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Abstract: Three-point roll bending is one of the most common forming processes employed to obtain the desired radius of curvature
in the sheet metal operations. Upon the removal of the forming load, the sheet metal deforms to a lesser extent than that of the required
dimension. This phenomenon is termed as spring-back and is considered the most challenging areas of research in three-point roll
bending of sheet metals. This study aims to develop a numerical model using HyperWorks and Radioss solver to understand the influence
of load, the distance between the forming rollers, and its thickness on the spring-back effect in the course of three-point roll bending
of sheet metal (AA5052). The results of the numerical model are validated with the results of the experimental trials. Besides, a statistical
model is developed to relate the amount of spring-back with the three-point roll bending process parameters.
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1. INTRODUCTION

AA5052 is an aluminum alloy with magnesium as the primary
alloying element and is known for its high corrosion resistance
and low weight to high strength ratio. Hence, it is widely used in
aircraft tubes, automobile parts, and hydraulic tubes. Besides,
AA5052 alloy has good formable properties. However, the forming
of AA5052 alloy has many challenges. Sheet metal forming is one
of the important and most common processes used in the manu-
facturing industries (Hecker, 1975; Hu et al., 2002; Parsa et al.,
2012). During forming processes, force is applied on the sheet
metal to modify its geometry rather than the removal of material.
Three-point roll bending is one of the forming processes, which
bends a long continuous strip of sheet metal into a large or medi-
um size tubular section that is typically used in aircraft structures,
pressure vessels, and tunnels.

The symmetric roll bending machines have three rollers with
an arrangement similar to that of an isosceles triangle. In symmet-
ric roll bending machines, the top roller moves vertically, and the
bottom rollers move horizontally. The vertical movement of the
roller applies a load on the sheet metal. The rotation of bottom
rollers helps in uniform distribution of the load along the length of
the sheet metal, forming the sheet metal to the desired radius of
curvature. However, the recovery of the elastic region in the sheet
metal upon removal of load results in the spring-back effect. The
forming of the sheet metal to the desired radius of curvature de-
pends on the thickness of the sheet metal, material property
(Young's modulus, Poisson's ratio & yield strength), and the pro-
cess parameters such as displacement of the top roller (TRD), the
distance between the bottom rollers (DBBR), the radius of top and
bottom roller.

A few studies attempted to understand the behavior of the
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sheet metal during the forming process (Abvabi et al., 2014;
Ghimire et al., 2017; lee et al., 2005; Westermann et al., 2011;
Xing et al., 2013; Xu et al., 2004; Belykh et al., 2016; Davies and
Magee, 1977; Fortin et al., 1983; Kumar et al., 2014). Hansen and
Jannerup(1979) developed an analytical model to predict the final
curvature (range) of the sheet metal. The results indicate that the
final curvature is highly sensitive to the forming parameters than
that of the material properties. However, the analytical model
predictions could not determine the exact final curvature. Hardt et
al. (1982) developed a shape controller system for the forming
process. The shape controller attains the desired shape based on
the loaded sheet metal, material properties at the loaded position,
and the amount of elastic spring-back. A series of experiments
were conducted with a shape controller to attain the desired
shape. However, the dynamic control of the workpiece was highly
challenging with the shape controller.

Yang and Shima(1988) determined the relationship between
the displacement of the center roller and the final curvature of the
sheet metal in the forming process. He also demonstrated that the
distribution of the curvature was axisymmetric about a point and
was not symmetric about the center of the axis. However, material
properties were not considered in the analytical method. Gandhi
and Ravel (2006) developed models for single-pass bending with
constant Young’s modulus and multi-pass bending with constant
and varying Young’'s modulus. However, the study lacks a com-
prehensive analysis of the influence of the number of passes and
the load applied. Srivastav and Shinde (2010) studied the dynam-
ic process of the plate rolling using finite element analysis. A 3D,
dynamic elastic-plastic for steel material, was developed and
validated to study the stress and strain in the sheet metal using
Radioss. However, the influence of parameters was not discussed
explicitly.

A few analytical models were developed to analyze the spring-
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back effect in the three-point roll bending of aluminum alloys
(Yang and Shima, 1988; Paulsen and Welo, 1996; Badr et al.,
2017; Guo et al., 2017; Ameen, 2012; Liu et al., 2018; Ktari et al.,
2012; Khamen et al., 2016). However, these models were devel-
oped based on the theory of bending in which the neutral axis
remains at the midpoint along with the thickness and the material
properties like Young's modulus remaining constant for the entire
process. However, in practical situations, Young's modulus
changes while deforming the material to the desired shape.

Most of the studies were carried out using finite element mod-
els to correlate the process parameters with the experiment re-
sults (final radius of curvature). Finite element analysis to investi-
gate the effect of process parameters on the spring-back effect
during deformation processing of materials is not available in the
open literature.

The study aims to perform a parametric study on the three-
point roll bending process and spring-back effect in the materials.
A simulation model was developed for the three-point process
using HyperWorks(2010) and Radioss(2014). The model was
validated using the experimental test. The influence of process
parameters in three-point roll bending on the spring-back effect
was analyzed using a hybrid linear and radial basis function mod-
el. The model was used to optimize the process parameters to
achieve the minimum spring-back effect (desired radius of curva-
ture).

2. MATERIALS AND METHODS

2.1. Computational Methodology

Computation methodology is a powerful and cost-effective tool
used to predict the approximate solution for practical problems. In
this work, the finite element method and design of experiments
are used to explore the amount of spring-back in the three-point
roll bending process.

2.1.1. Numerical Modeling

Non-linear dynamic finite element model was developed to
predict the large plastic strain, large deformation, and contact
phenomenon during the three-point roll bending process of the
sheet metal. The finite element model was developed using
HyperWorks(2010) and solved using a Radioss solver (2004). The
bending process of sheet metal was simulated using the explicit
analysis while the spring back process used the implicit analysis.
The developed finite element model used a multi-stage forming
process, where the top roller displacement was given stage-wise
to achieve the accuracy of the formed radius of curvature. The
accuracy of the developed model depends on the contact proper-
ties between roll and sheet metal. The mid-surface of the sheet
metal was extracted to reduce the computation time and the
results were calculated along the mid-surface normal.

2.1.2. Geometric Specification

The 3D solid model of three rollers and the sheet metal was
developed, based on the three-point roll machine specification
process condition given in Table 1.
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Tab. 1. Geometric specification

Parameters Dimension in mm
Top roller diameter 220
Bottom roller diameter 140
Distance between the bottom rollers 380
Sheet metal dimension 900x100x3

2.1.3. Meshing and Element Properties

The 3D model of the three-point roll bending process was im-
ported and was meshed using Hypermesh. The roller and sheet
metal were meshed using 2D first order quadrilateral element of
element length 10 mm as shown in Figure 1. The sheet metal
elements were modeled as orthotropic shell elements with an
angle of 0° degree. The QEPH Shell element would auto-stabilize
hourglass energy. The shell element properties were as follows:
the thickness of sheet metal = 3 mm, number of integration point
(N) =5, Ithick = 1, and Iplastic = 1. Since the roller is a rigid body,
three rigid elements were created for each roller using the RB2
element. RB2 element has one independent node at the center
and all other nodes are dependent nodes connected to the inde-
pendent node.

Fig. 1. Meshed model

2.1.4. Material Properties

The rollers were made of steel while the sheet metal was
made of AA5052 alloy of thickness 3 mm. Since the sheet metal
was deforming plastically in an anisotropic way, elastoplastic Hill's
model (Hill, 1958) was used to define the shell element of the
sheet metal. The material properties like Young's modulus, Pois-
son ratio, and density were given as input.
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Fig. 2. True stress (MPa) — strain (ratio; no units) curve of Aluminum
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In this elastoplastic model, the effective stress-strain curve of
Aluminum 5052 and Lankford formability constant was given as
an input following the studies of Hecker (1975). The anisotropic
coefficients (plastic strain ratio; no units) are as follows: R0 = 0.74,
R45 = 0.48, and R90 = 1.04. Figure 2 shows the true stress-strain
curve of AA5052.

2.1.5. Load and Boundary Conditions

The forming process was accomplished in two-steps, the first
step is bending, that is, the load is given to the sheet metal by the
displacement of the top roller and the second step is rolling, that
is, the rollers rotate to distribute the load along the length of sheet
metal. Hence, the constraints of the rollers were given to the
independent nodes of the rigid element (RB2), all the dependent
node would take the constraints given to the independent node.
The constraints were given in the global axis, for the top dis-
placement along the X3 axis, and rotation along the X2 axis was
allowed. Similarly, for the bottom roller, only rotation along the X2
axis was allowed. Since this forming process is a multi-stage
process, for each displacement of the top roller, the bottom roller
rotates at 0.000785 rad/ms. The top roller was displaced 8 times
by 5 mm totaling a displacement of 40 mm.

2.1.6. Contact Definition

In the finite element analysis, the Master-Slave approach was
used to define the contact in the model. Since the surface of the
sheet metal made a contact with the rollers, the surface to surface
contact was defined in the finite element model. Rollers were
defined as the master nodes since it was a rigid body, and sheet
metal as slave nodes. The interaction between the roller and
sheet metal was assigned as a sliding approach because the
sheet metal slides into the roller by the friction factor. In this mod-
el, the friction is assumed to be a constant of 0.1. The gap be-
tween the sheet metal and roller was set constant because of no
considerable change in the thickness of the sheet metal.

2.1.7. Spring-Back Procedure

Spring back is the recovery of the elastic region when the ap-
plied load is removed. For the spring back process, a separate
engine file was created, and it was carried out as an implicit anal-
ysis. The spring back engine file would start after the termination
time of the dynamic forming process.

2.2. Statistical Model

A manufacturing process is analyzed based on the process
parameters, as the process parameters significantly influence the
properties/geometries of the product. Conducting experi-
mental/numerical trials for analyzing the influence of process
parameters is a time-consuming process. Hence, the study
adopted the Design of Experiments approaches to minimize the
number of trials to study the influence of process parameters on
the spring-back effect.

In this study, three factors namely top roller displacement
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(TRD), the distance between bottom rollers (DBBR), and sheet
metal thickness (Thick) were varied at five levels. The numerical
simulations were carried out based on the parametric combina-
tions, given in Table 2. The finite element model was used to
predict the amount of spring-back (geometry changes of the sheet
metal before and after spring-back) in the roll forming process. A
hybrid linear function and radial basis function was developed to
correlate the process parameters with the amount of spring-back.
The development of the hybrid linear function and radial basis
function-based model is based on the previous literature (Rama-
lingam and Ramasamy, 2017; Vignesh et al., 2018; Vignesh and
Padmanaban, 2018). The model was used to develop contour
plots, which in turn were used to study the interactive effect of
process parameters on the amount of spring-back in three-point
roll bending of AA5052 alloy.

Tab. 3. Design Matrix

Process Parameters Amou

Sl Real Value Coded value nt of

N Sprin

o. Thick TRD DBBR Thi | TR | DBB g

(mm) (mm) (mm) ck | D R Back

(mm)*
1 1 40 380 -2 0 0 750
2 2 40 380 -1 0 0 345
3 3 30 380 0 -2 0 400
4 3 35 380 0 -1 0 270
5 3 40 360 0 0 -2 17
6 3 40 370 0 0 -1 150
7 3 40 390 0 0 1 218
8 3 40 400 0 0 2 258
9 3 45 380 0 1 0 130
10 3 50 380 0 2 0 100
11 4 40 380 1 0 0 140
12 5 40 380 2 0 0 100

*Geometry changes of the sheet metal before and after spring-back

2.3. Experimental Methodology

The three-point roll bending trails on AA5052 sheet metal
were performed on the symmetrical three-point roll bending ma-
chine. The machine specification and the sheet metal specification
are given in Table 1. In symmetrical three-point roll bending, the
AA5052 alloy sheet metal was placed in such a way that the load
will be acting on the midpoint of the sheet metal. Before applying
the load, it was ensured that all the three rollers made contact with
the sheet metal. The initial position of the top roller was noted and
the top roller displacement was applied in steps. The top roller
was displaced by 5 mm by the controller. Now at 5 mm of top
roller displacement, the rotation velocity of 0.785 rad/s was given
to the bottom rollers.

As the bottom roller rotated, the sheet metal moved in a hori-
zontal direction because of the friction between the roller and the
sheet metal. The bottom roller was rotated in both directions so
that the direction could be reversed. The action was repeated until
the load acted all over the sheet metal and until the top roller
displaced up to 40 mm.

While removing the load, the sheet metal would spring-back
until the equilibrium was achieved between the elastic and plastic
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regions in the sheet metal. By the spring-back effect, the radius
formed by the top roller increases as soon as the top roller is
moved back to the initial position. This geometry changes of the
sheet metal before and after spring-back is measured as the
amount of spring-back. By the experimental test, only the radius of
the sheet metal after the spring-back is measured, which is known
as the final radius of the sheet metal after the spring-back. The
bend region length and the radius after spring-back were as fol-
lows: bend region length = 430 mm and radius after spring-back =
660 mm. Since the experiment was carried out without the pre-
bending, the bend region was taken into consideration.

3. RESULTS AND DISCUSSIONS
3.1. Numerical Model
3.1.1. Mesh Convergence

A finite element model with sufficient mesh density was used
in this study. A convergence study was performed with different
mesh densities, as it affects stress, displacement, and CPU com-
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Fig. 4. Plastic strain (ratio; no units) distribution in the sheet metal
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putation time. A poor mesh that has a large aspect ratio of the
element, leads to inaccurate prediction or convergence problems.
However, refining the mesh considerably increases the computa-
tion time. A Mesh convergence study for the sheet metal was
performed. The results indicate that that the load transfer was
almost the same for 10 mm and 8 mm element length. But the
computational time was high for 8 mm element length. So, an
element size of 10 mm was used for the study, as the predicted
results were in good agreement with the experimental results.

3.1.2. Model Validation

The 2D finite element model was simulated based on the ex-
perimental data. The following results were obtained: stress distri-
bution, strain distribution, deformation before and after spring-
back, radius before spring-back, and after spring-back. Figure 3
shows the stress distribution in the sheet metal. The results indi-
cate that plastic deformation occurred in the sheet metal when
stress crossed the yield limit. Based on this stress distribution, the
plastic strain developed in the sheet metal is shown in Figure 4.

1. PLATE
Loadcase 1 : Time = 1.5000e-+05 : Frame 6830

1: PLATE
Loadcase 1: Time = 1.5000e+005 : Frame 6830
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When the top roller contact was removed, the sheet metal un-
derwent spring-back, that is, recovery of the elastic region in the
material. If spring-back occurred, the radius of the deformed sheet
metal was either higher or lower than that of the desired radius.
The curvature of the sheet metal before spring-back was 507 mm
and the curvature of sheet metal after spring-back 635 mm.

Table 3 shows the final radius of curvature after spring back
from the finite element model and experimental test. The numeri-
cally predicted the final radius of curvature of the sheet metal was
in good correlation with the experimental results.

Tab. 3. Model validation with Experimental test

Simulation Result Experimental Result

Radius after 635 660
spring back (mm)

3.2. Statistical model

Table 2 shows the design matrix for variation in the process
parameters and the corresponding spring-back. The process
parameters (top roller displacement, the distance between bottom
rollers, the thickness of sheet metal) are related to the response
(amount of spring-back) using a hybrid linear-radial basis function
model. The generated statistical model is a hybrid Linear-Radial
Basis Function, that is given by equation (1). The Radial Basis
Function network was developed using a multiquadric kernel with
4 centers, global width of 0.24811 and a regularization parameter,
and a lambda of 0.0001.

T = 118.2636 — 224.9054
* DBBR - 258.9317 (1)
* TRD - 924.9986 * Thickness
+ RBF
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T
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Fig. 5. Amount of spring back (mm) — Finite element model vs Statistical
model

From Figure 5, a linear trend was observed between the
amount of spring-back from the finite element model and the
predicted statistical model. The coefficient of determination (R2)
and root mean squared error (RMSE) value was used to assess
the efficiency of the developed statistical model. The R2 was 1 for
the statistical model, depicting its closeness with the finite element
model predictions. The RMSE is 4.137 for the statistical model,
which is small.
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3.2.1. Effect of Process Parameters

The effect of TRD and the DBBR on the amount of spring
back is shown in Figure 6. The material deformed at 30 mm TRD
and 360 mm DBBR exhibited the largest spring-back. The amount
of spring back reduced as the DBBR increased from 360 mm to
380 mm. With the further increment in DBBR from 380 mm to 400
mm, the amount of spring back increased. Similarly, if TRD in-
creased, the amount of spring back decreased. The force exerted
on the sheet metal for 30 mm of TRD was 260 N.

Correspondingly, the stress of 104.3 MPa and strain of 3.54e-
03 was induced in the sheet metal. With an increase in TRD to 50
mm, the force exerted on the sheet metal was 310 N. The corre-
sponding stress in the sheet metal was 115.7 MPa, and strain in
the sheet metal is 8.0e-03. The developed strain lay well enough
in the plastic region, which was higher than that of the strain
developed with TRD of 30 mm. Besides, the amount of spring-
back in the sheet metal reduced with more plastic deformation.
Hence, spring-back decreased with an increase in TRD.

Spring_Back_New

48

46

44

42

40

TRD

DBBR

Fig. 6. Effect of top roller displacement (mm) vs distance between bottom
rollers (mm) on spring-back (mm)

Spring_Back_New

Thickness
w

DBBR

Fig. 7 Effect of the thickness (mm) vs distance between bottom roller
(mm) on spring-back (mm)

The amount of spring-back was low for the sheet metal de-
formed at 40 mm TRD and 360 mm DBBR. As DBBR increased,
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the amount of spring back also increased. The load applied by the
top roller acted over a narrow region in the sheet if the DBBR was
less (i.e., 360 mm). Hence, the stress and strain developed in the
region were 113.2 MPa and 7.37e-03. With an increase in the
load application area (DBBR > 360 mm), the stress-induced was
108.4 MPa, and the strain in the sheet metal was 5.02e-03.
Hence, the sheet metal formed at 360 mm DBBR had lesser
spring-back than that formed at 400 mm DBBR. A lesser amount
of spring-back was observed in the sheet metal that was de-
formed at low DBBR and high TRD.

The effect of sheet metal thickness and DBBR on the amount
of spring-back is shown in Figure 7. The sheet metal of thickness
1 mm deformed at 360 mm DBBR had the highest amount of
spring-back. When the DBBR was increased from 360 mm to 380
mm, the amount of spring-back decreased. However, with a fur-
ther increase in DBBR from 380 mm to 400 mm, the amount of
spring back decreased. The amount of spring back reduced with
an increase in the thickness of sheet metal. A force of 850 N was
exerted on the sheet metal of thickness 5 mm that induced stress
of 122.2 MPa and strain 1.10e-02. The developed strain was in
the plastic region, as the stress was larger than the yielding stress
of 89.5 MPa. Hence, the amount of spring-back was lesser. Dur-
ing deformation, a force of 24 N induced stress of 93.7 MPa and
strain of 6.07e-04 in the sheet metal of thickness 1 mm. As the
induced stress value was similar to the yielding stress of 89.5
MPa, a large amount of spring-back was observed in the sheet
metal of thickness 1 mm than that of sheet metal of thickness 5
mm.

Spring_Back_New

Thickness
w

Fig. 8. Effect of thickness (mm) vs top roller displacement (mm) on
spring-back (mm)

Tab.4.0ptimized values
:(I). Process Parameters Values
1 Top roller displacement 42 mm
2 Distance between bottom rollers 385 mm
3 Sheet metal thickness 3.5mm

From Figure 6 and Figure 7, it is observed that DBBR has a
less significant effect on the amount of spring-back than that of
TRD and sheet metal thickness. However, DBBR behaves
uniquely if TRD and thickness of the sheet metal were low. The
effect of sheet metal thickness and TRD is shown in Figure 8. It is
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observed that the amount of spring-back was high for 1 mm sheet
metal thickness and 30 mm TRD. As mentioned earlier, the
amount of spring-back reduced with an increase in TRD from 30
mm to 50 mm. It is observed that the amount of spring-back was
less when the sheet metal thickness was high, and the TRD was
high. The optimization results are as shown in Table 4. If the roll
forming process is performed at that level of process parameters,
the spring-back effect was minimum. The optimization results
were successfully validated with the finite element model.

4. CONCLUSION

A finite element model was developed and validated to predict
the amount of spring back in the roll forming process for AA5052
alloy. A linear-radial basis function model was developed interre-
lating the process parameters namely top roller displacement, the
distance between bottom rollers, and thickness of the sheet metal
with the amount of spring back. The model was utilized to opti-
mize the process parameters to reduce the amount of spring back
in the course of the roll forming process of AA5052 alloy. The
results demonstrated the following:

— The amount of spring-back increases with an increase in top
roller displacement.

— The amount of spring-back decreases with an increase in the
thickness of the sheet metal.

— Distance between the bottom rollers has a minor influence
on the spring-back effect.
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