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Abstract

Sheet metal bending processes are some of the most commonly used industrial manufacturing operations. The development and opti-
mization of these processes are time consuming and costly. Therefore, finite element simulations may aid the design and quality assur-
ance of sheet metal products. In the present study, a commercial finite element package was used to analyze the three-roller bending of a
steel sheet. A two-dimensional finite element model of this process was built under the ABAQUS/Explicit environment based on the
solution of several key techniques, such as contact boundary condition treatment, material property definition, meshing technique, and so
on. Maps with desired curvature radii were established by varying the distance between the two bottom rollers and the position of the
upper one. The developed maps made the rolling process easier and less time consuming. An industrial experiment using optimized nu-
merical results was carried out to validate the numerical model. Residual stress and equivalent plastic strain distributions were also stud-

ied. The numerical spring back phenomenon was compared with analytical results.
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1. Introduction

Cylindrical sections or ferrules are used in many engineer-
ing applications like pressure vessels, heat-exchanger shells,
and boiler chambers. They also form the major skeleton of oil
and gas rigs. Rolling machines with both three and four rolls
are indispensable to the production of ferrules with various
curvatures [1-3]. To date, research on the cold cylindrical
bending process has been done using only analytical and em-
pirical models. Yang and Shima [4] have discussed the distri-
bution of curvature and calculated bending moment in accor-
dance with the displacement and rotation of rolls by simulat-
ing the deformation of a workpiece with a U-shaped cross-
section in a three-roller bending process. Hua et al. [3] have
proposed a formulation to determine the bending force on
rollers, the driving torque, and the power in the continuous
single-pass four-roll bend of thin plate. Gandhi and Raval [5]
have developed analytical and empirical models to estimate
explicitly the top roller position as a function of the final ra-
dius of curvature for the three-roller cylindrical bending of
plates.

In the present paper, the three-roller bending process pa-
rameters were studied using two-dimensional dynamic explicit
finite element (FE) analysis. As schematically shown in Fig. 1,
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Fig. 1. Configuration of a pyramidal three-roller bending machine.
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Fig. 2. Initial dimensions of the workpiece for modeling (in mm).

the sheet metal was fed by two side rollers from point A, bent
to an arbitrary curvature by adjusting the position of the top
roller, and then exited at point B. Afterwards, the workpiece
was welded together to produce a ferrule. The rolling process
always began with the crucial operation of pre-bending both
ends of the workpiece (Fig. 2). This operation eliminated flat
spots when rolling a full cylindrical shape and ensured better
closure of the seam.

The success of the three-roller bending process heavily de-
pends on the experience and skill of the operator. The work-
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piece bend is generally produced via the multi-pass method,
also named “trial and error” to optimize the bending capacity
of the roller benders. Nevertheless, the multi-pass method
suggests high costs owing to material wastage and loss of
production time. The repeatability, precision, and productivity
of the process require the use of a single-pass production
method [5].

However, the latter method has been always a challenge be-
cause an operator must have knowledge of the different ma-
chine parameters to obtain ferrules with desired diameter. The
parameters include the position of the top roller (U), distance
between the bottom rollers (a), and thickness of the sheet
metal (e).

2. FE modeling

The rolling process is complicated from an FE modeling
perspective. Its common features with other forming processes
include large strain plasticity, large displacements, and contact
phenomena. However, this process seems to be more compli-
cated than other forming processes. For instance, the work-
piece is pulled into the roll gap by friction due to the motions
of the upper and lower rollers.

To model the rolling process using Abaqus FEs code and to
ensure the accuracy and efficiency of computation, many key
techniques were taken into account, such as geometry model-
ing, assembling, treating of contact boundary conditions, defi-
nition of material properties, mesh, and so on [6]. These tech-
niques are detailed in the next section.

2.1 Modeling problem

Both implicit and explicit solution methods were tried to
run successful simulations. The implicit method is favorable
in models where large time increments can be used. Several
attempts using the implicit method were made, but simula-
tions were interrupted after a few rotation degrees. Given the
nonlinearity of the problem and the severe contact conditions,
using large time increments was not possible. Consequently,
the explicit solution method seemed more suitable because
very small time increments were needed in the problem. This
choice of the dynamic explicit procedure has been confirmed
by Han and Hua [7] using a model of the cold rotary forging
process of a ring workpiece. The explicit dynamic analysis
procedure was based on the implementation of an explicit
integration rule using diagonal element mass matrices. The
equations of motion for the body were integrated using the
explicit central-difference integration rule [8], as shown in the
following:
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Fig. 3. Uniaxial tensile tests of S275JR.

where " is a degree of freedom and the subscript i refers to
the increment number in an explicit dynamic step.
The different steps are detailed in the following sections.

2.2 Modeling problem

The entire three-roller bending process model was made up
of a workpiece and rollers. The sheet steel was defined as a
deformable body, and the rollers, which were not deformable,
were defined as discrete rigid bodies. Each of these rigid bod-
ies was assigned to a reference point (RP) to represent its rigid
motion in all degrees of freedom.

2.3 Material properties

The rollers were made from C46-forged carbon steel, and
were presumed to be rigid bodies. A steel sheet was assigned
as a deformable body. The material properties of S275JR steel
were defined using Young’s modulus £, density p, and Pois-
son’s ratio v. To determine the plastic behavior of the steel, a
conventional stress-strain curve was obtained from a uniaxial
tensile test (NF A 03-151), as presented in Fig. 3. Isotropic
elasticity behavior was assumed, with Young’s modulus of
210 GPa and Poisson’s ratio of 0.3. Strain hardening was de-
scribed using several points of tensile stress versus plastic
strain over the yield strength (290 MPa) and below the tensile
strength (489 MPa). The dynamic explicit method was used in
the computation, and the weight of the sheet was taken into
account. The steel density used was 7800 kg'm™. Mass scaling
greatly affects computational results; a greater is the mass
scaling the shorter is the computation time. However, very
high mass scaling can lead to an unstable solution. In the pre-
sent work, the optimized mass scaling parameter was found to
be 3000 times.

2.4 Contact definition

The finite element code Abaqus uses surfaces to describe
contacts and interactions between different parts of a rolling
machine. A master—slave contact approach is used in an
analysis where the rollers are considered as the master sur-
faces, and the sheet surfaces facing the rollers constitute the
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Table 1. Friction parameters between different surfaces.
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Fig. 4. Applied loads and boundary conditions.

slaves. In the present study, the interaction between the work-
piece and tools (upper and bottom rollers) was formulated
using the finite sliding approach, which allowed the possibility
of separating the surfaces during the rolling operation. The
friction on the contact surfaces was assumed to meet the Cou-
lomb friction law. All friction coefficients were also assumed
to be constant during the rolling process (Table 1).

2.5 Constraints and load definition

All constraints and loads in the three-roller bending analysis
model were referenced to the global coordinate system. The
process model was achieved in two steps. The first was the
sheet bending, or simply “bending.” The second was the cir-
cular deformation of the sheet, called “rolling.” The rigid mo-
tions of the rollers were represented by their RPs. Hence, the
constraints and loads applied on the rollers were exerted on
their RPs. Boundary conditions and loading were carried out
through the two modes of displacement/rotation and veloc-
ity/angular velocity (Fig. 4). During the first step, the bottom
rollers were free to rotate only about the global X3-axis,
whereas the upper roller was constrained to translate only
along the global X2-axis. In the second step, the upper roller
rotated around the X3-axis with an angular velocity of 0.23
rad~s'1, whereas, the bottom rollers remained within the same
boundary condition as defined in the previous step.

B

Fig. 5. Comparison of numerical and experimental results (diameter =
1000 mm).

2.6 Meshing techniques

Element types, the number of elements, and mesh quality
are important in meshing technologies. The workpiece was
discretized by reducing the integration linear plane stress
(CPS4R) elements. The rollers were meshed using rigid linear
(R2D2) elements. The elements types used were available in
the ABAQUS element library.

3. Modeling validation

To validate the finite element model of the three-roller
bending process, the experimental and numerical results were
compared. Several computations were realized by varying the
top roller position and maintaining the distance between the
bottom rollers at 750 mm. The computations were performed
using the dynamic procedure in the ABAQUS/explicit code.
The CPU time calculated with a 3 GHz processor was about
450 min with the model containing more than 6900 elements,
which corresponded to 15 500 degrees of freedom. A three-
roller bending machine was equipped with the appropriate
instrumentation needed to set the distance between the bottom
roller centers and the position of the upper roller. For this in-
dustrial test, process parameters were provided by the simula-
tion. Fig. 5 compares the numerical and experimental results.
Indeed, optimized parameters allowed for obtaining the same
diameter from the real and theoretical cases. Hence, the accu-
racy of the simulation was verified.

4. Results and discussion

Fig. 6 shows the different steps in the rolling process ob-
tained via numerical computation. Clearly, the distribution of
the curvature was asymmetric at about the top contact point
(between the top roller and sheet). This finding, which can be
explained by the asymmetrical deformation about the maxi-
mum bending moment point, well agreed with that of Yang
and Shima [4] as well as Yang et al. [9]. The workpiece thick-
ness also remained constant after the bending and rolling
processes.

4.1 Residual stress and plastic strain distribution

The distributions of residual stress and equivalent plastic



126 A. Ktari et al. / Journal of Mechanical Science and Technology 26 (1) (2012) 123~128

5, Mises 5, Mises
t“‘i-n %:D:I‘.jc.: lj:I.t:lm:- (Ave. Crit.: 100%)
. 000e +2. 9180408
+0.000e+00 +2.675e+08
+0.000e+00 +2.432e408
:g.ggv g +2.189e+08
18888 o
+g_gn¢4 3 +1. 459408
10'-“ 00 +1.216e+08
13- 303e102 +9.731e+07
Fa-ooaeio +7.299e+07 .
+0. 0002400 : 13355107 :
+0.000e+00 +4.036e+04 !

1
Scep: Flexion,
Inch wmens,

]

8, Hises 8, Mises

{Ave. Cric.: 100%) fAwve. Crit.: 100%)
+3.693et08 +3.663et08
+3. 385e+08 +3.358e+08

step: Roulages
Increment 1 3 i 0.7500

Primary Var: 5, Wise:

De{?xud Var: U | D oy ion Scale Pgﬂ({ar: +1.0008 00

‘&lp: Roulagel

Iner ana

Prinary Var: 3
rmed Var:

TU453: . Srap Tine =
i

5.000

emeTE 2
Primary Var: £, Wises

oc Duforued Var: U | Deformfcion Scale Fagtor: $1.000s}00
1

Primary Vaz: 3, His
Do{?r-u var: U

(e) ®

Fig. 6. Cylindrical rolling process phases: (a) initial bending condition; (b) initial rolling condition; (c) % of the rolling process; (d) ' of the rolling
process; (€) % of the rolling process; (f) obtained ferrule.
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Fig. 7. Distribution of (a) residual stress; (b) equivalent plastic strain
over a section of bend.
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Fig. 8. Distribution of the residual stress along the sheet thickness at
three different positions on formed ferrule (P1, P2, and P3).
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Fig. 9. Distribution of the equivalent plastic strain along the sheet
thickness at three different positions on formed ferrule (P1, P2, and
P3).

strain on the bend sheet part (Figs. 7 and 8) indicated that the
maximum residual stress was located in the vicinity of neutral
fiber with a value of 190 MPa. The distance from the neutral
fiber increased, whereas the residual stress continuously de-
creased until reaching a value of 50 MPa at 6 mm from the
sheet surfaces. Figs. 7 and 9 show the distribution of equiva-
lent plastic strain over sheet thickness. The maximum plastic
strain was located on ferrule surfaces, and the minimum value
was in the neutral fiber zone. These results were consistent
with those obtained by Bouhélier [10].

4.2 Establishment of rolling maps

After validating the three-roller bending process model,
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Fig. 10. Final diameter (mm) versus top roller position (mm) and the
center distance between the bottom rollers (mm) with a sheet thickness
of about 14 mm.
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Fig. 11. Final diameter (mm) versus top roller position (mm) and the
center distance between the bottom rollers (mm) with a sheet thickness
of about 30 mm.

several computations were performed with various top roller
positions (U) to obtain ferrules with final diameters ranging
from 800 to 4000 mm. This approach was repeated for differ-
ent distances between the bottom rollers (a). Figs. 10 and 11
show that lower top roller positions resulted in higher diame-
ters. Longer distances between the bottom rollers also resulted
in bigger ferrule diameters when the distance of the top roller
position was constant. This result well agreed with that of
Gandhi and Raval [5], who have studied the effect of the top
roller position (U) on the desired curvature radius (Ry).

4.3 Spring back in formed sheet metal

In the rolling process, the radius through which the sheet
steel is bent must be smaller than the required radius because
of the spring back phenomenon. The amount of spring back
depends on several materials and such machine properties as
the elasticity modulus, shape of the stress-strain curve, sheet
thickness, roller dimensions, and so on. To study the spring
back phenomenon produced on steel sheets, the rolling proc-
ess is often used. The evolution of the initial curvature radius
R, versus the obtained radius R; (normed by sheet thickness)
was established (Fig. 12). The first curve was obtained by
numerical simulation of the rolling process. The second was
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Fig. 12. Comparison between the analytical and numerical spring back
distance between the bottom rollers 650 mm (material tensile strength
=292 MPa).

determined by Bouhélier [10] using empirical Eq. (3).

S ke

where E, o, and e are the Young’s modulus, yield stress, and
sheet thickness, respectively.

Fig. 12 shows that the numerical and analytical spring back
values were in good agreement. However, Bouhélier [10] has
assumed that the material has a perfect elasto-plastic behavior.
This behavior can be explained by the low plastic strain value
(between 0.2% and 3.2%), as previously observed (Fig. 9).

5. Conclusions

A mechanical dynamic analysis of steel sheet bending with
a three-roller machine was performed using the Abaqus/
Explicit code. First, the modeling was validated by comparing
the numerical and experimental results. Several maps were
then developed, enabling variations in desired ferrule diame-
ters versus positions of the top roller and the distance between
the bottom rollers of both 14 and 30 mm sheet thicknesses.
Maps made the rolling process easier and faster. The residual
stress and plastic strain through the workpiece thickness were
estimated. Finally, the spring back obtained with the FE re-
sults were compared with an analytical solution obtained in a
similar study on the three-roller bending process. This com-
parison showed that the numerical and analytical results were
in good agreement.
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