subtracting
the area of the four corners from the total contact area, as shown below:

A = 145.176 − 10.7928 = 134.3832 mm2

Then, by running the Matlab code, Figures 6 and 7, which represent the relationship
between the rolling force and the location of point B for 0.5◦ and 1◦ work roll crossing
angles, respectively, are obtained. It can be seen from both figures that the calculation of
the rolling force converges after point B reaches the location of ~0.57 mm and ~0.75 mm
for 0.5◦ and 1◦ WRCs respectively. Therefore, the theoretical value of the rolling force for a
0.5◦ roll crossing angle is ~83.2 KN, as can be seen in Figure 6. However, the rolling force
for a 1◦ roll crossing angle is ~76.8 KN, as shown in Figure 7.

J. Manuf. Mater. Process. 2023, 7, x FOR PEER REVIEW 7 of 18 
 

 

A = quad (F, 0, 0.1365) × 4 = 2.6982 × 4 = 10.7928 mm2 (10) 

Finally, the contact area for a 0.5° roll crossing angle can be calculated by subtracting 

the area of the four corners from the total contact area, as shown below: 

A = 145.176 − 10.7928 = 134.3832 mm2  

Then, by running the Matlab code, Figures 6 and 7, which represent the relationship 

between the rolling force and the location of point B for 0.5° and 1° work roll crossing 

angles, respectively, are obtained. It can be seen from both figures that the calculation of 

the rolling force converges after point B reaches the location of ~0.57 mm and ~0.75 mm 

for 0.5° and 1° WRCs respectively. Therefore, the theoretical value of the rolling force for 

a 0.5° roll crossing angle is ~83.2 KN, as can be seen in Figure 6. However, the rolling force 

for a 1° roll crossing angle is ~76.8 KN, as shown in Figure 7. 

 

Figure 6. Relationship between the rolling force and the location of point B for a 0.5° work roll cross-

ing angle. 

 

Figure 7. Relationship between the rolling force and the location of point B for a 1° work roll crossing 

angle. 

  

Figure 6. Relationship between the rolling force and the location of point B for a 0.5◦ work roll
crossing angle.

3.1.3. Calculating the Contact Length (with Consideration of Deflection)

Adapting Equations (10)–(14) [31,32] to different cases with different diameters and
reductions, the contact length for each case of speed ratios (1.1, 1.2, and 1.3) and reductions
(20 and 30%) can be obtained.

l′ =
√

R∆h + (Ax0)2 + Ax0 (11)

A =
0.0057

0.0045 + ε
+ 1.6055 (12)

x0 =
√

2R + (∆1 + ∆2) =

√
2

R1R2

R1 + R2
+ (∆1 + ∆2) (13)
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∆1 =
4P

w1 + w2
× 1−Vroll

2

πEroll
=

4P
2b
× 1−Vroll

2

πEroll
(14)

∆2 =
4P

w1 + w2
× 1−Vroll

2

πEroll
=

4P
2b
×

1−Vstrip
2

πEstrip
(15)

where l′ is the contact length, ∆1 is the deflection of the work rolls, ∆2 is the spring back of
the strip, P is the rolling force (without deflection), E is the elastic modulus, and A is the
coefficient of Equation (10). Then, the rolling force with consideration of the flattening of
the work rolls can be calculated following the same method as that described in Section 3.2.1
Figures 8 and 9 show the relationship between the rolling force and the location of point B
for 0.5◦ and 1◦ work roll crossing angles, respectively. It can be seen that the rolling force
gradually converges to 101.5 KN for a 0.5◦ work roll crossing angle, and to 93.7 KN for a 1◦

roll crossing angle as point B reaches the location of 0.59 mm and 0.92 mm, respectively,
which indicates that the rolling force decreases by about 8 KN as the roll crossing angle
increases from 0.5◦ to 1◦.
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3.2. The Mathematical Verification of Convergence of the Calculation

In order to verify the Matlab results, pure mathematical calculations were performed
to compare the convergence of the calculations.

3.2.1. Difference between Two Calculations for the Area of the Four Corners (mm2)

For the case of a speed ratio of 1.1, a 20% reduction, and a 80 mm strip width, the
mathematical expression of the shape of the contact area was obtained by Matlab curve
fitting as shown in Equation (10), the general form of which can be expressed as

f (x) = aebx (16)

where e is the mathematical constant which =≈ 2.71828 [33]. Then, by applying Equation (15)
alongside Equation (9), Equation (16) can be obtained:

F = @(x)43.26e−13.49x ⇒ f (x) = 43.26e−13.49x (17)

With the iteration method, the value of x is gradually defined as 0 and slowly increased
in the subsequent calculation until the n-th iteration as illustrated in Equation (17):

x1 = 0
x2 = x1 + ∆
x3 = x1 + 2∆
x4 = x1 + 3∆
...
xn = x1 + (n− 1)∆

(18)

where ∆ = 0.0001.
Therefore, the area of one corner at the nth and (n + 1)th iterations can be obtained

following the calculations below:

F(n) =
∫ xn

0 f (x) =
[

43.26
−13.49 e−13.49x

]xn

0
=
[

43.26
−13.49 e−13.49x

]0.0001(n−1)

0[
− 43.26

13.49 e−13.49∗0.0001(n−1) −
(
− 43.26

13.49 e−13.49∗0
)]

= −3.20682 ∗ e−0.001349(n−1) + 3.20682 ∗ 1

(19)
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F(n+1) =
[

43.26
−13.49 e−13.49x

]0.0001((n+1)−1)

0
=
[

43.26
−13.49 e−13.49x

]0.0001n

0
= −3.20682 ∗ e−0.001349n + 3.20682

(20)

The error between two calculations of the area of one corner is obtained as shown in
Equation (20).

ε1 =
∣∣∣F(n+1) − F(n)

∣∣∣
=
(
−3.20682 ∗ e−0.001349n + 3.20682

)
−
(
−3.20682 ∗ e−0.001349(n−1) + 3.20682

)
= −3.20682 ∗ e−0.001349n + 3.20682

(
e−0.001349n ∗ e0.001349)

= e−0.001349n(−3.20682 + 3.20682e0.001349)
(21)

Substituting the value of e =2.71828,

e−0.001349n ∗ 0.00433

when n = 1000,

e−0.001349∗1000 ∗ 0.00433 = e−1.349 ∗ 0.00433
∴
∣∣∣F(n+1) − F(n)

∣∣∣ = 0.0011236∣∣∣F(n+1) − F(n)
∣∣∣ ∗ 4(4corners) = 0.004494

To sum up, when n = 1000, the difference of the total area of the four corners is≈ 0.0045
mm2, as shown in Figure 10.
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3.2.2. Difference between Two Calculations for Contact Areas (mm2)

To calculate the difference between two calculations for contact areas, for example, for
a speed ratio of 1.1, a 20% reduction, and a 80 mm strip width, Equation (21) is used.

ε2 =
∣∣∣area(n+1) − area(n)

∣∣∣
=
∣∣∣(145.176− 4F(n+1)

)
−
(

145.176− 4F(n)
)∣∣∣

=
∣∣∣−4F(n+1) + 4F(n)

∣∣∣
= 4 ∗

∣∣∣F(n+1) − 4F(n)
∣∣∣ = 4 ∗ 0.0011236 = 0.004494

(22)

Figure 11 shows the difference between two calculations for contact areas.
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3.2.3. Difference between Two Calculations for Rolling Force (N)

Similarly, for the case of a speed ratio of 1.1, a 20% reduction, and a 80 mm strip
width, the difference between two calculations for rolling force can be determined using
Equation (23).

ε3 =
∣∣∣P1(n+1) − P1(n)

∣∣∣
=
∣∣∣(px 9.80665x area(n+1)

)
−
(

px 9.80665x area(n)
)∣∣∣

= px 9.80665x
∣∣∣area(n+1) − area(n+1)

∣∣∣
= px 9.80665x 4x

∣∣∣F(n+1) − F(n+1)

∣∣∣
= Kx nx 9.80665x 4x

∣∣∣F(n+1) − F(n+1)

∣∣∣
=
(

1.15x y0
9.80665

)
x nx 9.80665x 4x

∣∣∣F(n+1) − F(n+1)

∣∣∣
= 1.15x 520x 1.05x 4x

∣∣∣F(n+1) − F(n+1)

∣∣∣
= 1.15x 520x 1.05x 4x 0.00433x e−0.001349n

= 10.87523e−0.001349n

(23)

where P1 is the rolling force, p is the unit pressure, K is the constraint yield stress, y0 is the
yield stress, and n is the coefficient.
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When n = 1000
∴ ε3 = 2.8221

It can be seen that ε3 (2.8221) is in an agreement with the error calculated by Matlab, as
shown in Figure 12.

It can be seen from Figure 12 that the difference between two calculations for the
contact area is 0.004494, which is exactly the same as the difference between two calculations
for the area of the four corners, which means that ε2 = ε1.
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4. Results and Discussion
4.1. Calculated Rolling Force Compared to Experimental Rolling Force
4.1.1. Effect of 1.1 Speed Ratio on Theoretical Rolling Force

Figure 13 shows a comparison between the effect of the roll crossing angle and work
roll shifting value on the theoretical rolling force. The rolling force was observed to decrease
when the work roll crossing and work roll shifting were combined. However, the rolling
force reduction was more significant in the case of the work roll crossing angle. When the
work roll shifting value increases, the rolling force reduced by about 9 kN (Figure 13a).
However, this reduction in the rolling force increased in the case of a roll crossing angle by
about 17 kN. Additionally, with the higher roll crossing angle (1◦) and higher work roll
shifting value (8 mm), the reduction in the rolling force became more significant, as shown
in Figure 13b. This might be a result of reducing the contact area between the work roll
and the strip. Furthermore, when there was axial side shifting of the work rolls, the rolling
force distribution between the rolls changed. This action affected the overall rolling force
and reduced it. Additionally, the work roll shifting method can help avoid asymmetrical
roll wear by causing the rolling force to be reduced.
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Figure 13. Graphs showing the effect of work roll crossing angle and work roll shifting value on
theoretical rolling force; (a) low WRC and WRS, and (b) high WRC and WRS.

4.1.2. Effect of 1.2 Speed Ratio on the Theoretical Rolling Force

Under the effect of a 1.2 speed ratio, the rolling force that was required with no work
roll shifting and no roll crossing was ~108 kN. This rolling force decreased as the roll
crossing angle and work roll shifting values increased, as shown in Figure 14a. In the
case of increasing the roll crossing angle and work roll shifting value to 1◦ and 8 mm,
respectively, the required rolling force dropped to about 85 kN, as shown in Figure 13b,
which means that the rolling force decreased by about 22 kN by increasing the roll crossing
angle and work roll shifting. This is because the roll crossing angle can adapt the gap
between the upper and lower work rolls, which leads to a reduction in the overall rolling
force. Furthermore, in the case of increasing the work roll shifting value, the contact area
between the upper and the lower work rolls decreases, so that less rolling force is applied
on the top and bottom work rolls, which then reduces the total rolling force.
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4.1.3. Effect of 1.3 Speed Ratio on the Theoretical Rolling Force

The effect of a speed ratio of 1.3 on rolling force is shown in Figure 15. Figure 15a shows
the effect of no roll crossing and no work roll shifting values on the rolling force. The rolling
force is found to be decreased by about 16 kN as the roll crossing angle increases from 0
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to 1◦. As the work roll shifting value increases from 0 to 8 mm, the rolling force decreases
by about 8 kN. Either due to an increase in the work roll crossing angle to 1◦ or work roll
shifting value to 8 mm (Figure 15b), the rolling force is significantly decreased. This shows
that as the roll crossing angle increases, a uniform roll gap distribution throughout the
contact area is obtained resulting in low resistance to the transverse flow of the material.
Increasing the work roll shifting value produces a uniform distribution of rolling force;
however, it does not reduce the rolling force as much as it does roll crossing. Moreover, the
reason behind the reduction in the rolling force as the roll crossing angle increases is the
existence of the cross-shear region which significantly reduces the rolling force.
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4.1.4. Effect of Reduction Ratio on Theoretical Rolling Force

Figure 16a–c shows the effect of reduction ratio on rolling force at various work roll
crossing angles and at 1.1, 1.2 and 1.3 speed ratios, respectively. It can be seen that the
rolling force is higher for the higher reduction (30%) than that for the 20% reduction for
the three cases of speed ratios. This is attributed to the large rolling force that is required
to deform the material with a 30% reduction. Therefore, an increase in the reduction ratio
does not significantly reduce the rolling force. For the same reduction, the rolling force
drops significantly with an increase in the roll crossing angle from 0 to 1◦. This means that
increasing the roll crossing angle can create a uniform roll gap distribution that helps to
reduce the rolling force during cold strip rolling.
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4.1.5. Effect of Asymmetrical Rolling Process; 1.1 and 1.2 vs. 1.3 on the Theoretical
Rolling Force

Figure 17a,b shows the effect of the roll crossing angle on the rolling force at different
rolling speed ratios with no work roll shifting. It can be seen that with an increase in the
roll crossing angle, the rolling force decreases dramatically for speed ratios of 1.1, 1.2 and
1.3 at both 20 and 30% reductions. Moreover, the rolling force decreases by about 5 kN
as the speed ratio increases from 1.1 and 1.2 to 1.3 for both reductions (20 and 30%). This
shows that as the difference between the upper and the lower work roll diameters increases,
the speed ratio increases, and as the speed ratio increases, the cross shear region increases;
hence, the rolling force significantly decreases.
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4.1.6. Comparison of Theoretical Rolling Force with Experimental Rolling Force

For the purpose of model validation, the actual rolling force was measured through
experimental work and compared with the theoretical rolling force. Figure 18a,b shows the
comparison of the measured rolling force with that predicted through theoretical modelling
under the roll crossing system at speed ratios of 1.1 and 1.3, and for 20 and 30% reductions,
respectively. For the 1.1 speed ratio and a 30% reduction, the rolling forces were about
135 kN for both the theoretical and experimental conditions, without work roll shifting.
When the roll crossing angle increased from 0 to 1◦ and the experimental rolling force
decreased to 120 kN, while the theoretical rolling force decreased to about 115 kN. In the
case of a 20% reduction without work roll shifting, the experimental and theoretical rolling
forces were the same value of 112 kN. On the other hand, when the work angle increased
to 1◦, a deviation of the theoretical rolling force from experimental rolling forces occurred;
it was 95 kN for the theoretical force and 100 kN for the experimental results.

Similar results were obtained at a 1.3 speed ratio. The rolling forces decreased as the
roll crossing angle increased from 0 to 1◦ in the theoretical as well as experimental results.
There is a good agreement between the theoretical and experimental results, as can be
seen in Figure 18a,b. Therefore, during the asymmetrical cold rolling of a thin strip, the
theoretical rolling force calculation method can reasonably predict and validate the rolling
force with a consideration of roll crossing and work roll shifting.
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5. Conclusions

The study resulted in the work roll shifting value increasing from 0 to 8 mm when the
angle of roll crossing increased from 0 to 1◦. Moreover, in the asymmetrical rolling process,
the theoretical rolling force was decreased. The results prove that the roll crossing system
has a greater effect on the rolling force than the work roll shifting system does.

It was found that when the speed ratio increased, the rolling force reduced. The
speed ratio of 1.3 led to a decrease in the rolling pressure on the work rolls. In the case of
asymmetrical cold rolling of thin strips, the developed theoretical model is a good tool with
which to predict the rolling force, when roll crossing and shifting are considered. Finally,
the work proves that there is a good agreement between the measured and theoretical
rolling forces.
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Nomenclature

WRC, WRS The work roll crossing combined with roll shifting for asymmetrical and
symmetrical rolling mills

PC The pair-cross mill, in which the backup roll and work roll axes of each top and
bottom are crossed

h1 Entry thickness of the strip, (mm)
h2 Exit thickness of the strip, (mm)
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p Unit pressure normally acting on the strip surface from the roll, (MPa)
P Roll-separating force, (N)
w1, w2 Entry and exit width of rolled strip, (mm)
D1, D2 The diameter of the top and bottom work rolls respectively, (mm)
µ Coefficient of friction
R1, R2 Radii of the upper and lower rolls respectively, (mm)
∆h The difference between the entry and the exit thickness, (mm)
δ Coefficient delta
ε Reduction ratio, (%)
K, σ Constrained yield stress and yield stress, respectively, (MPa)
n External friction effect coefficient
L Total contact length between the work roll and the strip (without work roll

crossing angle and work roll shifting), (mm)
l Contact length between top and bottom work rolls in case of shifting, (mm)
P1 Theoretical rolling force, (N)
a1 Contact area calculated from the iteration method, (mm2)
AD 1

2 of the contact length between the work roll and the strip, (mm)
AC 1

2 of the strip width, (mm)
∆1 Deflection of the work rolls, (mm)
∆2 Spring-back of the strip, (mm)
V Poisson’s ratio
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