The International Journal of Advanced Manufacturing Technology (2025) 137:1565—1580
https://doi.org/10.1007/500170-025-15231-5

ORIGINAL ARTICLE q

Check for
updates

An investigation of the curvature variation in rolling a stiffened panel
Yasir Alfawzan' - Jiaxin Lv'3® . Zhusheng Shi - Jianguo Lin'*

Received: 7 October 2024 / Accepted: 6 February 2025 / Published online: 22 February 2025
© The Author(s) 2025

Abstract

Integral aluminium-stiffened panel, recognised for their light weight and superior performance, holds great potential for
manufacturing through a combination of extrusion and subsequent rolling. Rolling these panels often leads to undesired
curved shape due to their asymmetrical cross-sections; a careful control of rolling parameters for asymmetrical rolling is
therefore essential to achieve the target shape—either straight or with specific curvature. The key influencing factors and their
influencing mechanisms, however, have not been clarified. This study investigates the effects of various rolling parameters on
panel curvature through finite element simulations. The results reveal that the primary influencing factors are plate thickness
reduction, stiffener reduction, and speed ratio at a given geometry, while secondary factors include roll diameter, friction
coefficient, temperature, roll speed, and panel material. Increasing the plate thickness reduction increases the curvature, while
increasing the stiffener reduction reduces it. A higher speed ratio also decreases the curvature. Additionally, maintaining
equal reductions in the plate thickness and stiffener can produce the most geometrically accurate panels, preventing material
underfill or overfilling of the groove during rolling. The findings suggest that appropriate combination of rolling parameters
enables the precise control over the curvature, contributing to the development of an efficient, high-performance rolling
process for aluminium-stiffened panels.
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Nomenclatures T Togip (%) Reductions of plate thickness and stiff-
H,, H(mm) Plate thickness before and after rolling, ener, respectively
respectively 5, (-) Reduction ratio=r. /r,
h,, h (mm) Stiffener height before and after rolling, D,, D,, D; (mm) Diameters of lower and upper rolls, and
respectively the groove, respectively
w (mm) Width of plate op () Diameter ratio D, /D,
t,, t (mm) Bottom stiffener thickness before and w; & w, (rpm) Angular speeds for lower and upper
after rolling, respectively rolls, respectively
0(°) Stiffener slope angle 0, () Angular speed ratio w, /@,
Agiror Ageif Stiffener cross-section area before and Uy Mo () Friction coefficients for lower and
after rolling, respectively upper rolls, respectively
5, () Friction coefficient ratio p, /u,
R (mm) Curvature radius
54 Jiaxin Ly k (mm™) Curvature
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the wide stiffened panels include welding, riveting, and
machining, which present disadvantages in productivity, reli-
ability, and cost due to the complexity of the manufacturing
process [3, 4]. These methods also have drawback in perfor-
mance and quality, for example, welding weakens the heat-
affected zone [5], riveting adds weight [6, 7], and machining
leads to material waste [8]. The integral structure of wide
aluminium-stiffened panel has emerged as a promising trend
in industries, offering reduced manufacturing costs without
compromising structural weight and performance, while also
minimising the number of parts and manufacturing time [9].

An integral stiffened panel can be manufactured through
extrusion process [10], known for its ability to manufacture
complex cross-sections. However, producing a high-quality
and wide-thin stiffened panel through extrusion alone faces
several critical limitations. Firstly, extruding wide-thin panels
requires high extrusion force and significant energy consump-
tion [11]; Secondly, achieving very thin plate thickness with
high surface quality is challenging due to the increased prob-
ability of defects such as scratch, crack, and rough surfaces.
To address these challenges, a post-extrusion rolling process
presents a promising method for refining the extruded stift-
ened panel to achieve desired geometries, surface quality, and
mechanical properties [12]. The integral extrusion-rolling pro-
cess enhances the feasibility and efficiency of producing with-
thin and high-quality stiffened panels, optimising energy con-
sumption and overcoming the limitations of extrusion alone.
This innovative approach provides a superior alternative to
traditional methods for manufacturing stiffened panels.

The rolling process of an extruded stiffened panel can
be complex. A specially designed grooved roll is required
so as to simultaneously form both the plate and stiffeners
in the stiffened panel. Additionally, due to the asymmetric
geometry of the stiffened panel’s cross-section, conventional
symmetric rolling in both diameter and speed is unsuitable
as it would cause bending after rolling [13], meaning that
further straightening operations or curvature modifications
are necessary to obtain the final straight stiffened panels
or a desired curvature profile. In this case, the asymmetric
rolling (ASR) process could be a more attractive solution
for directly producing straight stiffened panels or a desired
profile due to its ability to adjust the curvature by differen-
tiating the parameters between the upper and lower rolls
[14]. The ASR can be realised via the difference in the roll-
ing parameters between the upper and lower rolls, such as
rotational speeds, diameters of rolls, coefficients of friction
of roll surfaces [15, 16]. However, most studies on ASR are
limited to the forming of flat plates, and applications of ASR
in the rolling of stiffened panels are rarely seen.

The curvature of asymmetrically rolled (ASR) plates
has been a subject of investigation for decades, with engi-
neers exploring experimental, theoretical, and analyti-
cal approaches. The curvature varies with changes in plate
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thickness, plate thickness reduction, speed ratio, diameter
ratio, and friction ratio [17, 18]. Specifically, curvature tends
to align with faster roll [19], and with a higher speed ratio
resulting in larger curvature [20]. However, Knight et al. [21]
observed that while thicker plates tend to curve towards the
faster roll, thinner plates may exhibit upward or downward
curvature. Salimi et al. [22] similarly noted curvature ten-
dencies towards the faster roll and higher friction roll at spe-
cific plate thickness reductions, but at higher reductions, the
influence of these parameters on the curvature shape profile
reduced. Contrasting viewpoints emerge in the literature, with
Buxton et al. [23], suggesting that at high speed ratios, plates
turn towards the slower roll, while at low speed ratios with
low friction coefficients, plates may curve upwards or down-
wards [24]. Roll diameter and its ratio also play a role, with
larger roll diameters yielding smaller curvature, and curvature
tending towards the smaller diameter [25]. Jeswiet et al. [26]
observed that at lower reductions, curvature decreases with
increasing speed. However, as reduction increases, speed’s
influence on curvature diminishes, highlighting reduction’s
significant role in curvature magnitude and direction, becom-
ing a dominant parameter in some cases. Curvature increases
with an increase in the reduction of plate thickness, the speed
ratio, and a decrease in the plate thickness [27]. Moreover,
Collins et al. [28] found that the curvature may change in
either direction with changing the reduction of the plate thick-
ness and the diameter ratio. Plate thickness also exerts influ-
ence, with thicker plates yielding reduced curvature (flatter)
but requiring increased force and torque, while thinner plates
exhibit larger curvature [25, 27]. This disparity arises from
the fact that the curvature is controlled by a variety of rolling
parameters, prompting, researchers to explore combined fac-
tors like shape factor (the ratio of contact length to the mean
thickness before and after rolling), and roll gap factor (the
ratio of roll radius to initial thickness) [21, 29]. Despite these
efforts, accurately predicting curvature trends remains chal-
lenging. Overall, the curvature phenomenon in ASR is com-
plex due to many influencing parameters, including reduction
of plate thickness, rotation speed and its ratio, roll diameter
and its ratio, friction coefficient and its ratio, and plate thick-
ness [30]. Changes in any of these variables can alter the
plate’s curvature, making prediction difficult. This complexity
is even greater for rolling stiffened panels, as adding stiffeners
further complicates curvature behaviour prediction.

In this paper, a comprehensive series of finite element
(FE) simulations was conducted to analyse the curvature
variation of the rolled stiffened panels under different roll-
ing parameters, including speed ratio, reductions of both
plate thickness and stiffener, rolling temperature, friction,
roll diameter, and original stiffened panel geometries. The
goal was to produce either a straight profile or a specific
curvature by precisely adjusting the rolling parameters.
This comprehensive simulation study provides valuable
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Fig. 1 Illustration of multi-groove rolling method, consisting of lower
roll (flat roll), and upper roll (groove roll) as rolling tools, and stift-
ened panel as a workpiece

insights for optimising the rolling process to achieve high-
quality stiffened panels with specific curvature character-
istics, advancing the development of an innovative integral
extrusion-rolling method for producing wide-thin stiffened
panels.

Fig. 2 Illustration of the geom-

2 Asymmetric groove rolling design
and numerical modelling

2.1 Rolling method for panels with multiple
and single stiffeners

Figure 1 illustrates a schematic of the multi-groove rolling
method, consisting of a lower flat roll and an upper groove
roll as rolling tools, with a stiffened panel as a workpiece.
This method uses a pre-extruded stiffened panel and allows
the rolling reduction on both stiffeners and the plate of the
panel during the rolling process. In this study, all the stiffen-
ers of the stiffened panel are identical. Therefore, the repeat-
able unit, i.e. a single-stiffener panel, is selected as the focus
of the subsequent analysis.

Figure 2a shows the geometry of the original single-stiffened
panel before rolling consisting of (1) a plate with a thickness H
of 3 mm, and widths w, range from 20 mm, 40 mm, 80 mm, to
160 mm, and (2) a stiffener with a height /2, ranges from 5 to
10 mm, a bottom thickness ¢, of 1.9 mm, and a slope angle 6 of
3 ° for different geometry cases. Figure 2b shows the geometry
of the upper and lower rolls and the gap between them (rolling

etry for rolling a single-stiffener Stiffener (r ib)
panel. The hidden stiffened
panel is highlighted with orange T 6
dashed lines (not to scale) for
clarity
h,
Plate
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(b) Roll geometry
Stiffened panel

Stiffened panel

(c) Rolling system.
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gap), which matches the final shape of stiffened panel after roll-
ing. The rolling gap is represented by H, indicating the final
plate thickness of the stiffened panel after rolling. The groove
height is denoted by A, representing the final height of the stiff-
ener, and the bottom thickness is referred to as 7. The final slope
angle of the stiffener remains unchanged. Figure 2¢ illustrates a
schematic of rolling a single stiffened panel, featuring a lower
roll (flat roll) with a diameter of D, ranges from 100 mm, 200
mm, to 400 mm, and an upper roll (groove roll) showing two
diameters: the outer surface diameter D, ranges from 100 mm,
200 mm, to 400 mm, and the inner diameter for the top sur-
face of the groove D; which defined by D; = D, — 2h. It also
depicts an original stiffened panel positioned between the two
rolls, ready for rolling. The shape of the hidden stiffened panel
is depicted by orange dashed line.

2.2 Determination of roll design geometry

Various original and final panel geometries, including plate
thicknesses and stiffener heights, have been analysed in
this study. The roll design geometry, i.e. the dimensions, is
determined by calculating the desired final dimensions of the
panel after rolling, based on the initial panel geometry, and
the targeted reductions in both plate thickness and stiffener.
The plate is rolled by passing it between two rolls to
reduce its thickness, while the stiffener is rolled through a
groove, experiencing both lateral deformation and deforma-
tion in the rolling direction. This dual deformation reduces
the stiffener’s height while allowing it to expand laterally
to fill the final groove dimensions. The groove on the upper
roll was designed to be 5% wider than the original stiffener
thickness to prevent overfilling during the rolling process.
This choice aligns with roll pass design principles in similar
studies, which recommend slight oversizing to ensure proper
material flow without inducing stress concentrations or shape
inaccuracies [31, 32]. The 5% increase provides sufficient
space for lateral deformation while maintaining adequate
contact between the stiffener and the groove, thereby improv-
ing the final geometry’s accuracy and preventing defects. The
final dimension of the groove thickness is calculated as:

t=105xt, (1)

Two assumptions have been applied during the calculation.
Firstly, the volume of the stiffened panel is assumed constant
before and after rolling, and any change in volume due to clos-
ing of voids in the extruded panel after rolling is neglected.
Additionally, it is assumed that there is no lateral spread dur-
ing the rolling process for the plate, meaning the plate’s width
remains constant before and after rolling. This assumption is
based on the premise that the width to rolling contact length
ratio is high enough to prevent lateral spread [33], which
ensures that deformation flow occurs only within the rolling
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direction. The following paragraphs detail the calculating pro-
cess under various reduction scenarios.

To ensure that no plastic instability or material tearing occur-
ring, the model was carefully designed to avoid any damage to
both the stiffener and the plate. This included maintaining a
similar shape of the stiffener cross-section before and after roll-
ing, applying a similar range of reduction for both the plate and
stiffener, designing the stiffener with an inclination, and adding
fillets at the edges to facilitate smoother deformation flow.

According to the definition of the plate thickness reduction
r,, 1.e. the ratio of the difference between the plate thickness
before and after rolling to the original plate thickness, the plate
thickness after rolling H can be calculated as:

H=Hyx(l- )

I
100% 2)

Given an original plate thickness H, = 3 mm, and three
different plate thickness reductions r= 5%, 10%, and 15%, the
calculated plate thicknesses H would be 2.85 mm, 2.7 mm, and
2.65 mm, respectively as shown in Table 1.

On the other hand, the stiffener will experience deforma-
tion flow within rolling direction and lateral direction due
to its hight and thinness as shown in Fig. 2, and because the
groove is wider than the original stiffener thickness, which
means the stiffener reduction cannot be defined by the reduc-
tion on the stiffener height only because it will experience a
change in its height and thickness of its cross-section area.
Therefore, stiffener reduction r,;, represents the ratio of the
difference in its cross-sectional area before and after rolling
to the cross-sectional area before rolling, i.e.

Asi _Asi
M x 100% 3)

Vep =
o Agiro

where Ao, and A, are the cross-sectional areas for the
stiffener before and after rolling, respectively. These can be
calculated as:

Agiro = (ho X 1,) — (tanb x hy) X hy )

Agir = (hX 1) = (tand X h) X h ©)

The stiffener reduction can be formulated from Egs. (2,
3, 4, and 5) as follows:

Table 1 Calculated final plate

thickness at different r, when H, (%) H(mm)
=3mm 5 2.85

10 2.7

15 2.65
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(1, X hy) = (tand x k%)) = (((1.05 X 1,) X h) — (tand X h2))

rstif =

((t, X h,) — (tan® x h2))

x 100% (6)

For given two cases of original stiffeners height at h,=
5 mm, or 10 mm, original thickness #,= 1.9 mm, slope angle
6= 3 °, and final thickness = 2 mm, and applying differ-
ent stiffener reductions r,;. = 0%, 2.5%, 5%, 10%, 15%, and
20%. The stiffener height will be changed according to its
applied reduction value and its original height. The stiffener

reduction can be formulated as follows:

((1.9 X h,) — (h? x tan3)) — ((2h) — (h* X tan3))
2 % 100%
(1.9 X h,) = (h% X tan3))

@)
The stiffener height after rolling / will range from 6.65 to
9 mm for hy= 10 mm and will range from 3.62 to 4.66 mm
for hy= 5 mm as shown in Table 2. All the dimensions of
stiffened panel before and after rolling are summarised in
Table 3. For changes in the height or inclination angle of the
stiffener, a new groove design for the upper roll is required

to ensure appropriate contact and deformation.

rstif =

2.3 Numerical modelling

Numerical simulations were conducted using the finite ele-
ment software QForm to explore the effects of various roll-
ing parameters on the rolling behaviour, specifically on the
curvature profile. The finite element (FE) model comprises a
lower flat roll, and an upper groove roll, each with diameters
ranging from 100 to 400 mm. Additionally, small guidance
rolls with diameters of 10 mm were included, allowing for
free rotation, and operating under frictionless conditions to
guide the stiffened panel during entry. The rolls were made
of H13 material. The stiffened panel materials investigated
were AA1050 and AA6061, each with a plate thickness of
3 mm. The bottom stiffener thickness was 1.9 mm, with a
3¢ slope angle and 0.2 mm fillet at the edges. The length
of both plate and stiffener is 100 mm. The front end of the

Table 2 Calculated final stiffener heights at different r,,;; and h,,

Tyi(%) h(mm)
For h,= 10 mm For h,= 5 mm

0 9 4.66

2.5 8.65 4.52

5 8.45 44

10 7.75 4.13

15 7.2 3.7

20 6.65 3.62

stiffened panel was chamfered, and the panel was positioned
to make slight contact with the rolling rolls for easy entry
and pulling. A schematic of the model setup for a stiffened
panel with a single stiffener, along with the application of
a symmetry plane on the RD-ND plane to reduce computa-
tional complexity, is depicted in Fig. 3. Various geometri-
cal configurations and rolling conditions were considered,
as outlined in Table 4, which includes the type of material
used, rolling temperature, rolling reductions, rolling speed,
roll diameter, and friction coefficient. The primary rolling
conditions employed across most cases involve AA6061
material, a temperature T of 450 ‘C, plate thickness H of
3 mm, stiffener height 4 of 10 mm, identical roll diameters
D=D, =100 mm, friction coefficients y,=pu,= 0.8, and roll
speed w,= 7.5 rpm, with a plate thickness reduction r,=10%.
Any deviations from these parameters are explicitly indi-
cated in the figure captions. The rationale behind fixing most
parameters while selectively altering one for study purposes
is to ensure consistency and isolate the effect of the varied
parameter.

Table 3 Geometries and dimensions of the original and final stiffened
panels. Final values of H and h are obtained at different r,,, and r,
values respectively

Dimensions Original value Final value
t(mm) 1.9 2
w(mm) 20 20
40 40
80 80
160 160
/@) 3° 3°
H(mm) 3 r,=5% 2.85
r,=10% 2.7
r,=15% 2.65
h(mm) 10 Toir= 0% 9
Tir=2.5% 8.65
Toir= 5% 8.45
Toir = 10% 7.75
Toip = 15% 7.2
Toip. = 20% 6.65
5 Toir.= 0% 4.66
Tir=2.5% 452
Tyir.= 5% 44
Toir=10% 4.13
Toip. = 15% 3.7
Toir.=20% 3.62
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Fig.3 FE model setup
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(flat roll) >/
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1
L. RD A-A section L. D
Tablg 4 quling conditions in Geometries and parameters Symbol Value
FE simulations

Stiffened panel material - AA1050, AA6061
Rolls’ material H13
Rolling temperature ('C) T 20, 360, 450
Plate thickness reduction (%) r, 5,10, 15
Stiffener reduction (%) T, 0,2.5,5,10, 15,20
Lower rotation speed (rpm) o} 7.5,15,30
Speed ratio (-) I % 1,1.11,1.22,1.33,2
Lower, and upper rolls diameter (mm) DD, l 100, 200, 400
Roll diameter ratio (-) 5p = [DTT 100/100, 200/200, 400/400
Friction coefficient for lower, and upper rolls (-) My 0.45,0.8
Friction ratio (,) 8, = ﬁ—? 0.4/0.8, 0.4/0.4, 0.8/0.8. 0.8/0.4

The Lagrangian method was employed for simulations
within the QForm software environment. Material proper-
ties for both the workpiece (stiffened panel) and the tools
(rolls) were specified using the standard database provided
by QForm. Tetrahedral mesh elements were utilised, with
automatic mesh size generation applied to both the tools
and workpiece. Re-meshing of the workpiece occurred dur-
ing the simulation, with a maximum of 20 steps between
remeshings. The minimum and maximum adaptations in the
workpiece were set to 1 and 15, respectively, with an adapta-
tion factor of 1. Friction between the deformable workpiece
and the tools was modelled using the Levanov friction model
shear stresses as described in the Eq. 8 [34]:

T=,u><ﬂ><(1—e_nxz_;) (8)

V3
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where 7 is the Levanov friction model shear stresses, y is a
friction coefficient, o is a flow stress, 6, is a normal contact
pressure, and » is a Levanov coefficient with a value of 1.25
as it is assumed by QForm database. The heat transfer coeffi-
cient used is 40 kW /m? K. The stop conditions are designed
to halt the rolling simulation once the stiffened panel has
advanced approximately 78.5 mm in the rolling direction.

3 Simulation results and discussion
3.1 Curvaturek
This section elaborates on the calculation methodology

employed to quantify and define the curvature, including
the determination of curvature radius R and curvature k. The
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curvature of the stiffened panel is quantified by computing
the reciprocal of the curvature radius using the following
formula:

k=1/R )

where R represents the curvature radius, calculated by iden-
tifying three points on the rolled stiffened panel after the
rolling process, ensuring equal spacing between consecutive
points. These known points, denoted as (x;,y,), (x5, y,), and
(x3,Y3), are then used to compute the radius of the arc pass-
ing through them [21]. To determine the curvature radius,
the circle equation in general form, represented by Eq. (10),
is employed [35]:

P +y +2ax+2by+c=0 (10

where the a, b, and c are constant, in which a and b rep-
resent the centre of the circle, and R is the radius of this
circle which represent curvature radius. By substituting the
coordinates of the three known points into this equation, a
system of three equations is formed and solved using matrix
methods. Upon solving this matrix, the constants a, b, and
c are determined. Subsequently, the curvature k can be cal-
culated as follows:

k=1/R=1/Va2+b%>—-c (11)

The curvature k serves as a descriptor of the stiffened
panel’s curvature profile. Values close to zero indicate a
nearly straight panel, while positive and negative signs
denote upward and downward curvature, respectively.
These directional indications (signs) are later added based
on the profile shape to provide a directional evaluation of
the curvature profile.

Fig.4 Pictures of rolled
AA6061 stiffened panels from
rolling experiment and simula-
tion, demonstrating the good

agreement in curvature between r=15%

. p >
the two profiles. The rolling ro.=10%
conditions were a 15% plate stif. >
thickness reduction, 10% stiff- 6,=1.11%
ener reduction, and 1.11 speed
ratio. RD represents the rolling
direction

PR 0
p 15%,
Youf = 10%,
6,=1.11%
w

3.2 Validation of the numerical model

The experimental rolling process for the AA6061 stiffened
panel, conducted with a 15% plate thickness reduction, 10%
stiffener reduction, and a speed ratio of 1.11, was performed
to validate the simulation results. Figure 4 shows the photo
after rolling and the comparison from side views between
the physically rolled panel and the simulated rolled panel
under the same rolling condition. The curvature radius and
curvature for the experimental stiffened panel were approxi-
mately 128 mm and 0.0078 mm~', respectively, compared to
120 mm and 0.0083 mm™! for the simulated stiffened panel.
The percentage deviation between the experimental and
simulated curvature radii was 6.25%, providing confidence
in the FE model’s reliability and ability to predict the effects
of rolling parameters on curvature profiles.

3.3 Curvature variation with speed ratios
and stiffener reductions

Figure 5 explores the evolution of curvature of stiffened
panels with increasing speed ratio from 1 to 2 under vary-
ing stiffener reductions. At a constant stiffener reduction,
the curvature k decreases with increasing speed ratio from
1 to 2, reaching the minimum at 6, =1.33, and then slightly
increase with further increasing 6,. At a constant speed
ratio, increasing stiffener reduction leads to the decrease in
k, except for the case at r,,;; of 0% and speed ratio of 1. In
addition, at ry,;, of 0% and 2.5%, all the k values are posi-
tive within the studied speed ratio region. For other r, k
decreases from positive to negative with increasing speed
ratio. For example, when the speed ratio transitions from
1.11 to 1.33 at a given plate thickness reduction of 10%
and a stiffener reduction of 10%, the curvature undergoes

R=128 mm

k=0.0078 mm!
Experiment

R=120 mm

c=0.0083 mm™!
Simulation
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Fig.5 The relationship between the curvature k and rotation speed
ratio 6, at various stiffener reductions ranging from 0—15%. Five
cases namely 1, 2, 3, 4, and 5 are marked with X shapes. The invar-
iant rolling conditions are AA6061, T = 360 C, H,=3mm, h, =
10 mm, r, = 10%, D, = D,= 100 mm, y, = u, =0.8, w; = 7.5 rpm.
The simulation results of rolling curvature shapes at various condi-
tions are depicted and indicated by red arrows

significant decrease from 0.004 to —0.00656 mm~'. This
indicates there exist a specific point where the straight
panel can be rolled, i.e. k =0 mm™!, using an appropriated
combination of rolling parameters specifically, the reduc-
tions of plate and stiffener, and the speed ratio.

Figure 6 illustrates the resulting curved variation,
including upward, almost straight, and downward curves,
observed in three different cases, namely 1, 2, and 3, as
marked in Fig. 5. Through simulations, it becomes evident
that achieving a straight stiffened panel is feasible across a

Fig.6 Variation of curvature
of three cases (1, 2, and 3) for
three different speed ratios 6, =
1.11, 1.13, & 1.22. The rolling
conditions are AA6061, T =
360 C, h, = 10 mm, r,= 10%,
Tir=10%, D; = D,= 100 mm,
Hy = r=0.8, 0;="7.5 rpm

R=-211 mm, k=-0.005 mm™*

ND

Loxo
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R=256 mm, k=0.004 mm~* "

0.00l mm™ty

range of rolling parameters, however, determine the exact
values remains challenging. Notably, the curvature radius
exhibits high sensitivity to changes in speed ratio, with
even a small adjustment in speed ratio, changes the curva-
ture radius dramatically. For instance, as the speed ratio
transitions from 1.11, 1.13 to 1.22, the curvature radius
undergoes significant changes, ranging from 256 mm,
1027 mm to—211 mm (the negative sign was added to
distinguish the downward curve), respectively. Within this
range of speed ratio, the most optimal straight stiffened
panel is achieved at a speed ratio of 1.13, wherein the
highest absolute curvature radius of 1027 mm is attained.
This range was systematically explored by incrementally
adjusting the speed ratio from 1.11 to 1.22 by increments
of 0.01. Although achieving a perfectly “straight” stiffened
panel (i.e. k=0 mm™") was not possible in the simulation,
a sufficiently low absolute value of the curvature k can be
considered acceptable for straight rolling, especially when
followed by subsequent stretching in industrial practice.

3.4 Metal flow behaviour

Figure 7 shows the material deformation flow in the region
between the stiffener and the plate during the rolling process
for the three cases 5, 2, and 4 as marked in Fig. 5. These
cases feature three stiffened panels which rolled at differ-
ent stiffener reductions of 5%, 10%, and 15% with differ-
ent speed ratios of 1.22, 1.13, and 1.11, respectively. The
speed ratios were changed by 0.01 till reaching the minimum
absolute value of k (near straight panel). The purpose of
studying these cases is to analysis the effect of change the
stiffener reduction at similar curvature profile. This visuali-
sation is achieved by tracking the movement of a selected
point (shown in black) originally positioned on the edge of

Effective
R Stress (IMPa)
Y 3'p0ints Case ( 1)
Up,
5,=1.11 100

Case (2)

Straight, 60
6,=1.13 -
40
30
Case (3) 20
1
; o I
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Fig. 7 Material deformation flow during rolling process for cases 5, 2, and 4. A black point, positioned in this area between the stiffener and the

plate, is tracked to illustrate the flow pattern

stiffener during the rolling process. In case 4, the black point
moves from the stiffener to the plate and accumulates under
the upper roll (groove roll), resulting in minor defect in the
edge between the stiffener and the plate. This occurrence
stems from an excessive reduction in the stiffener, causing an
overfill of the groove with material. Consequently, some of
the material flows significantly from the stiffener to the plate
during deformation, leading to slight distortion between the
stiffener and the plate.

In cases 5 and 2, the black point moves a shorter distance
due to a lesser reduction in the stiffener. In case 5, the gap
clearance between the groove roll and the stiffener is not
filled, resulting in incomplete contact on the stiffener sur-
face, indicating insufficient reduction. Conversely, in case
2, full contact surfaces between the stiffener and the groove
roll occurs, but not reach to overflow or overfill. However,
this strong contact may increase friction between the groove
roll and the stiffener surfaces, potentially leading to stick-
ing between them. Therefore, lubricating the groove may be
necessary to reduce these issues.

3.5 Mechanical analysis

Figure 8 illustrates the distribution of effective stresses on
the cross-sections for cases 5, 2, and 4 (as marked in Fig. 5),

where near-straight panels were obtained at stiffener reduc-
tions of 5%, 10%, and 15%, respectively, with corresponding
speed ratios of 1.22, 1.13, and 1.11, respectively. Both the
plate and stiffener exhibit non-uniform stress distribution
across their cross sections. The maximum stress appears at
the top part of the stiffener since plastic deformation from
the stiffener height reduction concentrates in this region.
This stress increases with greater stiffener reduction, as seen
when comparing cases 5, 2, and 4. In addition, the minimum
stress is observed at the bottom of the stiffener in case 5 due
to limited deformation constraints from the rolls. However,
as the stiffener reduction increases to 10% in case 2 and
15% in case 4, the stress at the bottom of stiffener also rises,
attributed to the stronger contact between the stiffener mate-
rial and the roll surface.

In case 4, which involves the largest stiffener reduction
of 15%, the maximum effective stress reaches 96 MPa at
the top of the stiffener. Additionally, the region between the
stiffener and the plate shows elevated stress levels compared
to the other cases, likely due to overfilling of the groove
roll with material, leading to further compression stress.
Conversely, case 5 experiences the lowest effective stress,
with a maximum value of 81 MPa. This is attributed to the
lower stiffener reduction of 5%, which leaves the groove
unfilled, creating a gap between the deformed stiffener and
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Fig.8 Stress distribution on the ND
cross-section of panels being
rolled, under three different set
of rolling parameters namely
case 5 (at 7y = 5%, & 5,=
1.22), 2 (at ry,;, = 10%, & §,,=
1.13), and 4 (at r,,;; = 15%, &
6,=1.11)

the groove surface. As a result, the area between the plate
and the stiffener experiences lower effective stress. Case
2 falls in between the two cases, experiencing full contact
between the stiffener and groove roll surfaces.

3.6 Effect of various parameters on the curvature
of rolled panel

The curvature variation results presented in this section are
derived from an exhaustive analysis comprising 265 simula-
tion cases under various rolling conditions, encompassing
variations in plate thickness reductions, rolling temperatures,
friction coefficients, rolling speeds, roll diameters, stiffener
heights, plate widths, and materials.

This analysis of the curvature variation was represented
by the variation of the curvature k of a rolled stiffened panel
on the y-axis with different speed ratios 6, on the x-axis at
different cases of rolling conditions and geometries as shown
in Figs. 9, 10, 11, 12, 13, 14, 15, and 16 in the following
subsections.

a) Plate thickness reductions r,,

Figure 9 illustrates the variation of the curvature k as
speed ratios ¢, increase from 1 to 2, under different stift-
ener reductions ry;, of 5% and 10%, and plate thickness
reductions Ty of 5%, 10%, and 15%. At a constant speed
ratio and stiffener reduction, increasing the plate thickness
reduction leads to an increase in k. For instance, at 1.22
speed ratio and 10% stiffener reduction, increasing the plate
thickness reduction from 5 to 15% increased the curvature
from —0.01022 to 0.00178 mm~". This is likely due to the
extended plate length relative to the stiffener length, induc-
ing residual and bending stresses (tensile stress in the plate
and compressive stress in the stiffener), which causes the
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Fig. 9 The relationship between the curvature k and rotation speed
ratio §,, at various stiffener reductions of 5% and 10%, for the plate
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thickness reduction of 5%, 10%, and 15%. The invariant rolling con-
ditions are AA6061, T= 450 C, H,= 3 mm, h,= 10 mm, D;=D,=
100 mm, p,=p,= 0.8, ;= 7.5 rpm

panel to bend upward. Additionally, increasing the stiffener
reduction from 5 to 10% lowers the curvature k for a given
speed ratio and plate thickness reduction. At 1.22 speed ratio
and 10% plate thickness reduction, increasing the stiffener
reduction from 5 to 10% reduced the curvature from 0.00003
to —0.00453 mm~'. This is attributed to the further exten-
sion of the stiffener, which adds bending stresses in form of
tension within it.

At r, of 15% and ry,;, of 5%, all k values remain posi-
tive across the studied speed ratio range, likely because
the plate extended more than the stiffener due to applying
higher reduction which leads the panel to bent upwards. This
emphasises the importance of the reduction ratio , between
the stiffener and plate thickness in controlling the curvature
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Fig. 10 The relationship between the curvature k and rotation speed
ratio 6, at various stiffener reductions for different rolling tempera-
tures of 20 ‘C, 360 °C, and 450 °C. The invariant rolling conditions are
AA6061, H,= 3 mm, h, = 10 mm, I, = 10%, D, = D, =100 mm, y,
=u, =0.8, 0, =7.5rpm
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Fig. 11 The relationship between the curvature k and rotation speed
ratio 6, for using different friction coefficients ranging from 0.4 to
0.8. The invariant rolling conditions are AA6061, T = 450 C, H, =
3 mm, h, =10 mm, r, = 10%, ., = 10%, D = D, =100 mm, w; =
7.5 rpm

range. For example, the reduction ratio 6, was 0.33 in this
case, the lowest among the trends, which resulted in the
highest k values. Conversely, with a plate thickness reduc-
tion of 5% and a stiffener reduction of 10%, the reduction
ratio was 2, the highest value, corresponding to the lowest
k values. Therefore, a low §,, such as 0.33 with r,at 15%,
makes producing a straight stiffened panel more challeng-
ing, even as the speed ratio increases. Conversely, applying
a higher 8, can help ensure the production of a straight stiff-
ened panel with less dependence on the speed ratio.
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0.015F —— @,= 15 rpm
0.010} —— =30 rpm
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g
g 0.000
-~
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[2]

Fig. 12 The relationship between the curvature k and rotation speed
ratio 6,, using different rolling speeds at 7, 15, & 30 rpm. The invari-
ant rolling conditions are AA6061, T = 450 C, H,= 3 mm, h,=
10 mm, r, = 10%, r,,;; = 10%, Dy = D, =100 mm, y; = p, =0.8

0.020 |
0.015 D,=D,=100 mm
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Fig. 13 The relationship between the curvature k and rotation speed
ratio 6, using different roll diameters at 100, 200, and 400 mm. The
invariant rolling conditions are AA6061, T = 450 C, H,=3 mm, h,=
10 mm, r,= 10%, Tygif = 10%, p, = p, =0.8, ;= 7.5 rpm

b) Rolling temperatures T

Figure 10 shows the evolution of the curvature k with
the speed ratio 6, at different stiffener reductions. For each
d,,» the effects of three rolling temperatures, i.e. 20 C, 360
°C, and 450 °C, are compared. The results for 360 C and
450 C are almost identical. Generally, the different rolling
temperatures have no significant influence on the curvature
profile, indicating that temperature is not a dominant fac-
tor influencing rolled panel curvature. However, rolling
temperature is still a critical parameter in industrial rolling
process since it can significantly affect the force required
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Fig. 14 The relationship between the curvature k and rotation speed
ratio 6, using different stiffener heights 4, of 5 mm, and 10 mm. The
invariant rolling conditions are AA6061, T = 450 “C, H,= 3 mm, r,=
10%, D, = D, =100 mm y, = 4, =0.8, w; = 7.5 rpm
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Fig. 15 The relationship between the curvature k and rotation speed
ratio 6, using different plate width w of 20, 40, 80, and 160 mm. The
invariant rolling conditions are AA6061, T = 450 C, H,=3mm, h,=
10 mm, r,= 10%, ry,;r = 10%,D; = D, =100 mm, y, = y, =0.8, @, =
7.5 rpm

during rolling process, as well as the microstructural and
mechanical properties of the material [36].

c) Friction coefficients u;, and u,

Figure 11 illustrates the variation of the curvature k
against speed ratios 6, for different friction coefficients y
and u, applied to the lower and upper rolls, respectively.
These correspond to various friction ratios (6, = p,/py),
specifically 0.8/0.8, 0.8/0.4, 0.4/0.8, and 0.4/0.4. At the
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Fig. 16 The relationship between the curvature k and rotation speed
ratio 6, using different rolled material of AA1050 and AA6061. The
invariant rolling conditions are T = 20 C, H,= 3 mm, h,= 10 mm,
r,=10%, rr = 10%,D, = D, =100 mm, p; = u, =0.8, 0,= 7.5 rpm

friction coefficient of y; = 0.8 and u,= 0.8, within the
studied speed ratio range, the maximum curvature is k
= 0.019 mm~!, while the minimum is k = —0.06 mm~..
Reducing y, from 0.8 to 0.4 narrows the overall range of
k, as the maximum curvature decreases to k = 0.016 mm™!
and the minimum increases to k = —0.05 mm~'. In addi-
tion, keeping y, constant at 0.8 while lowering p, to 0.4
results in further narrowing of the curvature range, sug-
gesting that the curvature is more sensitive to changes in
the friction coefficient of the lower roll compared to the
upper roll. When both y, and p, are decreased to 0.4, the
curvature range narrows even further, with a maximum of
k =0.012 mm~! and a minimum of k = —0.03 mm~",

d) Rolling speeds

Figure 12 illustrates the variation of the curvature k
against speed ratios ¢, for different speeds w, at 7.5, 15,
and 30 rpm. Altering the rolling speeds seems to have
minimal impact on the curvature, as all trends exhibit simi-
lar behaviour. However, variations in roll speed can mar-
ginally affect the curvature in indirect way. As roll speed
increases, the temperature of the rolled stiffened panel also
rises. This is due to the greater heat generated from plas-
tic deformation combined with a reduced contact time for
heat exchange between the hot stiffened panel and the cold
rolls. This temperature increase may slightly influence the
material properties of the rolled panel, thus affecting the
curvature [37]. Additionally, higher roll speeds reduce the
roll force [38], which may contribute to slightly differ-
ences in the curvature.
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e) Roll diameter D and D,

Figure 13 illustrates the variation of curvature k ver-
sus speed ratios ¢, for different roll diameters (D, = D,).
Three roll diameters were utilised: 100 mm, 200 mm, and
400 mm. Increasing the roll diameter narrows the range of
k across different speed ratio. Specifically, the curvature
exhibits greater sensitivity to speed ratio change with a
smaller roll diameter, while it remains more stable with a
larger one. At a speed ratio of 1, all rolled stiffened pan-
els curved upward, almost wrapping around the upper roll
surface. Consequently, the maximum k values that can
be reached for each roll diameter (trend) for diameters of
100, 200, and 400 mm are approximately 0.02, 0.01, and
0.005 mm~!, respectively, as k = 1/R. On the other hand,
the minimum k values are approximately —0.07, — 0.04,
and — 0.03 mm™1, for diameters of 100, 200, and 400 mm,
respectively. This results in a narrower range of k for the
larger diameter of 400 mm, and a wider range for the
smaller diameter of 100 mm. Thus, larger roll diameters
lead to more stable curvature variation with less sensitiv-
ity to speed ratio changes, while smaller diameters allow
for greater variability in curvature. This effect is reason-
able because larger roll diameters induce less localised
deformation on the rolled panel, as they engage a greater
surface area during rolling. This broader surface engage-
ment leads to more distributed deformation, resulting in
less pronounced curvature.

f) Original stiffener hights &,

Figure 14 illustrates the variation of the curvature k
against speed ratios &, for stiffened panels with different
stiffener heights A, at 5 mm (red dashed line), and 10 mm
(blue solid line), each at stiffener reductions of 0%, 5%, and
10%. Under certain rolling conditions, lower stiffener height
of 5 mm results in a lower curvature compared with higher
stiffener height of 10 mm. This suggests that, for achieving a
straight stiffened panel at a given speed ratio, increasing the
original stiffener height will need a corresponding increase
in the stiffener reduction.

g) Plate widths w

Figure 15 illustrates the impact of varying plate widths
(w) at 20, 40, 80, and 160 mm, on the curvature with respect
to the rotation speed ratio (6,,). Increasing the plate width
leads to a reduction in the curvature, specifically within the
speed ratio range up to 1.11 approximately. At a speed ratio
of 1, rolling a stiffened panel with a width of 20 mm results
in upward bending, characterised by a higher curvature.
However, as the plate width increases, its moment of inertia

also increases, enhancing the plate’s resistance to bending.
Consequently, wider plates exhibit a lower curvature. Nev-
ertheless, at higher speed ratios from 1.33 to 2, the bending
resistance reduces, resulting in a narrower variation in the
curvature across all plate widths.

h) Rolled materials

Figure 16 illustrates the variation in curvature k with
speed ratio 6, for two different aluminium alloys, AA6061
and AA1050. These alloys were selected due to their large
difference in stress flow behaviour, which could influence
the panel rolling performance. Similar simulation approach
can be extended to a wide range of aluminium alloys.
AA6061, known for its higher in strength and stiffness com-
pared to AA1050, is generally more resistant to deforma-
tion during the rolling process. This resistance could poten-
tially influence the curvature profile. However, as depicted
in Fig. 16, no significant difference in the curvature was
observed between the two materials. This suggests that the
impact of changing the material is relatively minor compared
to other rolling parameters, leading to similar curvature pro-
files despite the differences in material deformability.

i) Summary of parameters influencing panel curvature

The analysis of curvature variations in rolled panels,
derived from 265 simulations, highlights the impact of
different parameters on the curvature k, as summarised
in Table 5. The successful production of a stiffened panel
through a rolling process depends heavily on the careful
adjustment of key parameters such as plate thickness reduc-
tion, stiffener reduction, and speed ratio, which have the
most significant effects on the final curvature profile. While
other parameters like roll diameter, friction, and rolling
temperature, also influence the curvature, their effects are
secondary compared to these primary parameters.

3.7 Key insights from simulation analysis for rolling
experiments of stiffened panel

The following points summarise critical consideration of
the key insights from simulation analysis for rolling experi-
ments designed:

1) Keeping stiffener reduction equal to plate thickness
reduction is appropriate in rolling test. According to FE
result (Figs. 7 and 8), if stiffener reduction is less than
the plate thickness reduction, the material deformation
in stiffener is limited, causing gap between upper roll
and stiffener, and hence bad geometry accuracy. Addi-
tionally, it will narrow the range of k, even unable to
roll a straight panel whatever the speed ratio is (Figs. 6
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Table 5 The effect of rolling parameters on the curvature variation

Rolling parameters Effect on curvature k

Related figures

Stiffener reduction ry,,.

Increasing stiffener reduction leads to a decrease in k

Figures 9, 10, 11, 12, 13, 14, 15, 16

Speed ratio ¢, k decreases with increasing the 6, until reaching the minimum Figures 9, 10, 11, 12, 13, 14, 15, 16
peak. Subsequent increases in 6, have diminishing effects

Reduction of plate thickness r,, Increasing r, raises k Figure 9

Rolling temperature T’ No significant effect on k Figure 10

Friction u High friction in both rolls increases the range of k Figure 11

Speed w No significant effect on k Figure 12

Diameter D Increasing roll diameter decreases the range of k Figure 13

Stiffener height £, Elevating the original stiffener height increases k Figure 14

Plate width w Increasing plate width reduces the k Figure 15

Stiffened panel material No significant effect on k Figure 16

and 10). If stiffener reduction is greater than the plate
thickness reduction, material flow from stiffener to plate,
causing a localised distortion and stress concentration,
hence bad geometry accuracy and roll life span. There-
fore, stiffener reduction equal to the plate thickness
reduction is suggested during the experiment design of

rolling a stiffened panel.

2) A novel manufacturing process can be proposed to pro-
duce stiffened panels with good surface quality, high
geometry accuracy, and either straight or curved shape.

The procedure includes:

a) Clarify the desired final geometry of stiffened panel,
including cross-sectional dimensions and curvature.
b) Design the cross-sectional geometry of semi-fin-
ished panel based on the given target geometry,
ensuring equal reductions in the stiffener and plate.
Manufacture the straight semi-finished stiffened

panels preferably by extrusion.

c) Determine appropriate rolling parameters, with
focus on speed ratio and secondary factors such
as roll diameter and rolling temperature through

numerical simulations.

d) Perform rolling tests, compare the results to simula-
tions, and adjust the speed ratio as needed to achieve

the desired curvature.

3) Since friction coefficient has limited effect on k, lubri-
cant, particularly, in the groove of the roll, can be used

in the real rolling test to avoid sticking.

4) Since material, speed, and temperature have limited
effects on k, a unified set of rolling parameters (speed
ratio, reductions) can be used for various materials under
different temperatures and speeds, without influencing
the rolled shape. Therefore, the rolling processing win-
dow of temperature and speed can be obtained to obtain

panels with desired shape and microstructures.
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4 Conclusions

This study analyzes finite element simulation results of
rolling a stiffened panel, aiming to explore the influence
of various rolling parameters, including reductions in
plate thickness and stiffener cross-sectional area, speed
ratio, roll diameter, friction coefficient, temperature, and
material type on the curvature profile. These findings pro-
vide valuable insights for designing a novel and optimal
rolling process for stiffened panels. The key conclusions
in this study are drawn as follows:

1)

2)

3)

4)

The main rolling parameters influencing the final panel
curvature are the reductions in the plate thickness and
stiffener, as well as the speed ratio. Increasing the plate
thickness reduction from 5 to 15% increased the curva-
ture from —0.01022 to 0.00178 mm~" under the rolling
conditions of 1.22 speed ratio and 10% stiffener reduc-
tion. At the same 1.22 speed ratio with 10% plate thick-
ness reduction, increasing the stiffener reduction from 5
to 10% reduced the curvature from 0.00003 to — 0.00453
mm~!. When the speed ratio transitions from 1.11 to
1.33 with a plate thickness reduction of 10% and a stiff-
ener reduction of 10%, the curvature undergoes signifi-
cant decrease from 0.004 to —0.00656 mm~".

The roll diameter and friction coefficient have minor effect
on the final panel curvature. Using larger diameters provide
more stable outcomes of curvature variation. Since friction
coefficient shows minor effect on the curvature. This sug-
gests that lubricant can be used, especially in groove rolls,
to avoid sticking without affecting the final panel shape.
Other variables like rolling temperature, roll speed, and
panel material do not show significant effect on the cur-
vature of the rolled stiffened panel.

Maintaining equal reductions in both plate and stiffener
is recommended for the rolling process to help produc-
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ing the most geometrically accurate panels, preventing
material underfilling or overfilling of the groove.
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