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Abstract: A 3D elastic-plastic FE model for simulating the force controlled stretch-bending process of double-cavity
aluminum profile was established using hybrid explicit—implicit solvent method. Considering the computational
accuracy and efficiency, the optimal choices of numerical parameters and algorithms in FE modelling were determined.
The formation mechanisms of cross-section distortion and springback were revealed. The effects of pre-stretching,
post-stretching, friction, and the addition of internal fillers on forming quality were investigated. The results show that
the stress state of profile in stretch-bending is uniaxial with only a circumferential stress. The stress distribution along
the length direction of profile is non-uniform and the maximum tensile stress is located at a certain distance away from
the center of profile. As aluminum profile is gradually attached to bending die, the distribution characteristic of
cross-section distortion along the length direction of profile changes from V-shape to W-shape. After unloading the
forming tools, cross-section distortion decreases obviously due to the stress relaxation, with a maximum distortion
difference of 13% before and after unloading. As pre-stretching and post-stretching forces increase, cross-section
distortion increases gradually, while springback first decreases and then remains unchanged. With increasing friction
between bending die and profile, cross-section distortion slightly decreases, while springback increases. Cross-section
distortion decreases by 83% with adding PVC fillers into the cavities of profile, while springback increases by 192.2%.
Key words: hollow aluminum profile; force controlled stretch-bending; numerical parameters; springback analysis
approach; cross-section distortion; springback; process parameters

through two key forming processes. Firstly, an
aluminum billet is extruded into a straight profile
with certain cross-section [5—8]. Then, the semi-
finished straight profile is bent into a curved shape

1 Introduction

Aluminum profiles are widely wused in

automobile industry due to their light mass, high
specific strength and stiffness, and good energy
absorption [1—4]. Considering the requirements for
aerodynamics, structural mechanics and aesthetics,
automotive aluminum profiles need to be bent into
certain curvatures, thus placing high demands on
their dimensional accuracy and performance. The
manufacturing of curved profiles is mostly achieved

using an external bending device. In recent decades,
various techniques for bending straight profiles
have been developed, such as press bending [9], roll
bending [10], stretch-bending [11] and rotary draw
bending [12]. Among them, stretch-bending is the
most feasible and efficient method due to its
outstanding advantages of low cost and good
reproducibility. Stretch-bending can be classified
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into displacement control and force control methods
based on the control system used. When loading in
displacement mode, the elongation of profile can be
accurately controlled by the movement trace of the
jaw gripper, while in force loading mode, the
stretching force applied to the profile can be
precisely controlled. Cross-section distortion and
springback are two most common forming defects
in stretch-bending of hollow profiles [13], which
seriously affect the dimensional accuracy and
assembly quality of the product. Compared with
steel components, aluminum ones have a higher
ratio of material strength to Young’s modulus,
making it more difficult to avoid and control these
defects in stretch-bending.

Recently, analytical methods have been
extensively applied to studying the stress, strain
distributions and deformation behaviors of
aluminum profile in stretch-bending. EL-DOMIATY
and ELSHARKAWY [14] proposed a mathematical
model to determine the springback as a function of
material, geometric parameters and forming load in
stretch-bending of a U-shaped profile. ZHU and
STELSON [15] developed an analytical expression
for the cross-section distortion of rectangular tube
in stretch-bending based on the upper bound
theory of plasticity and energy minimization.
CORONA [16] proposed a formula to predict
the springback and cross-section distortion of
aluminum profile in bending-stretching considering
the impacts of tension and internal pressure. YU
and LI [17] established the theoretical model to
characterize the springback of a L-type profile in
rotary stretch bending based on the stress and strain
distributions of the cross-section. ZHAO et al [18]
and ZHAI et al [19] developed a universal analytic
model for solving the springback of rectangular and
U-section profiles in plane stretch-bending based
on the classical elastic-plastic theory and the
characteristic of strain superposition. MA and
WELO [20] proposed a full moment analytical
framework for springback assessment in flexible
stretch-bending of aluminum square profile. The
analytical method is mainly based on the simplified
process and material properties, which has certain
limitations for complex hollow profiles. However,
the cross-sectional shape of the profile directly
affects the stress and strain distributions in stretch-
bending. Thus, analytical method is commonly
applied to investigating the bending deformation

behaviors of aluminum profiles with simple shapes.
At the same time, some researchers have
studied the springback and cross-section distortion
behaviors in stretch-bending through experimental
methods. MILLER et al [21] developed a custom
bend—stretch—pressure testing facility that can
monitor the cross-section variation of aluminum
tube. LIU et al [22] investigated the springback
behaviors of age-hardened Al-Li alloy profiles
during displacement controlled stretch-bending.
The effects of material, bending radius and
stretching strain on springback were revealed.
CLAUSEN et al [23] experimentally studied the
stretch-bending process of two generic aluminum
bumper sections. The effects of six different stretch-
bending procedures on forming quality of profiles
were investigated. LIU et al [24] carried out an
experimental study on the hot stretch-bending of
T-section extruded profile. They also experimentally
investigated the three types of failures occurring in
the stretch-bending of aluminum profiles [25]. It is
time-consuming and laborious to carry out the
stretch-bending analysis using experimental method,
which is mainly used to verify the accuracy of
theoretical or finite element (FE) models.
Considering the geometric, material and
contact nonlinearities, stretch-bending is a complex
incremental forming process under the coupling
effects of multi-factors. As a consequence, it is
difficult to solve the actual problems accurately
and effectively through analytical or experiment
methods. In comparison, FE method is a well-
established tool for analyzing the complicated
stretch-bending process and predicting the
appearance of forming defects. PAULSEN and
WELO [26] numerically investigated the effects of
cavity number, material and bending radius on the
cross-section distortion and springback in the stretch-
bending of rectangular profile. HOPPERSTAD
et al [27] evaluated the sensitivity of local
deformation of aluminum profile to the shape of
yielded surface and plastic anisotropy of material in
stretch-bending using FE simulations. GU et al [28]
investigated numerically the stretch-bending process
of Z-type profiles and revealed the induced
mechanisms of the cross-section distortion and poor
contour precision. LIU et al [29] analyzed the effect
of post-stretching on the deformation behavior of
aluminum hollow profile in stretch-bending through
numerical simulations. LIANG et al [30] numerically
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simulated the flexible multi-points stretch-bending
process of a complex 3D part and studied the
influence of process parameters on springback. GU
et al [31] revealed the causes of wrinkling and
cross-section distortion during the stretch-bending
of L-section variable—curvature profiles. To sum
up, much research has been conducted on
the prediction and control of forming defects in
the displacement controlled stretch-bending of
aluminum profiles by FE analysis methods, which
can provide useful references for understanding and
studying the force controlled stretching-bending.
However, in industrial production, forming defects
in force controlled stretch-bending of high strength
hollow aluminum profiles with complex cross-
sections are still solved by the engineers’
experiences or time-consuming trials. Thus,
accurate analysis and optimization of force
controlled stretch-bending using FE simulation is
an important research hotspot in aluminum profile
manufacturing.

In this work, a 3D elastic-plastic FE model for
simulating the force controlled stretch-bending
process of a double-cavity aluminum profile was
established using hybrid explicit-implicit solvent
method. Considering the computational accuracy
and efficiency, the optimal choices of numerical
parameters and algorithms in FE modelling were
determined. The effective and principal stresses of
the bending profile in the global coordinate system
and the 3D stresses in the local cylindrical
coordinate system were quantitatively analyzed.
The formation mechanisms of cross-section
distortion and springback were revealed. The effects
of pre-stretching, post-stretching, friction, and
addition of internal fillers on forming quality were
systematically investigated. This study can provide
valuable references for accurate FE modeling
of stretch-bending process and determining the
appropriate process conditions in forming operation.

2 Force controlled stretch-bending process

2.1 Process principle and forming device

The research object in this study was a
double-cavity aluminum profile applied in the front
bumper beam of an automotive body. Figure 1
shows the cross-section shape and dimensions of
the curved profile. Its cross-section shape is
asymmetrical, with a large width/height ratio and

unequal wall thickness. As shown in Fig. 2, the
curved profile is manufactured using a force
controlled stretch-bending process, which consists
of three forming stages: pre-stretching, bending,
and post-stretching. The important process factors
in stretch-bending include pre-stretching and
post-stretching forces, friction between bending
die and profile, and adding fillers in profile cavity.
The forming experiments were carried out on an
SBL—-30ZD—6 type machine with a maximum
stretching load of 35t. The initial length of
aluminum profile in stretch-bending was set to be
1345 mm.
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Fig. 1 Cross-sectional and dimensions of
double-cavity aluminum profile: (a) Over size of bending

profile; (b) Cross-sectional dimensions (Unit: mm)
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Fig. 2 Forming principal and device in force controlled
stretch-bending of aluminum profile (¥ represents pre-

and post-stretching forces, and M is bending moment)

2.2 Criteria for evaluating forming quality
Cross-section distortion and springback always
accompany the bending of hollow profile, leading
to product failure. The cross-section distortion in
bending is mainly manifested by the collapse of
upper flange and slight concave of the lower flange.
In this study, 17 cross-sections were intercepted
along the length direction of bending profile and the
collapse values (AH) of upper flanges on all
cross-sections were measured (see Fig. 3(a)). The
total arc length of bent profile was defined as Lo.
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Taking the middle cross-section C1 as the reference
and the arc length from cross-section Cn (n=2-9,
2'-9") to the middle cross-section C1 was defined as
L. L/Ly indicates the location of cross-section Cn
along the length direction of bending profile. The
location range between cross-sections C9 and C9’
along the length direction of bending profile is from
—0.5t0 0.5.
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Fig. 3 Evaluation indexes of forming quality for
double-cavity profile: (a) Definition on cross-section
distortion and measuring positions along length direction
of bent profile; (b) Definition on springback

Springback is also an unavoidable problem in
the stretch-bending of hollow profile. Excessive
springback results in serious dimensional deviation
of curved profile. Springback can be characterized
by the curvature variation, springback angle, and
normal displacement before and after bending. In
this study, the springback of curved profile was
evaluated by the normal displacement d at both
ends of profile, as shown in Fig. 3(b).

3 FE modelling

3.1 Meshing technique

A FE mesh model for simulating the force
controlled stretch-bending process of the double-
cavity aluminum profile was established based on

the ANSA and LS-DYNA software (see Fig. 4). The
mesh model consisted of five parts, including the
profile, bending die, chuck, rotating arm, and PVC
fillers. The aluminum profile was defined as an
elastic-plastic material, while the bending die and
tools were defined as rigid material. The aluminum
profile was a typical thin-shell structure and meshed
using 4-node shell elements. The PVC fillers were
meshed by with 8-node hexahedron elements with
element size of about 6 mm. The tools and bending
die were meshed using 4-node shell elements and
the element size was set to about 8 mm. Shell
element formulation, element size and the number
of through-thickness integration points (NIP) are
three important factors directly relating to the
stiffness and stress—strain solution of elements.
Therefore, how these numerical parameters and
algorithms affect the computational accuracy and
efficiency needs to be studied.

3.2 Material models

Material constitutive relationships between
double-cavity aluminum profile and PVC fillers
have significant impacts on the simulated accuracy.
The material of double-cavity profile is a 6063
aluminum alloy. After porthole die extrusion, the
extruded profile was water-cooled, and then
heat-treated at 180 °C for 4 h. Since the stretch-
bending process can be considered as a quasi-static
process, stress—strain behavior of the material can
be obtained by tensile test. Figure 5 shows the true
stress—strain curve of aluminum profile at tensile
rate of 3 mm/min. A power exponential material
model was applied to describing the deformation
behavior of aluminum profile in stretch-bending
process, which is expressed in Eq. (1):

Chuck Profile Rotational center

Rotating arm

Profile

PVC fillers

Follow-up
coordinate system

Bending die

Fig. 4 FE mesh model of force controlled stretch-bending process
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Fig. 5 True stress—strain curve of double-cavity aluminum
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where o is the yield stress, ¢ is the strain, £ is the
Young’s modulus, oy is the initial yield stress, and K
and n are the strengthening coefficient and strain
hardening index, respectively. These parameters
were determined by fitting the experimental
stress—strain curve, such as 0¢0=170.3 MPa, K=
351.296 MPa, n=0.10422, and £=79.8 GPa.

The material behavior of PVC fillers can be
characterized by a nonlinear super-elastic material
model, which is defined by the strain energy.
Assuming that the filler material is isotropic and
deformation is incompressible, the constitutive
model can be described as follows:

w=w(l, L, I5) 2

where W is the strain energy, and /i, > and /3 are the
invariants of deformation tensors, I,=A+1;+1;,
L =A A 430042540 I,=A0AZ05, A=l4y; i,
A> and A3 are the main extension ratios, and y; is the
principal strain of deformation.

The Mooney—Rivlin constitutive model was
applied to describing the strain energy density
function, which was expressed with a typical
quadratic third-order equation, as shown in Eq. (3):

W=C\o(1i=3)+Coi1(L=3)+(1/a)(J-1) 3)

where Cio, Coi and a are material constitutive
parameters, which can be determined by fitting test
compression curves. J is the elastic volume ratio,
and when the material deformation behavior is
incompressible, J=1.

There are two ways to define the Mooney—
Rivlin model. The first method is to directly use the
compressive stress—strain curve as an input material
data in FE modelling, and the second option is to
determine the constitutive parameters of material.
In this study, the first method was used to
simulate the deformation behavior of PVC fillers
in the stretch-bending process. The compressive
stress—strain curve of the material was obtained by
a uniaxial compression test, and then dealt using
3-order smoothing, as shown in Fig. 6.
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Fig. 6 Uniaxial compressive stress—strain curve for PVC
fillers

3.3 Process and contact conditions

The bending die was fixed on the working
platform, thus all degrees of freedom were
constrained. Pre-stretching or post-stretching forces
were exerted on the aluminum profile by a local
coordinate system, so that the direction of
stretching forces always follows
direction of profile cross-section during bending.
The bending moment was exerted by rotating
arms using the keyword command *Boundary
prescribed_motion velocity. The contact between
the aluminum profile and the bending die is
modeled using the forming-one-way-surface-to-
surface algorithm, while that between the aluminum
profile and PVC fillers is modeled using automatic-
surface-to-surface algorithm. The contact interface
force was calculated using the penalty function
method with a penalty factor of 0.01. The thickness
offset of the shell elements was activated to
calculate the thinning or thickening of the wall
thickness. The Coulomb friction model was applied
to describing the contact frictional behavior
between profile and bending die or PVC fillers.

the normal
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3.4 Hybrid explicit-implicit solvent method

In this study, the dynamic explicit algorithm
was utilized for solving the forming process of
stretch-bending due to its high computational
efficiency and good stability [32]. The unloading
springback process was simulated using implicit
static algorithm, which is unconditionally stable and
can perform the time integration of the equations at
arbitrarily large time step [33]. Generally, there are
two approaches to solve the unloading springback
process, including the seamless implicit analysis
(SIA) approach and multi-step implicit analysis
(MSIA) approach [34,35]. The former is that the
solver can automatically and seamlessly switch
from the explicit dynamic algorithm to the implicit
static algorithm at the end of forming process
simulation, and then run the static springback
analysis in one step. The time step was twice that of
the forming process analysis. The MSIA approach
uses an artificial stabilization method to analyze the
springback process within multiple time steps. By
artificially introducing a series of springs in the FE
model, the spring stiffness decreases gradually
during solving process and is removed at the end of
the solution. The step number in springback
analysis was set to 4 and the initial time step was
0.001. The scale factor for artificial stabilization
was set to be 0.004.

4 Results and discussion

4.1 Effect of numerical algorithm and parameter
on computational accuracy and efficiency
An accurate FE model is the premise for
predicting forming defects in stretch-bending

2481

process of hollow profile. The influences of
numerical algorithms and parameters, including
shell element formulation, NIP, element size, and
springback analysis approach, on the computational
accuracy and efficiency were systematically
evaluated. The basic process conditions used in
FE simulations are described as follows: the
pre-stretching and post-stretching forces were Aao
(A is the cross-section area of profile); no PVC
fillers were added in the cavity of hollow profile.
The solutions of FE models were performed on the
ThinkStation P510 workstation.

Table 1 shows comparison of computational
accuracy and efficiency under different choices of
numerical parameters and algorithms. It can be seen
that the fully integrated shell element has higher
prediction accuracy for cross-section distortion and
springback, while the computational time is more
than twice that of the Belytschko—Tsay element.
The fully integrated shell element has 4 in-plane
integration points at each through-thickness
location, and the Bathe Dvorkin transverse shear
treatment is used to eliminate the w-mode hourglass.
Therefore, it has better accuracy in calculating the
stress and strain distribution of the shell elements.

NIP has a great influence on the calculation
of element stiffness and through-thickness stress.
Table 1 presents that the predicted cross-section
distortion and springback gradually approximate the
experimental values as NIP increases. NIP of 2 is
not enough, while NIP of 7 can promote a better
solution. And the prediction results stabilize nearly
at NIP of larger than 7. During bending, the
boundary between elastic and plastic deformation
zones on the cross-section of hollow profile, i.e. the

Table 1 Comparison in computational accuracy and efficiency under different choices of numerical parameters and

algorithms
Shell Springback
Element formulation NIP element analysis
Numerical size/mm approach  Measured
parameter  Belytschko— Fully value
Tsay integrated 2 7 10 15 2 5 7 SIA  MSIA
element  shell element
Cross-section
distortion/ 2.84 2.72 253 272 272 2.7 272 251 238 287 272 2.6
mm
Sp“;grzacw 6.95 7.17 689 717 717 716 717 773 787 115 717 74
Computational
423 99 47.5 99 123 162 99 54 31 95 99 -

time/min
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stress discontinuity point, is constantly changing.
When the NIP is small, the stress discontinuity
point cannot be accurately calculated. It is also
worth noting that when the NIP exceeds 7, the
computational time increases linearly. The
computational time with NIP of 15 is 63.6% longer
than that with NIP of 7.

Shell element size 1is sensitive to the
computational accuracy and efficiency. As shown
in Table 1, the computational time obviously
decreases as the shell element size increases. The
computational time using the mesh size of 2 mm is
about three times that of the mesh size of 7 mm.
The prediction accuracy decreases with increasing
element size. The smaller the element size is, the
closer the stiffness matrix of FE model is to reality.
A higher prediction accuracy can be achieved by
choosing the element size of 2 mm.

The predicted cross-section distortion using
SIA approach is slightly larger than that using
MSIA approach. The springback predicted using the
SIA approach is only 1.15 mm, which is obviously
deviated from the experimental value (7.4 mm).
While the prediction result using MSIA approach is
almost the same as the experimental one. This is
mainly because the residual stress relaxation of
bending profile is more thorough using MSIA
approach. For the springback problems with
convergence difficulties, the prediction accuracy
using MSIA approach is higher. However, its
disadvantage is that the springback FE model needs
to be re-established based on the deformed meshes,
stress and strain of bending profile at the end of the
bending stage. Besides, the total computational time
is slightly increased.

Considering the computational accuracy and
efficiency, the optimal choices of numerical
algorithms and parameters in FE modelling were
determined as follows: the fully integrated shell
element, NIP of 7, shell element size of 2 mm, and
multi-step implicit analysis approach. To further
validate the rationality of the above choices, the
simulated and experimental values of cross-section
distortion along the length direction of bending
profile were compared in detail (see Fig. 7(a)). It
can be seen that the overall trend between the two is
in good agreement. The maximum prediction error
is located on the middle cross-section of hollow
profile, which is approximately 6.7%. Figure 7(b)
shows the simulated and experimental values of

springback at different pre-stretching forces. The
prediction accuracy at larger pre-stretching force
is higher than that at smaller pre-stretching force.
The maximum prediction error is 7.5% at the pre-
stretching force of 0.5409. When the pre-stretching
force is close to Aoy, the prediction error is quite
small. The slight difference may result from the
ignoring of material anisotropy. The established FE
model has excellent predictive ability for cross-
section distortion and springback, demonstrating
that the choices of numerical algorithms and
parameters are accurate and reliable.
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Fig. 7 Comparison between simulated and experimental
results: (a) Cross-section distortion along length direction
of bending profile; (b) Springback at different pre-
stretching forces

4.2 Defect formation mechanisms
4.2.1 Stress distribution on cross-section of aluminum
profile
The stress state on the middle cross-section
C1 (see Fig. 3(a)) of bending profile was analyzed.
Figure 8(a) shows the effective and principal stress
distribution of shell elements from locations A to B
at the end of bending stage when the pre-stretching
force was 0.25409. It can be seen that the principal
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stress of the outer material is manifested as the
maximum principal stress (tensile stress), while that
of the inner material is the minimum principal
stress (compressive stress). The second principal
stress, i.e. the intermediate principal stress, is
approximately zero. Two of the three principal
stresses at each shell element are equal to zero. The
maximum absolute error between the von Mises
stress and principal stress for the inner and outer
materials is less than 3%. The stress neutral layer is
located at the cross-sectional height of 45 mm, and
the type of principal stress at this position is
changed. As the overall height of the cross-section
is 60.6 mm, the stress neutral layer is shifted
obviously towards the inner compression zone
during stretch-bending process.

200 f(a) von Mises stress

150 |

100 |
Max principal

Mid principal stress
stress

Stress/MPa

Min principal

=50  Outer Inner stress

material material

ik

0 10 20 30 40 50 60
Distance from 4 to B/mm

Lol

(93] (]

(e S
T T

200 Hb)
150 |

von Mises stress

100
50

Stress/MPa

-150

]v—* S1
_200 1 1 s l 1

0 10 20 30 40 50 60

Distance from 4 to B/mm

Fig. 8 Stress distribution along height direction of cross-
section: (a) Effective and principal stresses; (b) Radial
(S1), axial (S2) and circumferential (S3) stresses

To further ascertain the stress state, a
cylindrical local coordinate system was established
based on the radial, axial and circumferential
directions of bending profile. Figure 8(b) shows the
distribution of 3D stresses along the height

direction of cross-section, where S1, S2 and S3 are
the radial, axial and circumferential stresses,
respectively. It is clear that the radial and axial
stresses are close to zero. The effective stress
is basically equal to the absolute value of
circumferential stress, and the maximum relative
error between two is less than 3%.

Based on the quantitative analysis of effective,
principal and 3D stresses in local cylindrical
coordinate system, it is concluded that the stress
state of profile during the stretch-bending process is
uniaxial with only a circumferential stress. The
absolute values of effective stress, maximum and
minimum principal stresses are basically equal to
those of circumferential stress. Thus, the
cross-section distortion in stretch-bending is mainly
caused by the resultant force of circumferential
tensile and compressive stresses in the outer and
inner materials. The inconsistent stress state on
cross-section produces a reverse moment, which
results in the springback of bending profile after
unloading the forming tools.

4.2.2 Stress distribution along length direction of
bending profile

Figure 9 shows the distribution of circum-
ferential stress and cross-section distortion along
the length direction of profile at the end of bending
stage. The tensile stress distribution of the outer
material is very non-uniform. The maximum tensile
stress with a value of 196 MPa is located at the
cross-section locations of L/Ly=+0.18, while the
minimum tensile stress is located at the center
of bending profile. When cross-section location
L/Ly is in the range from —0.18 to 0.18, the
distribution characteristic of tensile stress presents a
V-shape. When L/Ly>0.18 and L/Ly<—0.18, the
closer the deformation region to both ends of the
bending profile, the smaller the tensile stress.
The distribution of cross-section distortion is
significantly influenced by circumferential tensile
stress. The cross-section distortion at mid-part of
the profile is smaller than that in the region nearby.
The maximum cross-section distortion (2.97 mm) is
located at the cross-section location of L/Ly=+0.18.
The tensile stress at both ends of the profile is larger
than that at the mid-part of the profile, but its
cross-section distortion is much lower. One reason
is that the structural strength of deformation part
near both ends of bending profile increases due to
the constraints of the main chucks. In addition, the
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radial component of circumferential tensile stress at
both ends of the profile is relatively small, which is
conducive to reducing the cross-section distortion.
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Fig. 9 Circumferential stress and cross-section distortion
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4.3 Effect of unloading process on cross-section
distortion

Figure 10 shows the variation of cross-section
distortion of hollow profile before and after
unloading. It is clear that the cross-section
distortion is closely related to the unloading process.
After unloading the forming tools, the cross-section
distortion along the length direction of the profile
decreases obviously. The maximum difference of
the cross-section distortion along the length direction
of the profile between before and after unloading is
up to 13%. Two reasons are related to this variation.
Firstly, the cross-section distortion of bending
profile includes plastic and elastic deformation. The
elastic deformation can be recovered after
unloading the forming tools. Secondly, the reverse
moment during unloading process produces a
reaction force on the bending profile, which can
reduce the cross-section distortion.
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Fig. 10 Effect of unloading process on cross-section
distortion of bending profile

4.4 Characteristics of cross-section distortion
and springback during partial stretch-bending
Figure 11 shows the strain distribution and
deformation pattern of aluminum profile during
partial stretch-bending processes. L' is defined as
the arc length of the contacting region between the
profile and the bending die. When the profile is
initially attached to the bending die, the large strain
is concentrated on the outer material of bending
profile’s middle part, while the strain in the inner
material is small (see Fig. 11(a)). The deformation
in other parts of the profile is basically elastic
deformation. As the bending process proceeds, the
plastic deformation region gradually extends to
both ends of the bending profile, and the maximum
plastic strain increases obviously. When the profile
is in fully contact with the bending die, the overall
regions of profile are basically in the plastic tensile
stage, and the strain difference between the inside
and outside materials of profile decreases.

Plastic strain/107 LA (a) N
(Mid surface)
0
412
8.24
1236
16.48
20.60
2472
28.84
32.96 e
37.08 ‘ (d)
4120 -
4533

sl s
Fig. 11 Strain distribution and deformation pattern of
aluminum profile during partial stretch-bending
processes: (a) L'=0.3Lo; (b) L=0.55Lo; (c¢) L=0.7Lo;
(d) L'=0.8Lo; (e) L'=1.0Lo

—_ -

Figure 12 shows the characteristics of cross-
section distortion and springback after unloading of
the partial stretch-bending processes. It can be seen
that the cross-section distortion along the length
direction of the bending profile is symmetric about
the center of bending profile. When L' is less
than 0.4Lo, the distribution shows a V-shaped
characteristic. From the center to two ends of the
bending profile, the cross-section distortion
decreases sharply. When L’ is larger than 0.4L,, the
distribution presents a W-shaped characteristic. As
L' further increases, the maximum cross-section
distortion increases obviously. The springback
increases gradually with increasing L. When L’ is
0.25Lo, the springback amount is 3.675 mm.
The springback amount increases by 95.21% as L’
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Fig. 12 Characteristics of cross-section distortion and springback after unloading of partial stretch-bending processes:

(a) Cross-section distortion; (b) Springback

increases to Lo due to the increase of elastic
deformation amount.

4.5 Effect of pre-stretching force on forming
quality

Figure 13 shows the influence of pre-stretching
force on forming quality. It is clear that
pre-stretching force has a significant impact on the
cross-section distortion and springback. When the
pre-stretching force is 0, the cross-section distortion
and springback are 1.00 and 24.22 mm, respectively.
The cross-section distortion increases gradually
with increasing pre-stretching force. The spring-
back decreases gradually as pre-stretching force
increases to 1.15400, and then remains unchanged
with further increasing pre-stretching force.

The main purpose of applying pre-stretching
force is to change the stress distribution on cross-
section of bending profile, so as to reduce the
springback. Figure 14 shows the circumferential
stresses for the inner and outer materials of the
bending profile at different pre-stretching forces.
When pre-stretching force is less than 0.5400, the
stress neutral layer during the stretch-bending is
approximately located at the middle of the cross-
section. Compressive and tensile plastic deformation
occurs in the interior and exterior of the bending
profile, respectively, while elastic deformation
occurs in the intermediate region. Therefore, the
stress distribution along the height direction of
cross-section is seriously nonuniform, resulting in
an excessive springback. With the increase of pre-
stretching force, the stress neutral layer gradually
shifts to the inside of the profile. At pre-stretching
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Fig. 13 Influence of pre-stretching force on bending
forming quality: (a) Cross-section distortion; (b) Springback

force of Aoy, the entire cross-section of bending
profile is subjected to tensile stress. Thus, the
non-uniform stress distribution on cross-section of
the profile is significantly improved, which is
conducive to greatly reducing the springback. When
the stress neutral layer is completely offset from the
innermost side of the bending profile, increasing the
pre-stretching force has little effect on reducing
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springback. Besides, applying excessive pre-
stretching force can also cause serious cross-
section distortion and wall thickness thinning. The
maximum cross-section distortion is 3.467 mm at
the pre-stretching force of 1.18460, which is
16.81% larger than that (2.968 mm) at the
pre-stretching force of Aoy.

Another important purpose of applying
pre-stretching force is to improve anti-demolding
and anti-wrinkling abilities of the profile. At low
pre-stretching force, there exists large compressive
stress at the lower flange of the profile, which
induces the profile demoulding and wrinkling (see
Fig. 15). The simulation results indicate that
when pre-stretching force is less than 0.2540, the
compressive stress of lower flange exceeds
231.67 MPa, and wrinkling instability occurs.

Profile

Simulation

Bending

Experiment [
die

Fig. 15 Schematic diagram showing demolding and
wrinkling phenomena at low pre-stretching force

4.6 Effect of post-stretching force on forming
quality
Figure 16 shows the influence of post-
stretching force on cross-section distortion and
springback. With the increase of post-stretching
force, the cross-section distortion increases, while

the springback first decreases slightly, and then
tends to be stable. Figure 17 shows the stress—strain
history of the bending profile with applying
post-stretching force. In the pre-stretching stage, the
whole material of the profile is subjected to plastic
tensile stress, and at this time the stress and strain
are respectively or and ¢r. In the bending stage, the
stress in the outer material continues increase to oy
under the superposition of tensile stress generated
by the bending moment, while the stress in inner
material is elastically unloaded to on along the
stress—strain history 7F under the action of
compressive stress. In the post-stretching stage, the
stress in the outer material continues to increase to
ou, while the stress in the inner material also
increases to oy along the stress—strain history of
ET-TM. When the applied post-stretching force
ensures that both the inner and outer materials of
the bending profile are in a plastic tensile stress
state, the springback can be reduced greatly. Further
increasing the post-stretching force, the springback
is reduced slightly. Compared with the pre-
stretching force, the effect of post-stretching force
on decreasing springback is limited. Besides, the
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Fig. 16 Influence of post-stretching force on bending
forming quality: (a) Cross-section distortion; (b) Springback
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Fig. 17 Stress—strain history of bending profile with
applying post-stretching force (M and N respectively
represent the elements in outer and inner materials of
profile, respectively)

cross-section distortion increases due to the
increase of circumferential tensile stress in the outer
material.

4.7 Effect of friction between profile and bending

die on forming quality

The existence of friction leads to an uneven
material flow along the bending die and thus affects
the stress distribution of bending profile. Figure 18
shows the influence of friction on cross-section
distortion and springback. With the increase of
friction coefficient, the cross-section distortion
decreases slightly in the deformation region from
—0.25L/Lo to 0.25L/Ly, while it increases in the
deformation regions of less than —0.25L/Ly or more
than 0.25L/Lo. Since the maximum cross-section
distortion is located in the middle deformation
region, properly increasing the friction coefficient
can reduce the maximum cross-section distortion to
a certain extent. The bending springback gradually
increases with increasing friction coefficient. At a
large friction force, the axial pre-stretching force is
difficult to uniformly transmit along the length
direction of the curved profile. As a result, the
tensile stress in the middle region of profile
decreases, while that in the regions near the two
ends of profile increases. In addition, as the friction
force increases, the springback amount and
direction in each deformation region of bending
profile become more inconsistent, increasing the
difficulty of springback compensation. Therefore, to

improve the forming accuracy of bending profile,
lubrication should be exerted between the bending
die and the profile to minimize the friction force.
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Fig. 18 Effect of friction coefficient on bending forming
quality: (a) Cross-section distortion; (b) Springback

4.8 Effect of adding internal fillers on forming

quality

Figure 19 shows the effect of adding internal
fillers on cross-section distortion and springback of
the bending profile. It is clear that adding PVC
fillers into the cavities of profile has a strong
inhibitory effect on the collapse of upper flange.
The maximum collapse magnitude AH is only
0.505 mm, which is 83% less than that of the
stretch-bending process without adding internal
fillers. This is mainly due to the compressive stress
exerted by PVC fillers on the inner surface of
hollow profile, which increases the ability of the
profile to resist radial deformation. As shown in
Fig. 19(b), the springback amount for stretch-
bending process with adding internal fillers is
20.95 mm, about 192.2% higher than that of
stretch-bending process without adding internal
fillers (7.17 mm). Figure 20 shows the variation of
circumferential stress during the stretch-bending
process with and without adding internal fillers. It
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can be seen that the outer and inner materials of the
profile are closely subjected to plastic tensile stress
for stretch-bending without adding internal fillers.
After adding internal fillers, the tensile stress of
inner material is less than 50 MPa, which is in the
state of elastic tensile stress. Thus, the stress
gradient on cross-section of hollow profile is larger,
resulting in the increase of springback. Besides, the
elastic deformation of PVC fillers can be recovered
after unloading the forming tools, which further

increases the springback of the bending profile. In
the actual operation, the circumferential stress
distribution along the length direction of profile is
seriously non-uniform due to the inconsistency of
contact clearance between PVC fillers and hollow
profile, which is unfavorable for achieving accurate
stretch-bending.

5 Conclusions

(1) Considering the computational accuracy
and efficiency, the optimal choices of numerical
algorithms and parameters in FE modelling were
determined as follows: the fully integrated shell
element, NIP of 7, shell element size of 2 mm and
multi-step implicit analysis approach.

(2) The stress state of profile in stretch-
bending process is uniaxial with only a
circumferential stress. The stress distribution along
the length direction of bending profile is
non-uniform and the maximum tensile stress is
located at a certain distance away from the center of
bending profile. As aluminum profile is gradually
attached to bending die, the distribution
characteristic of cross-section distortion along the
length direction of bending profile changes from
V-shape to W-shape. After unloading the forming
tools, cross-section distortion decreases obviously
due to the stress relaxation, with a maximum
difference of 13% between before and after
unloading.

(3) When pre-stretching and post-stretching
forces increase, cross-section distortion increases
gradually, while springback first decreases and then
remains unchanged. At low pre-stretching force,
demoulding and wrinkling instability in bending
profile occur due to the large compressive stress at
the lower flange of the profile. Compared with the
pre-stretching force, the role of pre-stretching force
in decreasing springback is limited.

(4) With increasing friction between the
bending die and the profile, cross-section distortion
slightly decreases, while springback increases.
Cross- section distortion decreases by 83% with
adding PVC fillers into the cavities of the profile,
while springback increases by 192.2%.
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