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A B S T R A C T   

The asymmetric rolling (ASR) process can introduce shear strains inside the plate, resulting in the improvements 
of microstructures and mechanical properties. Its industrial application for rolling the (mid-)thick plates is 
impeded by the uncontrollable bending behavior. In this study, the influences of rolling parameters on the 
bending behavior of the rolled AA 7050 aluminum alloy plates were investigated. It is found that the plate will 
bend towards the slower roll with larger speed ratios and initial plate thickness as well as lower thickness 
reduction. A flat plate can be obtained by choosing appropriate rolling parameters. The equivalent plastic strain 
rate distribution is considered to be critical to the plate bending, the downward bending (towards faster roll) 
would be associated with an obvious increase of the equivalent plastic strain rate at the top surface of the plate 
near the end of the deformation zone. Multi-pass asymmetric rolling routes considering bending optimization 
were proposed and verified through rolling trials. As the speed ratio increased from 1.1 to 1.2, the through- 
thickness plastic strain became more homogeneous and the total rolling pass numbers decreased by 33 % 
(from 9 passes to 6 passes).   

1. Introduction 

High-strength aluminum alloys plates manufactured by traditional 
multi-pass symmetric hot rolling (SR) are widely used as lightweight 
structural materials in modern transportation and aircraft industries [1, 
2], The which usually exhibit inhomogeneous through-thickness plastic 
deformation, microstructures and mechanical properties [3–5]. The 
main reason is that the shear strains are mainly concentrated near the 
plate surface due to severe friction between the workpieces and the 
working rolls [6,7]. The asymmetric rolling (ASR) process with smaller 
rolling forces and torques [8,9] can introduce shear strains into the plate 
center effectively, improving the plastic strain homogeneity as well as 
the total strain level, contributing to microstructure refinement and 
better mechanical properties [10–12]. The ASR process can be achieved 
through different rotational speeds, working roll diameters, friction 
conditions, temperature gradients, or a combination of these parame
ters. It is considered to be suitable for producing (mid-)thick plates with 
some undissolved issues. 

It is known that the ASR process is often accompanied with bending 
problem, which hinders its industrial application [13]. Although the 
bending can be easily eliminated when rolling thin sheets, it is difficult 
to be overcome during multi-pass hot rolling of the (mid-)thick plates 
[14,15]. For example, the upward bending may prevent the plate biting 
into the roll gap in the next pass [14], while the downward bending may 
damage the roll table [15]. The influences of the rolling parameters on 
the plate bending are widely investigated. Among all rolling parameters, 
the speed ratios can greatly affect the bending, i.e., the workpieces are 
usually bent towards the slower roll [16–18]. The thickness reduction 
can also influence the plate bending. It was found that the ASR-ed plate 
will be bent towards slower roll at small thickness reduction but toward 
faster roll at larger thickness reduction [13,19]. Ma et al. [20] found that 
the required thickness reduction to prevent plate bending during the 
ASR process was smaller at the later passes (i.e., a smaller initial 
thickness), which means the thicker plates may be more likely to bend 
towards the slower roll. Other factors such as temperature [21] and 
friction [22] can also affect the plate bending behavior. 
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Many efforts have been concentrated on the causes of the bending 
phenomenon. The theoretical analysis considered that the strains (or 
strain rates) might be the main reason for bending, although there is still 
controversy over how it works. Salimi et al. [23] and Qwamizadeh et al. 
[24,25] explained the plate bending through the slab method: The axial 
strains and shear strains were accumulated in the deformation zone 
during the asymmetric rolling, and the bending direction and the cur
vature radius could be obtained by calculating their effects separately. In 
other side, Cho et al. [26] simulated the asymmetric rolling of AZ31B 
alloy and considered that the shear strain rate differences between the 
top and bottom layers at the biting region could cause the variation of 
plate bending. Kasai et al. [27] found that the bending was closely 
related to the shear band distribution. Our previous work compared the 
distribution of shear bands under different speed ratios and thickness 
reductions, and found that the plate would bend downward if the shear 
bands reached the top surface at the end of the deformation zone [28]. 

The plate bending can be influenced by different rolling parameters 
simultaneously. However, previous studies were mostly focusing on the 
impacts of single parameter on the plate bending behavior, and few 
studies considered the bending control by adjusting different rolling 
parameters at the same time. The continuous multi-pass asymmetric 
rolling process can be widely applied for the (mid-)thick plates if the 
bending problem could be solved along with mechanistic understand
ing. This study simulated the effects of the ASR parameters on the plate 
bending behavior at first and then analyzed the bending behavior by the 

equivalent strain rate and node acceleration. Finally, the multi-pass ASR 
processes with bending optimization were proposed and verified. Ab
breviations in this study are listed in Table 1. 

2. Method and experiments 

Finite element analysis for hot rolling was conducted with the soft
ware MSC. Marc. A 2-D model with plane strain state was established to 
reduce the calculating time as the plate widespread during asymmetric 
rolling was ignored. The material data [29] of AA7050 aluminum alloy 
and coulomb friction condition (friction coefficient μ = 0.35) were used. 
The plate was set as a deformable part with a rectangular element size of 
1 mm. The working roll, roll table and pusher were assumed to be rigid 
bodies. The rotation speed of the upper roll was constant while the lower 
roll was rotated at different speeds. The rolling parameters were listed in 
Table 2. 

The rolling experiments were conducted using the asymmetric roll
ing mill. The working rolls are driven separately by two electrical motors 
to obtain speed mismatch. Before rolling, the homogenized AA 7050 
aluminum alloy plates with 20 mm initial thickness were held in an air 
furnace for 40 min to achieve uniform temperature. Grid lines were 
carved on the side of the plate (RD-ND plane) for comparison between 
the simulations and experiments. 

As illustrated in Fig. 1, three points were randomly collected at the 
top (or bottom) surface of the rolled plate, the curvature radius (R) and 
curvature index (K) were calculated as follows [30,31]: 
⎧
⎪⎪⎨

⎪⎪⎩
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2
+ (y1 − yc)

2
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2
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2
= R2
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(1)  

where (x1, y1), (x2, y2), (x3, y3) were the coordinates of the selected 
points and (xc, yc) was the assumed curvature center coordinate. |K| is 
the reciprocal of the curvature radius R and a smaller |K| value corre
sponds to a flatter plate. The positive K value reflects upward bending 
and vice versa. 

3. Results and discussion 

3.1. Validating of the rolling simulation 

Fig. 2 shows good agreement between the FE simulations and rolling 
experiments and the simulations should be reliable. The plate may bend 
upward or downward under different rolling conditions (Fig. 2a and b). 
It is worth noting that the plate bending can be suppressed under certain 
rolling conditions (Fig. 2c and d). The inclination angles of the grid lines 
after rolling are consistent with the simulation results with an average 
error <5 % (Fig. 2e and f). 

3.2. Curvature evolution during the ASR process 

It is widely believed that the ASR-ed plates are more likely to bend 
towards the slower roll with the increase of the speed ratio [14,26]. 
Fig. 3 shows the influences of the speed ratio on the plate bending with 
10–50 % thickness reduction. For small thickness reductions (i.e., Δh =
10 %), the plates are always bent upward and stuck to the upper roll (K 
= 5) for all speed ratios. For medium thickness reductions (i.e., Δh = 20 
% and 30 %), the curvature index K increased gradually from negative to 
positive with speed ratios and becomes almost zero at the speed ratio of 
~1.15 (Δh = 20 %) and ~1.3 (Δh = 30 %), which means the bending 
direction is changed. Further increasing the speed ratio shows no sig
nificant impact on plate bending. For larger thickness reductions (i.e., 
Δh = 40 % and 50 %), the downward bending trend (toward the faster 
roll) becomes unavoidable no matter how the speed ratio increases. This 
indicates that the thickness reduction is a key factor to affect the plate 

Table 1 
List of abbreviations.  

Abbreviation Definition 
i Speed ratio 

h0 Initial plate thickness 
Δh Thickness reduction 

Δhcrit Critical thickness reduction 
h Thickness after rolling 
D Roll diameter 
R Curvature radius 
K Curvature index 
vu Materials flow speed at the top surface 
vl Materials flow speed at the bottom surface 
ω Angular velocity 

HSRB High strain rate band  

Table 2 
Rolling parameters for rolling simulation.  

Parameter Symbol Value/Range 

Rolling temperature (◦C) T 400 
Friction coefficient μ 0.35 
Speed ratio i 1–2 
Initial plate thickness (mm) h0 10–40 
Thickness reduction (%) Δh 10–51 
Roll diameter (mm) D 400  

Fig. 1. Illustration for the calculation of curvature radius.  
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bending. 
Fig. 4a shows the influences of thickness reduction on the plate 

bending under different speed ratios. The K value is decreased from 
positive to negative as the thickness reduction increases for all speed 
ratios, referring to an intensified downward bending trend. The “critical 
thickness reduction” (Δhcrit) that can prevent the plate bending (K = 0) 
increased to ~43 % first and remained almost unchanged with speed 
ratios (Fig. 4b). This indicates that the downward bending trend cannot 
be eliminated by increasing the speed ratio once the applied thickness 
reduction exceeds the maximum Δhcrit. If the applied Δh is smaller than 
the maximum Δhcrit, the downward bending can be suppressed by 
increasing speed ratio. 

During the multi-pass symmetric/asymmetric rolling, the plate 
thickness will be decreased gradually after each pass and the influence of 
the inlet plate thicknesses (same to initial plate thickness) on the plate 
bending needs to be cleared. Fig. 5 shows the evolution of the curvature 
index K with initial thickness. For small speed ratios, i.e., i = 1.1, the 
downward bending is more evident than other conditions. The plates 
with h0 < 20 mm are even attached to the lower roll (K = − 5 × 10− 3) 
after rolling. The downward bending could be suppressed for the plates 
with h0 = 38 mm and 40 mm. Increasing the speed ratio to 1.2, the 
upward bending trend is intensified and the required h0 for flat plate is 
reduced to ~30 mm. For the speed ratios i > 1.3, the bending curvature 
index K are almost equal and the bending can be suppressed for h0 = 20 
mm. An upward bending trend can be observed with larger initial 
thickness. 

3.3. Bending optimization and multi-pass rolling trials 

It can be seen from the above results that the plate bending behavior 
can be simultaneously influenced by all rolling parameters. A flat plate 
can be obtained through an appropriate ASR parameter combination. 
The critical thickness reductions (Δhcrit) for different initial plate thick
nesses and speed ratios are shown in Fig. 6a. The Δhcrit increases with 
speed ratios first (the left side of the dotted line in Fig. 6a, which varies 
with the initial plate thickness) and remains constant thereafter (the 
right side of the dotted line in Fig. 6a). The plate will be bent downward 
if the applied plate thickness is larger than Δhcrit, or else, it will be bent 
upward. Two additional situations were measured near the maximum 

Fig. 2. Experimental and simulation results about (a–d) the plate bending and (e, f) the inclination of the grid lines.  

Fig. 3. Plate bending under different speed ratios: (a) simulation results; (b) 
influences of the speed ratio on the curvature index K. 
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Δhcrit value (as illustrate in Fig. 6c, the applied Δh for point 1 and 2 are 3 
% larger or smaller than Δhcrit, respectively) to explore the causes for the 
plate bending and will be discussed in the next section. The rolled plate 
thickness under each rolling condition is calculated as shown in Fig. 6b. 
Several parameter combinations can be used to obtain flat plates with 
same final plate thickness (the points where the curves intersect with the 
dotted line in Fig. 6b). For example, a flat 20 mm plate can be obtained 
by single-pass asymmetric rolling with h0 = 28 mm and i = 1.2, or h0 =

32 mm and i = 1.3, or h0 = 36 mm and i = 1.4. Two multi-pass asym
metric rolling routes with bending optimization are proposed as given in 
Table 3. The ASR parameters are as follows: D = 450 mm, h0 = 20 mm, 
total thickness reduction Δh = 70 % with speed ratios i = 1.0, 1.1, and 
1.2. For each rolling pass, the required Δhcrit for i = 1.2 is higher than 
that for i = 1.1, and the required passes to achieve same total reduction 
Δh = 70 % are reduced from 9 to 6 passes. 

Fig. 7a shows the plates without severe bending can be obtained 
through these two routes. Fig. 7b and c shows the plates exhibit good 
bending resistance after the 2nd and 4th pass (i = 1.1). To clarify 
whether the simulated parameter combination is necessary for bending 
control, two additional rolling processes with i increased from 1.1 to 1.2 
only at the 4th and 6th pass were conducted and severe upward bending 
can be observed (Fig. 7d and e), indicating the importance and 

feasibility of bending control with ASR parameter optimization. 
Fig. 8 shows the through-thickness equivalent plastic strain distri

butions after the SR and ASR processing. The equivalent plastic strain 
accumulated at the plate center increased with speed ratio, resulting in 
more homogeneous deformation along with diminished equivalent 
plastic strain difference between the surface and plate center (from 0.86 
(i = 1) to 0.63 (i = 1.2)) (Fig. 8a and b). For the SR processing, the shear 
strains are mainly concentrated near the surface layers. For the ASR 
process, the shear strains at the plate center are increased from 0.18 (i =
1.1) to 0.34 (i = 1.2). The grid lines in Fig. 8c–e are changed from “C”- 
shape to “S”-shape, inclined and stretched along rolling direction as the 
speed ratio increases, indicating higher shear strain accumulation inside 
the plate [32,33]. 

3.4. Reasons for plate bending 

The plate bending is related to the through-thickness material flow 
speed gradient (as illustrated in Fig. 8a). Taking upward bending as an 
example, the flow speed at the top and bottom surfaces can be expressed 
as follows, 
⎧
⎨

⎩

vu = ωR
vl = ω(R + h)
vl/vu= 1+h/R

(2)  

where vu and vl are material flow speeds at the top and bottom surface, R 
and h are the curvature radius and finial plate thickness, ω is the angular 
velocity. With the increase of the curvature radius R, the flow speed 
gradient decreases. Lu et al. [34] calculated the material flow speed at 
the top and bottom surfaces and found that the plate will leave the 
rolling gap without any curvature under equal material flow speeds. 
Fig. 9b–d shows the changes of the flow speeds at the top and bottom 
surfaces during asymmetric rolling, which indicates that the flow speeds 
at the top surface are increased twice at the roll-biting and outgoing 
regions and are kept equal to the linear velocity of the upper roll in the 
middle region. With the increase of speed ratio (comparing Fig. 9b and 
d), the material flow at the bottom surface is accelerated and faster than 
that at the top surface and the bending direction is changed. With the 
increase of the thickness reduction (comparing Fig. 9c and d), the in
crease of material flow speed at the top surface is more significant than 
that at the bottom surface. The flow speed gradient between two sur
faces is reduced, resulting in a flatter plate. 

The increase of the flow speed, i.e., acceleration, especially for the 
top surface near the end of the deformation zone, plays a critical role in 
the plate bending. The direction and magnitude of the acceleration 
vector can be used to describe the plate bending: the outgoing part of the 
plate can be considered to move in a uniform circular motion around the 
center and there is a centripetal acceleration towards the center of the 

Fig. 4. Plate bending under different thickness reductions: (a) influences of thickness reductions on curvature index K; (b) critical thickness reduction for flat plate. (  

Fig. 5. Curvature index K under different initial thickness. (initial plate 
thickness h0 = 10–40 mm, speed ratio i = 1.1–2 and thickness reduction Δh =
30 %). 
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circle. The plate bending is closely related to the plastic strain or strain 
rate [35,36]. Kasai et al. [27] found that the materials acceleration could 
be related to the plastic strain rate and the equivalent plastic strain rate 
distribution is used for bending analysis. Fig. 10 shows the distribution 
of the acceleration vector under different bending conditions. After the 
workpiece is bitten into the roll gap, two accelerations are generated at 
the surface layers individually and transmitted into the plate center as 
the rolling process continues. The acceleration transmission direction 
will change after their interaction inside the plate or interacted by the 
top/bottom roll, resulting in different distribution. Previous work [28] 
has explained the interaction mechanism among the accelerations (or 
with the working rolls). If the acceleration vector is transmitted down
wards and reaches the bottom surface near the end of the deformation 
zone (Fig. 10a), an upward bending will occur due to the suppression of 
the lower roll, or else, the plate will bend downward (Fig. 10c). There is 
a balance state that can keep the plate straight (Fig. 10b). 

Fig. 6. Rolling conditions with bending optimization: (a) required critical thickness reduction under different speed ratios and initial thicknesses, (b) final thickness 
of flat plates under different rolling conditions, (c) enlarged image of (a). 

Table 3 
Rolling schedule for two multi-pass asymmetric rolling routes.  

Pass number Thickness after each pass/mm 

1.1 1.2 

0 20 20 
1 16.7 (16.5 %) 15.2 (24 %) 
2 14.2 (14.9 %) 11.9 (21.7 %) 
3 12.2 (14.1 %) 9.4 (21 %) 
4 10.5 (13.9 %) 8 (14.9 %) 
5 9.1 (13.3 %) 6.9 (13.8 %) 
6 7.9 (13.2 %) 6 (13 %) 
7 7.1 (10.1 %) – 
8 6.5 (8.5 %) – 
9 6 (7.7 %) –  

Fig. 7. Shape of the rolled plate: (a) after rolling with i = 1.0, 1.1 and 1.2, (b) 
after 2nd pass with i = 1.1, (c) after 4th pass with i = 1.1, (d) i = 1.2 at the 4th 
pass and (e) i = 1.2 at the 6th pass. The thickness reduction per pass of the 
symmetric rolling (i = 1.0) is the same as that of i = 1.1. 
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Fig. 8. Through-thickness strain distribution: (a) equivalent plastic strain, (b) shear strain, and (c–e) deformed grid lines with different speed ratios.  

H. Su et al.                                                                                                                                                                                                                                       



Journal of Materials Research and Technology 27 (2023) 7627–7635

7633

3.5. Analysis of downward bending 

As mentioned before, the plate may bend towards the faster roll with 
smaller speed ratio or larger thickness reduction. If the applied Δh is 
smaller than the maximum Δhcrit, the downward bending can be effec
tively suppressed by increasing the speed ratios, and conversely the 
plate will bend downwards no matter how the speed ratio is increased 
when the applied Δh is higher than the maximum Δhcrit. Although the 
downward bending is caused by the acceleration (or plastic strain rate) 
concentration at the top surface near the end of the deformation zone, 
there may be differences between these two situations. 

Fig. 11 shows the equivalent plastic strain and acceleration distri
bution for the first case. The red-dotted lines in Fig. 11a and c reflect the 
end of the deformation zone. For a small speed ratio, the band-like re
gion with high equivalent plastic strain rate (named as high strain rate 
band, HSRB) generated at the bottom surface is more inclined and can 
reach the top surface closing to the end of the deformation zone. Ac
cording to the acceleration vector in Fig. 11b and d, one can find that the 
HSRB generated at the top and bottom surfaces near the roll biting re
gion are transmitted inside the plate till their interaction, and then the 
weaker HSRB from the top surface changes its direction while the 
stronger one from the bottom surface still keeps its direction along with 
slight inclination (~15◦). With the increase of speed ratios, the influence 
of the upper HSRB to the lower HSRB is weakened. The HSRB from the 
bottom surface maintains its transmission direction and reaches the top 
surface earlier and then changes its transmission direction downwards 
due to the compression of the upper roll and reaches the bottom surface 
again at the end of the deformation zone, causing upward plate bending 
due to the suppress of the lower roll. 

For the second case, as reported by Kasai et al. [27] and Pawelski 
[37], the HSRB distribution is much more complex with larger thickness 
reduction. The HSRB distribution under different rolling conditions will 
turn from a “Y”-shaped distribution (as illustrated in Fig. 11) to an “X +
Y”-shaped distribution (high Δh and small i) or “intensified Y″-shaped 

distribution (high Δh and i) [28]. In both cases, a new through-thickness 
HSRB will be generated from the bottom surface and arrive at the top 
surface at the end of the deformation zone, resulting in downward plate 
bending due to the suppress of the upper roll regardless of the speed 
ratios. 

Additional simulations are conducted (with speed ratio i = 2.0): the 
thickness reduction about 3 % higher or lower than the maximum Δhcrit 
(as illustrated in Fig. 6c) are selected for different h0. The equivalent 
plastic strain rate distributions are shown in Fig. 12. For Δh lower than 
the maximum Δhcrit, the “Y”-shaped HSRB distributions with only one 
through-thickness HSRB are generated from the bottom surface for all 
conditions, which arrives at the top surface around the middle of the 
deformation zone, leading to an upward plate bending. For the Δh higher 
than the maximum Δhcrit, the “intensified Y″-shaped HSRB distributions 
with a second through-thickness HSRB generated from the bottom are 
observed for all conditions. This additional through-thickness HSRB 
reaches the top surface near the end of the deformation zone, resulting in 
an unavoidable downward plate bending. 

4. Conclusions 

This study aims at the mechanistic understanding about the bending 
behavior during the asymmetric rolling of high-strength aluminum alloy 
plates, especially the influences of rolling parameters on the bending 
behavior. Multi-pass asymmetric rolling processes with bending opti
mization are proposed via FE simulations and verified through experi
ments. The main findings in this study are as follows:  

1. It shows that the ASR parameters can affect the plate bending 
behavior and the plate is more likely to bend towards the slower roll 
with a higher speed ratios, larger initial thickness, and smaller 
thickness reduction. 

2. A flat plate can be obtained by selecting appropriate rolling param
eters. The critical thickness reduction for bending control increases 

Fig. 9. Flow speeds at the top and bottom surfaces: (a) illustration of the speed gradient, (b) downward bending (h0 = 30 mm, i = 1.1, Δh = 30 %), (c) flat plate (h0 =

30 mm, i = 1.5, Δh = 40 %), (d) upward bending (h0 = 30 mm, i = 1.5, Δh = 30 %). 
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first and remains constant as the speed ratio increases. Once the 
applied thickness reduction exceeds the maximum value of the 
critical thickness reduction, the plates will bend toward the faster 
roll.  

3. The plate bending behavior during the asymmetric rolling can be 
related to the equivalent plastic strain rate distribution. The plate 
bends downwards when a high strain rate band reaches the top 
surface at the end of the deformation zone.  

4. Multi-pass asymmetric rolling routes are successfully applied to 
flatten the plates. Increasing the speed ratios can help to reduce the 
pass numbers and improve the through-thickness strain homogeneity 
by introducing more shear strains inside the plates. 

Different multi-pass asymmetric rolling routes for flattening the 
plates may cause different influences on the plastic strain distributions, 
microstructures and mechanical properties, which will be the future 
focus. 
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