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Abstract: A multi-point flexible straightening process characterized by reciprocating bending is proposed. Specifically,
the process is analyzed in terms of deformation mechanism and verified by numerical simulations and physical
experiments of the straightening of a series of metal profiles with different materials and initial shapes. Further, the
relationship between the bending radius and the times of reciprocating bending required to unify the curvature is
discussed, and the distribution of residual stress after straightening is analyzed. The results show that the reciprocating
bending process can eliminate the difference of the initial curvature, make the curvature of each section tend to be
uniform; the times of reciprocating bending to reach the uniform curvature decreases with the decrease of bending
radius. The straightness of the straightened profile obtained from the experiment and simulation is less than 0.2%,
demonstrating a good feasibility of this method.
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1 Introduction

Most researchers on straightening process
focus on metal profiles with a particular
specification and material. According to the
structural characteristics of straightening machine,
LI et al [1] established a mathematical model to
analyze the deformation of aluminum profiles.
WANG et al [2] analyzed the straightening
mechanism for H-section steel and carried out a
dynamic simulation, which provided an important
theoretical basis for the straightening process
optimization of H-section steel. WEISS et al [3]
determined the distribution of residual stress by the
finite element analysis for aluminum alloy AA6063.
GUAN et al [4] established a mechanical model to
analyze the bending deformation of profiles in the

roller leveling process. Based on the multi-roller
straightening analytical model, YIN [5] established
a multi-objective optimization model for H-section
steel. GUAN et al [6] investigated the mechanical
stress-inheriting behavior of strip metal in the roller
straightening process. BOUFFIOUX et al [7]
studied the effect of the kinematic hardening for
the long-rolled profiles by numerical simulation
method. ZHAO et al [8,9] established a multi-roller
straightening model to solve the relationship
between the reduction and residual curvature.
Traditional straightening methods often lead to
unevenly distributed residual stress, and are only
effective to metal profiles of a particular material
and shape. It is an urgent need to develop a new
straightening process that is flexible and suitable for
the metal profiles with various specifications and
materials.
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For multi-point flexible forming technology,
scholars have done a lot of researches. WANG
et al [10], CAI et al [11], and WANG and LI [12]
applied the multi-point forming technology to the
production of aircraft skin. Through the
combination of rolling technology and multi-point
forming technology, WANG et al [13] proposed a
new three-dimensional surface part forming
technology, and proved the feasibility and
effectiveness of the technology by numerical
simulation and experiments. In order to reveal the
effect of ultrasonic vibration on flexible-die deep
drawing, CAO et al [14] carried out an ultrasonic
vibration on the solid granule medium (SGM) deep
drawing for AZ31B magnesium alloy sheet. DONG
et al [15] did numerical analysis of the flexible-die
forming process with SGM. The results showed that
the sheet formability was significantly improved.
WANG and YUAN [16] presented a numerical
method for the coupled deformation between sheet
metal and flexible-die to analyze the flexible-die
forming process. LIANG et al [17] carried out the
experiment, numerical simulation, and theoretical
analysis on the forming performance for the
bi-directional trapezoidal sandwich plates in the
multi-point forming process. LI et al [18] developed
a flexible 3D stretch bending device, which can
form large-size complex 3D parts. In order to
improve forming accuracy and reduce residual
stress, SHEN et al [19] developed a multi-point
pressure forming equipment to process complex
hull plates. Based on the compensated and modified
shapes, ZHANG et al [20] established a finite
element model of multi-point forming process. The
springback modification algorithm can effectively
control the forming precision of bi-axial bending
plate with variable curvature. ALAVIZADEH
et al [21] developed a re-configurable multi-point
flexible hydraulic forming die, which can be used to
produce various tubes. NOURMOHAMMADI
et al [22] designed a re-configurable multi-point die,
and then produced parts with hemispheres and
free-form surfaces. SONG et al [23] studied the
flexible forming with plasma arc, which was a
novel thermal stress forming technology with no die
and no external force. NIKNEJAD and KARAMI
FATH [24] utilized the multi-point forming
technology and selected 12 rigid punches of
different sizes in the experiment to extrude the

round metal billet into the pre-designed shape.

However, the combination of multi-point
forming technology and traditional straightening
technology has not yet been investigated. Based on
the uniform curvature theorem of reciprocating
bending and over-bend straightening theory [25,26],
a new flexible straightening technology based on
the reciprocating bending is proposed. It can solve
the straightening problems of metal profiles with
different specifications and materials. It has many
advantages such as reducing costs, increasing
straightening efficiency, and reducing residual
stress. In this work, the deformation mechanism of
the process is analyzed. The metal profiles with
different materials and initial shapes are studied by
numerical simulation and physical experiment. The
relationship between the bending radius and the
times of reciprocating bending required to unify the
curvature is discussed. The distribution of residual
stress after straightening is analyzed.

2 Process introduction

The multi-point flexible straightening process
by reciprocating bending is shown in Fig. 1. The
upper die and lower die are composed of multiple
punches. By adjusting the position of each punch,
different curvatures can be achieved. The process
flow is shown in Fig. 2. There are mainly two steps.
In the first step, the profile undergoes the multiple
reciprocating bending, and the curvature of profile
is unified. In the second step, the profile with
uniform curvature is over-bent and straightened.

Profile -um JJ_‘_J_JJJ

\ SSe iy i

\l‘Hh—ﬁﬂ Trﬁ—ﬁ

Lower die

Upper die

Fig. 1 Schematic diagram of multi-point flexible
straightening process
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3.1 Curvature unification 2w
The elastic region ratio is introduced to reflect 4 :TS ®)]

the degree of bending deformation, and it is
expressed as

F=— 6]
gpmax

where ¢ is elastic region ratio, & is elastic limit
strain, e=oy/E, o is yield stress, E is elastic modulus,
and epmax 1s the maximum strain.

The maximum strain occurs in the outer layer
of the section, thus

AK,=K—K, )

t
Epman =5 K, ©
where K is curvature of the profile, Ky is initial
curvature of profile, # is thickness of the profile, and
AK, is curvature variation.
Substituting Eqgs. (2) and (3) into Eq. (1), & can
be obtained as

where w; is the distance between the elastic-plastic
boundary point and the geometric center layer.
By Egs. (4) and (5), K can be given as

K="

+ K 6
Ew, 0 (6)

The bending radius required in simulation and
experiments can be determined by Eq. (6). The
springback curvature after the nth bending (K,,) for
the rectangular section profile [27] can be expressed
by using the mathematical induction as follows:

D 2
Kpn :Kn _E(Kn _Knl)_(_) (I(”’1 _anz)_.“

_(Bj” (K, —Ko)+(-1)" 30{1_(_@”} (7
E)V (E+D)t

where D is plastic modulus, gy is intercept stress,
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and K, is curvature after nth bending.

Here, D/E<1, when the times of reciprocating
bending n is large enough, (D/E)"(K,—K,) and
(D/E)" can be ignored, thus the average of K,
(Epn) can be given as follows:

_ D DY
Kpn :Kn _E(Kn _Kn—l)_(Ej (Kn—l _Kﬂ—z)_'“
D nl n+l 300
_[Ej (K=K )+ ()" oy ®)

Equation (8) can be expressed simply as
EP”:f(DaEa007taK17KZ?"'aKn) (9)

As shown in Eq.(9), the curvature of the
profile after the nth reciprocating bending is
independent of the initial curvature. In other words,
the difference of the initial curvature after multiple
reciprocating bending is eliminated.

The derivation process of uniform curvature
for H-section or other section profiles is the same as
that for rectangular section profile.

3.2 Over-bending straightening

The profile with uniform curvature needs to be
straightened by a single over-bending. The bilinear
hardening model is adopted in the analysis of
over-bending  straightening. The relationship
between strain (¢) and stress (o) is as follows:

Ee, e<¢g,
o= (10)
De+o,, €= ¢,
D
aoz(l—Ejas (11)

The loading moment for the rectangular
section profile (My) is calculated as

3
D (Kyr —K,) n oy’ _

Msz‘aszzB{ 5 )

20003 } 12)
3E* (K, —K,)

pnR

where z is coordinate axis in the direction thickness
of height, 4 is sectional area; B is width, K,r is
uniform curvature for rectangular section profile,
and K, is the springback curvature, K,=0.

The loading moment for the H-section profile
My is expressed as

D(K_..— K )H-2t)*
- Pt
24

1 , 1
—o,(H -2t,)* —=D(K
2 ol 2) 3 (

pnH

- Ko )ZE3 -

D(K._..—K)H®

laozé 4 p| 2o = Ky) +100H2 -

2 24 8

1 , 1 2
—D(K,y =K )(H = 2t,)" ——0y(H = 28,)" |+
24P P 8

1,
EZE (Kan _Kp)tlE (13)

where H is the height of H-section profile, K,,u is
the uniform curvature for H-section profile, #,
is the web thickness of H-section profile, # is
the flange thickness of H-section profile, and Zp=
O (EVK oK.

The straightening radius 1/K; required for
over-bending straightening can be obtained by
Egs. (12) and (13) as follows:

Mj
K j = Kp +E—[u (14)
where /, is the moment of inertia, and M is the
loading moment
straightening.

required for over-bending

4 Numerical simulation

The finite element model of the multi-point
flexible straightening process is established using
ABAQUS 6.10, as shown in Fig. 3. The profiles

are discretized with an 8-node linear hexagonal

(a)

Fig. 3 Finite element models: (a) H-section profile;
(b) Rectangular section profile
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incompatible mode element (C3DS8I). The upper
and lower dies are modeled as discrete rigid bodies.
The contact between the die and profile is set as the
surface-to-surface contact, where the outer surface
of die is master, and the outer surface of profile is

slave surface. The sliding type is set as finite sliding.

The contact property is set as the penalty function
method of tangential property with a coefficient of
friction to be 0.1. The profiles with three kinds of
materials are used. The geometric dimensions and
material properties are shown in Tables 1, 2, and 3.

5 Experimental design

Three kinds of profiles are the same as those in
numerical simulation. The experimental setup is
shown in Fig. 4. The upper and lower dies are both
composed of eight punches. By adjusting the
position of the punches, the bending dies with
different curvatures can be available. In the
experiment, firstly the profile undergoes the
multiple reciprocating bending to make the
curvature unified, and then the profile with uniform
curvature is over-bent and straightened.

6 Results and discussion
6.1 Curvature unification
6.1.1 H-section profiles
The Al6063 H-section profiles with initial

curvature radius of 6000 mm are analyzed. The

Table 1 Geometric dimensions of H-section profiles

bending radius is set to be 1436 and 1650 mm,
respectively. The relationship between the curvature
radius and the times of reciprocating bending
obtained from simulation and experimental results
is shown in Fig. 5 and Fig. 6, respectively.

As shown in Fig. 5 and Fig. 6, the difference
of curvature radius decreases with the increase of
the times of reciprocating bending under the same
bending radius for the single-bend profiles and
double-bend profiles. The curvature radius is
unified into the same direction and value. The
simulation results are the same as experimental
results. The above results illustrate the feasibility of
uniform curvature process by reciprocating bending
for H-section profiles. It can be seen from Fig. 5
that the curvature of the profile is unified after
the 8th bending when [1/K|=1436 mm. When
|[1/K[=1650 mm, the curvature of the profile is
unified after the 10th bending. The times of
reciprocating bending required for uniform
curvature reduces with the decrease of bending
radius.

The distribution of equivalent stress for
Al6063 H-section profile after uniform curvature is
shown in Fig. 7. The equivalent stress of profile
tends to be uniform and the residual stress is small.
Al6063 H-section profiles after uniform curvature
are shown in Fig. 8.

6.1.2 Rectangular section profiles

The rectangular section profiles of 304 and

20# steel with different initial shapes are analyzed.

Material Thickness of flange, Thickness of web, Height, Width, B/mm Length, Initial curvature radius,
¢,/mm t,/mm H/mm //mm [1/Ko|/mm
Al6063 1.5 1.5 30 320 6000

Table 2 Geometric dimensions of rectangular section profiles

Material Thickness, #/mm Width, B/mm Length, //mm Initial curvature radius, |1/Ky//mm
304 545 20 320 6000
. 545 20 320 7000
207 steel
5 20 320 6000

Table 3 Material properties of profiles

Material Elastic modulus, £/GPa Plastic tangent modulus, D/MPa Yield strength, o/MPa
A16063 63 1139 86

304 182 1920 321
20" steel 210 2520 282
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The method is the same as that for H-section curvature radius and the times of reciprocating
profiles. bending obtained from simulation results and
For the rectangular section profiles of 304, experimental results is shown in Fig. 9 and Fig. 10,
when the initial curvature radius is 6000 mm, the respectively.
bending radius is set to be 1027, 927 and 805 mm, As shown in Fig. 9 and Fig. 10, the difference
respectively, when the initial curvature radius is of curvature radius decreases gradually with the
7000 mm, the bending radius is set to be 939 and increase of the times of reciprocating bending under
821 mm, respectively. The relationship between the the same bending radius for single-bend profiles
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Fig. 9 Relationship between curvature radius and times of reciprocating bending from simulation results for 304
rectangular section profiles: (a) |1/K]=1027 mm (|1/Ko|=6000 mm); (b) |1/K|= 927 mm (|1/K,|=6000 mm); (c) |1/K]=
805 mm (|1/Ko|=6000 mm); (d) |1/K|=939 mm (|1/K,|=7000 mm); (e) |1/K|= 821 mm (|1/K,|=7000 mm)
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Fig. 10 Relationship between curvature radius and times of reciprocating bending from experimental results for 304
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and double-bend profiles. The curvature tends to be
consistent finally. It is proved that the process of
uniform curvature by reciprocating bending is
feasible for the 304 rectangular section profiles.
When the initial curvature radius is 6000 mm, the
curvature of profiles with bending radius of 1027,
927 and 805 mm is unified after the 7th, the Sth,

and the 3rd bending, respectively. When the initial
curvature radius is 7000 mm, the curvature of
profiles with bending radius of 939 and 821 mm is
unified after the 5th and the 4th bending,
respectively. The times of reciprocating bending
required for uniform curvature decreases with the
reduction of bending radius of profile.
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When the initial curvature radius is 6000 mm,
the distribution of equivalent stress for 304
rectangular section profile with double-bend is
shown in Fig. 11. It can be seen that the equivalent
stress of profile tends to be uniform and the residual
stress is relatively small. The 304 rectangular
section profiles after uniform curvature are shown
in Fig. 12.

For the rectangular section profiles of 20" steel,
when the initial curvature radius is 6000 mm,
the bending radius is set to be 1071 and 942 mm,

Equivalent stress/MPa

(Avg: 75%)
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Fig. 11 Distribution of equivalent stress for 304
rectangular section profile after uniform curvature
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respectively. The relationship between the curvature
radius and the times of reciprocating bending
obtained from simulation and experimental results
is shown in Fig. 13 and Fig. 14, respectively.

As shown in Fig. 13, the curvature of profiles
with bending radius of 1071 and 942 mm is unified
after the 6th and the 5th bending, respectively. It is
proved that the times of reciprocating bending
required for uniform curvature decreases with the
decrease of bending radius. The experimental
results are consistent with simulation results. The
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results show that the uniform curvature principle by
reciprocating bending is correct for 20" steel
rectangular section profiles.

The distribution of equivalent stress for 20"
steel rectangular section profile with initial radius
of 6000 mm and double-bend is shown in Fig. 15. It
can be seen that the equivalent stress of 20" steel
rectangular section profile is uniform and the
residual stress is small. The 20" steel rectangular
section profiles after uniform curvature are shown
in Fig. 16.
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Fig. 15 Distribution of equivalent stress for 20" steel
rectangular section profile after uniform curvature
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Fig. 16 20" steel rectangular section profiles after
uniform curvature: (a) |1/K]=1071 mm; (b) |1/K|=942 mm

Under the same bending radius condition, the
curvature of profiles with same material and
different initial shapes is the same after undergoing
multiple reciprocating bending. It is proved that
the reciprocating bending can eliminate the
difference of initial curvature, and finally make the
curvature the same value and direction. The times
of reciprocating bending required for uniform
curvature decreases with the decrease of bending
radius. It is verified that the reciprocating bending
process is suitable for the profiles with different
materials and different specifications.

6.2 Over-bending straightening

According to the above theoretical analysis
and the unified curvature, the over-bending
straightening is carried out. The maximum residual
deflection is obtained from simulation results and
experimental results. The straightness of profile is
calculated by Eq. (15), and the straightening results

are shown in Table 4.

9=§><100% (15)

where 6 is the straightness of profile, f is the
maximum residual deflection of the profile, and / is
the length of the profile.

Table 4 Straightness of straightened profiles

Straightening ~ Straightness  Straightness from

Material radius, from simulation experimental
[1/K}|/mm results/% results/%
1725 0.14 0.19
Al6063
1722 0.13 0.17
1148 0.10 0.11
1122 0.06 0.08
304 1074 0.09 0.10
1133 0.07 0.14
1087 0.02 0.17
20" 1345 0.08 0.09
steel 1308 0.05 0.13

As shown in Table 4, the straightness of
straightened profile is less than 0.2%, which meets
the requirements of industry. The deviation between
experimental results and simulation results is
small. It is proved that the multi-point flexible
straightening process is feasible.

The equivalent stress distribution of the
straightened profiles with different materials and
shapes is shown in Fig. 17. It can be seen that
the equivalent stress tends to be uniform, and the

Equivalent stress/MPa (a)

Avg: 75%
+3.000x10?
+2.750x10?
+2.501x10?
+2.251x10?
+2.001x10?
+1.752x10?
+1.502x10?
+1.003x10?
+7.532x10!
+5.036%10!
+2.540%10!
+4.317x107!

Equivalent stress/MPa b
Avg: 75% (b)

+1.000x10!

+9.171x100

+8.343x100

+7.514x100

+6.686x100

+5.857x100

+5.028x10°

+4.200100

+3.371x100

+2.542x100

+1.714x100

+8.852x107!

+5.658x1072

Fig. 17 Equivalent stress distribution of straightened
profiles: (a) H-section profile; (b) Rectangular section
profile
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residual stress is small. The straightening effect of

profiles is impressive, and the straightness is within
acceptable range. The straightened profiles are
shown in Fig. 18.

C—
= E

Fig. 18 Straightened profiles: (a) 304 rectangular section
profiles; (b) 20" steel rectangular section profiles;
(c) Al6063 H-section profiles

7 Conclusions

(1) Under the same bending radius condition,
the curvature of profile with different initial shapes
tends to be uniform by multiple reciprocating
bending. The reciprocating bending process can
eliminate the difference of initial curvature, and
finally make the curvature the same value and
direction. The times of reciprocating bending
required for uniform curvature decreases with the
decrease of bending radius.

(2) The straightness of straightened profiles
obtained from experiment and simulation is less
than 0.2%. The feasibility of multi-point flexible
straightening process is verified.

(3) Metal profiles with different materials and
specifications are studied by a flexible device. It is
proved that the process is flexible and suitable for

metal profiles with different materials and
specifications.
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