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Abstract

Two-axis roll-bending technology, with the advantages of small curvature radius, short straight section and high efficiency, is widely
used in fields of aerospace and automobile. By adjusting indentation depth in two-axis roll-bending process, different curvature radius of
circular and elliptic component can be formed. Roll-bending experiments and numerical simulations for component with circular and
elliptic section are conducted. The results show that the forming curvature radius of circular component and its deviation both decrease
with ascending indentation depth. The relationship between forming curvature radius and indentation depth is polynomial fitted. On this
basis, ellipse parameter equation is established and different curvature radius at different position of the ellipse is achieved by adjustment
of indentation depth. The relationship between indentation depth and forming time is obtained for elliptic component. Elliptic
components with different sizes are formed. The stress distribution is uniform after roll-bending process and it increases with ascending

indentation depth.
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1. Introduction

Roll-bending forming, especially for circular component
with single curvature, is widely used in fields of aerospace,
marine engineering and automobile. With the development of
aerospace industry, requirements of components with non-
circular section and variable curvature are gradually increased,
such as leading edge skin and auto exhaust pipe of the airplane.
The commonly used methods for this kind of components are
described as follows: Firstly, component with circular section
is formed by roll-bending process and then it is turned into
non-circular section by die pressing. High cost and long pro-
duction cycle are the main disadvantages of this method. In
addition, three-roll bending and four-roll bending process can
be used to form components with variable curvature. However,
the distance between thelower rolls has to be changed for dif-
ferent curvature radius during roll-bending process. The low
efficiency, complex operation and low forming precision affect
the application of three-roll bending and four-roll bending
process. Compared to the method mentioned above, two-axis
roll-bending technology is beneficial to improve forming accu-
racy and efficiency as well as forming quality. Furthermore,
the variable curvature radius is achieved as long as the indenta-
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tion depth is changed, which can be imported into the control
system before roll-bending process. The schematic diagram of
two-axis roll-bending process is shown in Fig. 1. Two-axis
flexible roll-bending machineconsists of rigid roll, flexible roll
(the central spindle is covered by polyurethane rubber) and
accurate press fit servo system. The flexible roll is drive roll
and it rotates at a low speed. A loading force P is applied to
rigid roll and a indentation depth f'is generated. The bending
deformation of the plate is generated through the distributed
pressure formed by the rigid roll and elastic layer of the flexible
roll. A forming curvature radius r of the plate is obtained after
the roll-bending process. Therefore, different forming curva-
ture radius can be achieved by different indentation depth re-
sulting from variation of loading force.

Many previous studies had been conducted on roll-bending
process, including analytical models, finite element models
(FEM) and experimental investigations. Plettke and Vatter [1]
presented two new approaches to simulate the bending radius
during the three-roll-push-bending process. The first one was
based on analytically derived moment-curvature relationship
which considered the realistic flow behavior; while the second
one was using beam elements. Fu et al. [2] proposed an analyti-
cal model and FEM for investigating the three-roll bending
forming process, and accurate relationship between the down-
ward inner roller displacement and the desired springback ra-
dius (unloaded curvature radius) of the bent plate was obtained.
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Fig. 1. Schematic diagram of two-axis roll-bending process.

Salem et al. [3] developed an analytical model to study the
effects of material properties and process parameters (plate
thickness, yield stress, curvature, and conicity for a truncated
cone) on roll bending force, residual stresses, and power of
roll bending process. Tran et al. [4] developed a 3D dynamic
FEM model of an asymmetrical roll bending process and
investigated the effects of parameters on the final shape accu-
racy, the bending forces, and the residual strains. Chudasama
and Raval [5] established a prediction model for the bending
force of dynamic roll-bending and analyzed the spring-back
of the work-piece during 3-roller conical bending process.
Byon et al. [6] proposed an approximate model to predict the
spread and surface profile of cross sections of material in a 3-
roll rolling process. The spread at the exit of roll gap was the
function of the roll diameter, area fraction of the cross section
and contact length of the roll and material. Asymmetrical
three-roll bending was widely used in metal forming due to
its simple configuration. Feng and Champliaud [7] studied the
prediction of the position of the lateral roll with a bilinear
material model during cylindrical roll bending. Tajyar and
Masoumi [8] investigated the effect of shape rolling process
on the bond strength and mechanical properties of Al/Cu
bimetal pipesand found that with the increase of roll gap re-
duction during the various stages, the hardness increased,
while the shear strength decreased. Leacock et al. [9] pre-
sented a FEM methodology of four roll bending process and
it was validated by comparison with force and curvature
measurements from the machine. Gandhi et al. [10] discussed
the formulation of spring-back and machine setting parame-
ters for continuous multi-pass bending of cone frustum on
three-roller bending machines with non-compatible (cylindri-
cal) rollers, and then analyzed the effect of change of flexural
modulus on spring-back prediction. Cai et al. [11] studied a
new flexible forming technology of roll bending: An upper
flexible roll and two lower flexible rolls as a forming tool, in
which the shape of a flexible roll could be changed in vertical
direction. Zhu et al. [12] concluded that the commonly used
material constitutive model predicted the spring-back of cold-
bending poorly and established a new constitutive model
considering the elastic behavior, the anisotropy, and the
work-hardening. Shim et al. [13] proposed two different ap-

proaches to avoid a wavy edge for a formed panel, which was
the main defect that appeared in corrugated panels subjected
to high amounts of bending deformation, and found that the
two proposed design strategies could minimize wavy edges
through experimental and numerical results. Sui et al. [14]
established the longitudinal and transverse mathematical mod-
els to predict the curvatures in roll bending process and the
models were verified by comparisons of the desired and the
numerical simulation results. Sedighi et al. [15] studied the
residual stresses distribution in thin sheets of bi-layer Al-Cu
sheet during roll bending process through hole-drilling method
and obtained the basic formulations of converting experimen-
tally measured strains into residual stress. Wang et al. [16]
analyzed the forming precision of flexible rolling and the rea-
sons for the shape errors through simulated and experimental
results, which demonstrated that the proposed process was a
feasible and effective way of forming three-dimensional sur-
face parts. Jiao et al. [17] developed an analytical solution for
the prediction of web-warping that considers both geometric
and material parameters as web-warping defect is the major
problem in flexible roll forming. Continuous flexible roll
forming is an effective sheet metal-forming process used to
manufacture three-dimensional surface parts. Cai et al. [18]
established a system of methods for controlling the continu-
ous forming process and presented the formulations to deter-
mine the downward displacement of upper roll. As a result,
the software for controlling continuous flexible roll forming
process was developed. Wang et al. [19] introduced the im-
provement of the continuous-forming process that the curve
radius of the roll gap was much larger than the transverse
curvature radius of the forming surface in the forming proc-
ess. Three-dimensional deformation was generated due to the
residual stress caused by the longitudinal non-uniform elon-
gation. Cai et al. [20] set forth the mechanism of the three-
dimensional surface formation in continuous roll forming and
presented the governing equations for the bending deforma-
tion in rolling process, then derived the formulation to calcu-
late the longitudinal bending deformation. The in-plane roll-
bending of strip (IRS) is a flexible forming process to pro-
duce ring parts and instability modes (including external
wrinkling, internal wrinkling) may appear under inappropri-
ate deformation. Liu et al. [21] proposed a new hybrid
method to accurately predict all these instability modes in
IRS. In order to solve the axial wrinkles, poor strength and
cross-section distortion of pipes with rectangular cross-
sections under roll bending process, double-stage forming
was applied by Shim et al. [22] and the cross-section distor-
tion could be minimized by regulating the pre-bending radius
at the first pre-bending stage. The forming forces during roll-
bending process can be reduced by heating the workpieces
and heat-assisted roll-bending was a promising alternative for
manufacturing large and thick axisymmetric parts. Quan et al.
[23] established numerical simulations of heat-assisted roll-
bending to study the relationships between temperature, ap-
plied forces and plate thickness. A better understanding of the
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mechanism of the process and the design of an efficient heat-
ing system to control the heat energy was achieved.

However, many previous studies were focused on bending
deformation, residual stress and springback of plate during
three-roll or four-roll bending process. The studies of two-axis
flexible roll-bending forming were rarely published. In addi-
tion, many researchers paid much attention to the roll-bending
process of components with circular section. Nevertheless,
many components with non-circular section were in great
need in fields of aerospace and the forming technology of this
kind of component was rarely analyzed. In this study, tensile
tests are conducted to obtain material parameters of aluminum
alloy 2024-T351. Then, roll-bending experiments for compo-
nent with circular section are performed to acquire the rela-
tionship between forming curvature radius and indentation
depth. In addition, component with elliptical section is ex-
perimentally studied and different sizes and forming curvature
radius can be achieved by adjustment of indentation depth.
Finally, numerical models of roll-bending process are estab-
lished and the stress variation at different indentation depth is
analyzed. This study provides guidance two-axis roll-bending
process of components with non-circular section.

2. Experiments

The experiments conducted in this study include three parts:
Tensile test, roll-bending process for plate with circular sec-
tion and for plate with non-circular section (such as elliptic
section). Mechanical property parameters of the material, such
as Young's modulus, Poisson's ratio and yield strength, can be
obtained through tensile test. The material of the plate is alu-
minum alloy 2024-T351 and its thickness is 1 mm. According
to metal tensile test standard described in GB228-87, tensile
test of aluminum alloy 2024-T351 is conducted on tensile
testing machine. The gauge length is 50mm and width of ten-
sile area is 12.5 mm. The loading speed of tensile testing ma-
chine is 0.05 mm/s and its static load error is less than 0.1 %.
Laser extensometer is used to calculate the elongation of the
specimen after tensile test and its gauge length is 50 mm. Dur-
ing the tensile test, the load, displacement, strain and time are
recorded automatically. The stress-strain curve of the material
can be obtained.

Two-axis flexible roll-bending machine is used for the roll-
bending process of metal alloy, such as aluminum alloy, car-
bon steel and stainless steel, as shown in Fig. 2. The material
of the flexible roll is polyurethane rubber; its thickness is
50 mm and its Shore Hardness is 90 A. The flexible roll is
drive roll with diameter of 280 mm and its rotational speed is
1.2 RPM. The rigid roll is driven roll and its diameter is
80 mm.

Under the given roll diameter and plate size, the forming
curvature radius of the plate is related to indentation depth
during roll-bending process. Roll-bending experiments for
component with circular section are conducted to obtain the
relationship between forming curvature radius and indentation

Table 1. Results of tensile test of aluminum alloy 2024-T351.

Specimen NO. E/GPa | o,/MPa | K/MPa n ow/MPa
1 72.01 | 31946 | 456.03 | 0.21 413.16
2 72.16 | 321.55 468.65 | 0.24 | 41623
3 71.88 | 322.09 | 460.09 | 023 | 41537
Average value 72.02 | 321.03 461.03 | 023 | 41492
where oy is ultimate strength.
Rigid roll

Fig. 2. Two-axis flexible roll-bending machine.
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Fig. 3. True stress-strain curves during tensile test.

depth. The size of the plate is 400 mm (length) X100 mm
(width) x1 mm (thickness) and the indentation depth in roll-
bending process varies from 3 mm to 5.5 mm. As the compo-
nent with noncircular section can be divided into many arcs
and each arc can be assumed to part of circle under large
number of arcs. Therefore, the roll-bending process for non-
circular section can be achieved on the basis of the results
from circular section. After that, roll-bending experiments for
component with noncircular section (such as elliptic section)
are conducted. After roll-bending experiments, several points
on the surface of the component are measured by coordinate
measuring machine and forming curvature radius can be ob-
tained.

3. Results and discussion

3.1 Tensile test

Fig. 3 shows the true stress-strain curves of aluminum alloy
2024-T351 and there are obvious elsticity stage and plasticity
stage in the tensile test. The stress first increases linearly with
strain and then increases nonlinearly. Piecewise function can
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Fig. 4. Roll-bending components for different indentation depths.
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Fig. 5. Effect of indentation depth on forming curvature radius.

be used to describe deformation behavior during tensile test,
as shown in Eq. (1). The results of material parameters are
shown in Table 1.

<o, /E

e>0, lE

| Ee, |
7= o, +K(e-g)" M

where E is Young's modulus, € is strain and &, is elastic strain,
o, is yield strength, K and » are hardening coefficient and ex-
ponent, respectively.

3.2 Roll-bending for component with circular section

For the two-axis roll-bending process, the forming curva-
ture radius is related to indentation depth under given roll
diameters. Different indentation depths are adopted in the roll-
bending process for component with circular section, the fig-
ures of the components after roll-bending are shown in Fig. 4.
After measuring position of the points at surface of the com-
ponent, the forming curvature radius is fitted, as shown in Fig.
5. The forming curvature radius first decreases sharply and
then decreases slightly with ascending indentation depth.
When the indentation depth exceeds 4.5 mm, the forming
curvature radius almost keeps steady, which illustrates further
increase of indentation depth has little effect on curvature
radius decrease. The forming force between flexible roll and

8-
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Fig. 6. Effect of indentation depth on deviation of forming curvature
radius.

rigid roll is quite small under small indentation depth, as a
result, small bending curvature is generated due to small bend-
ing moment. The forming force and bending moment both
increase with ascending indentation depth. The relationship
between forming curvature radius and indentation depth can
be obtained by quadratic fitting, as shown in Eq. (2). In order
to study the bending quality variation, deviation of the form-
ing curvature radius is analyzed, as shown in Fig. 6. For the
given indentation depth, several specimens are formed and the
deviation of the forming curvature radius of these specimens
is calculated. It is obvious that the deviation decreases with
ascending indentation depth. Fig. 6 shows linear relationship
between deviation and indentation depth up to a indentation
depth of 4.5, thereafter it continues to decrease with a different
ratio, piecewise linear function is adopted to describe the rela-
tionship between deviation of forming curvature radius and
indentation depth, as shown in Eq. (3). The bending moment
applied to the plate from polyurethane rubber is quite small
under small indentation depth, which cannot meet stability
requirements of roll-bending process. In addition, the forming
curvature radius changes sharply under small indentation
depth, the variation of indentation depth can cause large fluc-
tuation of forming curvature radius. Therefore, the deviation
of indentation depth adjustment under small indentation depth
may induce large deviation of forming curvature radius.

r=1/(~0.02176+0.01305 £ —0.0011217) 2)

where 7 is forming curvature radius and f'is indentation depth.

r<4.5

r>4.5

~3.33r+15.99
f{ ©)

-0.92r +5.14
where D, is deviation of forming curvature radius.

3.3 Roll-bending for component with elliptic section

Component with non-circular section is commonly seen in
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Table 2. Parameters of specimen with elliptic section.

Specimen number| @ (mm) b (mm) Foin (IMM) | Fipax (Mm)
1 90 80 71.1 101.2
2 100 80 64 125
3 100 90 81 111.1
4 110 90 73.6 1344

the field of aerospace, such as the skin at leading edge of the
wing. Elliptic section is a typical type of non-circular section
as its curvature obviously changes at different positions.
Firstly, ellipse parameter equation is established and the cur-
vature radius at different positions of the ellipse is calculated,
as shown in Eqgs. (4) and (5), the value range of curvature ra-
dius is bY/a <r<d’/b.

x=acosf @
y=>bsinf
[ ( bsin@ DLS
1+ )
e acbos 5)
az(sin@)3

where a is semi-major axis and b is semi-minor axis, € is an-
gle with horizontal axis.

In this study, four specimens with elliptic section are stud-
ied and different size of ellipse is shown in Table 2. As dis-
cussed above, different curvature radius is achieved by ad-
justment of indentation depth during roll-bending process. The
curvature radius changes with the point’s position of the el-
lipse and the indentation depth is adjusted according to the arc
length and the forming time. The forming time # can be calcu-
lated by the arc length and the velocity of flexible roll, as
shown in Eq. (6).

L= ai[:ﬂwll—ez cos’(0)do ©6)

where L is arc length and e is eccentricity and e is calculated
by e=+a*-b’/a.

However, the arc length is quite difficult to be calculated by
Eq. (6), numerical integration is adopted. The ellipse perime-
ter is divided into several arcs according to the angle 6. Each
arc is assumed with single curvature and the indentation depth
can be set as a constant value. The accuracy of this assumption
can be guaranteed as long as more arcs are divided. Com-
pound Simpson formula is used to calculate each arc, as
shown in Eq. (7).

According to Simpson equation, the integration of the
specified function can be obtained by calculation of the area
between the quadratic parabola and horizontal axis. It should
be noted that this quadratic parabola must pass through three
given points, which divided the integrating range into two

Table 3. Parameters of elliptic section (¢ = 100 mm, » = 80 mm) dur-
ing roll-bending process.

a(°) (mm) Almm) L(mm) t(s)
0~5 64 5.17 7.65 0.31
5~15 65.64 4.92 15.51 0.69
15~25 70.42 446 15.84 0.70
25~35 77.96 4.04 16.16 0.72
35~45 87.56 3.72 16.43 0.73
45~55 98.17 3.49 16.63 0.74
55~65 108.51 332 16.71 0.75
65~75 117.19 3.20 16.67 0.74
75~85 122.97 3.14 16.52 0.74
85~90 125 3.11 8.17 0.33
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Fig. 7. Relationship between indentation depth and time for elliptic
section roll-bending.

parts. In order to improve the accuracy of numerial integration,
compound Simpson equation is described as follows: First, the
integrating range of Eq. (5) is divided into several smaller
integrating range, and then Simpson equation is used in every
small Simpson equation; finally, the sum of all the Simpson
equation is calculated.

L :%”z‘[s(ek)ws[ehl]+s(9k+, )J )

where n is the number of arc, 4 is integration step, & = 6;,,-6,,
S(6)) is the value of integrand of arc length at 6, S(6,)=

ayJ1-¢*cos’(6,) .

Take the component with elliptic section for example, Ta-
ble 3 shows the parameters of elliptic section (¢ = 100 mm, b
= 80 mm). The curvature radius in each arc is different and it
can be achieved by different indentation depth. Fig. 7 shows
the relationship between indentation depth and time during
roll-bending for component with elliptic section. The data is
imported into the control system by writing machining code.
As the indentation depth is the main factor for the accuracy of
the experiment, the starting point should be accurately posi-
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Table 4. Size of test specimens after roll-bending.

Table 5. Friction coefficient for roll-bending model.

Specimen number a (mm) b (mm) Contact bodies | Plate-rigid roll | Plate-flexible roll | Rigid roll-flexible roll
1 88.93 80.75 Drive Rigid roll Flexible roll Rigid roll
2 98.12 81.25 Driven Plate Plate Flexible roll
3 98.74 91.28 u 0.2 0.25 0.1
4 107.56 92.16

Fig. 8. Test specimens with elliptic section after roll-bending.
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Fig. 9. Size error of elliptic specimens after roll-bending.

tioned before roll-bending process.

The test specimens with elliptic section after roll-bending are
depicted in Fig. 8. After measurement of point’s position by
coordinate measuring machine and fitting by least square
method, the sizes of semi-major axis and semi-minor axis can
be calculated, as shown in Table 4. It is obviously that there are
size difference between test specimens and original ones, as
shown in Fig. 9. The accuracy of test specimens with elliptic
section for roll-bending process is high as the maximum error
is smaller than 2.5 %. Meanwhile, the error of specimen num-
ber 2 and 4 is larger than that of number 1 and 3. As shown in
Table 2, the maximum curvature radius of number 2 and 4 is
larger than that of number 1 and 3. Large curvature radius cor-
responds to small indentation depth; however, small indenta-
tion depth will increase the deviation, as discussed in Fig. 6.

4. Numerical models

There are two processes for two-axis roll-bending process:
Bending forming and springback. dynamic display algorithm
is used to calculate the bending curvature and stress during
roll-bending process and static implicit algorithm is adopted to
calculate the springback after roll-bending process.

The simulation of roll-bending process is conducted with
ABAQUS software. The diameters of rigid roll and flexible
roll as well as the size of the plate in numerical models are the
same to experiments. The size of the plate is 400 mm (length)
x100 mm (width) x1 mm (thickness), the thickness is much
smaller than the length and width. For roll-bending process of
small thickness plate, the stress variation through thickess can
be neglected therefore, shell element of S4R is adopted.
Three-dimensional solid element C3D8R is used for the
polyurethane rubber. As there is direct contact between the
plate and polyurethane rubber, the mesh size of the outer layer
of polyurethane rubber is much smaller than the inner layer, as
shown in Fig. 1. The mesh size of the outer layer of
polyurethane rubber is nearly equal to the mesh size of the
plate, high computation efficiency can be achieved on condi-
tion that the calculation precision is ensured. Elastoplastic
hardening model is used to describe the relationship between
true stress and true strain of aluminum alloy 2024-T351, as
shown in Eq. (1). The true stress-strain curves are imported to
the model to describe the variations of stress and strain during
roll-bending process. The flexible roll consists of central spin-
dle and the surrounding polyurethane rubber layer. The di-
ameter and width of central spindle is 180 mm and 130 mm,
respectively, and 280 mm and 120mm for the polyurethane
rubber layer. There is no relative slip between central spindle
and polyurethane rubber layer as interference fit is applied. In
this model, constraint is applied between the external surface
of central spindle and internal surface of polyurethane rubber
layer. There are contact force and friction between rigid roll,
plate and flexible roll and coulomb friction is used, as shown
in Eq. (8). The friction coefficient between the three bodies is
shown in Table 5.

fi=pu )]

where f; is friction force, p is normal pressure, u is friction
coefficient.

According to the indentation depth, a vertical displacement
is applied to the flexible roll to simulate the loading process of
flexible roll. Then rotational speed is applied to the rigid roll
and flexible roll is set as driven roll to simulate the roll-
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Fig. 10. Stress and forming curvature variations under different indentation depths after roll-bending process.
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Fig. 11. Comparison of experimentlal and simulated forming curvature
variations for components with circular section.

bending process. After the roll-bending process, six degrees of
freedom for the short edge of the plate are constrained and the
springback of the plate is analyzed. Fig. 10 shows stress and
forming curvature variations under different indentation
depths after roll-bending process. The maximum stress during
roll-bending process increases with ascending indentation
depth and the maximum stress mainly appears at both sides of
the width of the plate. The stress at most area of the plate is
uniform after unloading and springback process. Roll-bening
is the continuous deformation process with accumulation of
local small deformation, meanwhile, the width of the rolls are
much larger than the plate width. The contact deformation
area of the plate is completely located between two rolls. As
discussed in Fig. 1, the uniform distributed pressure is applied
to the plate from the flexible roll when the loading force or the
indentation depth is generated. Due to the characteristics of
polyurethane rubber of the flexible roll, the uniform deforma-
tion at different positions of the plate can be generated under

S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)
+2.229e+02
+2.107e+02
+1.960e+02
+1.820e+02
+1.684e+02
+1.560e+02
+1.402e+02
+1.296e+02
+1.139e+02
+9.852e+01
+8.471e+01
+7.139e+01
+5.737e+01

S, Mises

SNEG, (fraction = -1.0)
(Avg: 75%)
+2.209e+02
+2.072e+02
+1.936e+02
+1.800e+02
+1.664e+02
+1.528e+02
+1.392e+02
+1.256e+02
+1.119e+02
+9.832e+01
+8.471e+01
+7.109e+01
+5.747e+01

Fig. 12. Stress and forming curvature variations for components with
elliptic section after roll-bending process.

the uniform pressure, as a result, the stress and strain are both
small and uniformly distributed during roll-bending process.
The stress at both sides of the plate is large due to no con-
straint along the width direction of the plate. After output of
the coordiates of the nodes through the lengthwise direction of
the plate, the forming curvature radius can be calculated by
least square fitting method in MATLAB software. The com-
parison of experimentlal and simulated forming curvature
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Fig. 13. Comparison of experimentlal and simulated forming curvature
variations for components with elliptic section.

variations is shown in Fig. 11. The experimental results agree
with the simulated results and the error ranges from 3 % to
5 %.

The simulation of roll-bending process for component with
elliptic section is the same as the experiment. First, the elliptic
section is divided into several arcs and then different indenta-
tion depth is applied. The results are shown in Figs. 12 and 13.
The stress distribution is similar to that of circular section and
the error changes from 3 % to 7 %.

5. Conclusions

(1) Numerical models of two-axis roll-bending are estab-
lished and the stress after unloading increases with ascending
indentation depth.

(2) The forming curvature radius decreases with ascending
indentation depth and the relationship between curvature ra-
dius and indentation depth can be fitted by quadratic function
for components with circular section.

(3) Through real-time adjustment of indentation depth, dif-
ferent curvature radius can be achieved during different time
of roll-bending process.
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