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Abstract The lightweight aluminum 3D curved structure part
has the characteristics of high structural strength, excellent
aerodynamic performance, and flowing geometric shape. It
is increasingly used in the fields of railway transportation,
acrospace, and other high-end vehicle manufacture industry.
However, with the increase of forming dimensions, as well as
the large, thin-walled, complex forming features, it is urgent to
study the precise plastic forming method for this kind of
difficult-to-deform materials. Based on the new type of flexi-
ble multi-points 3D stretch-bending (3D FSB) process, the
precision forming method for these hard-to-deform parts was
studied in this paper. Extensive numerical simulations for the
3D FSB forming of the target parts have been performed by
finite element methods. The simulation results show good
agreement with the experiment results, and the max shape
error of springback prediction is less than 0.3 mm. Then,
based on the measured shape error of the 3D formed parts,
an iterative overbending method for envelope surface of the
multi-point die (MPD) is proposed to realize precise forming
of the 3D curved structure parts. After four times adjustment
of MPD, the simulation results show that the contour error is
reduced from 1.01 to 0.06%, the maximum springback error
changes from 30.16 to 1.66 mm. According to the adjustment
parameters acquired in the optimization process, the actual
experimental measured contour error is 0.05%, the maximum
springback error is 1.41 mm, which achieved the forming
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requirements of the target parts and verified the effectiveness
of the compensation method.
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1 Introduction

Since 3D curved aluminum structure component has the ad-
vantages of lightweight, high strength, and excellent aerody-
namic performance, it is increasingly used in the fields of
railway transportation, aerospace, and other high-end vehicle
manufacture industry [1, 2]. As shown in Fig. 1, a typical 3D
curved structure part was employed in the Chinese CRH380
series high-speed train’s head skeleton. However, due to the
characteristics of high deformation resistance, low plasticity,
and narrow processing window of the material, as well as the
large, thin-walled, and complex forming features of the target
part, it is hard to precisely forming this kind of spatial com-
ponents [3—5]. Therefore, the study of the accurate plastic
forming method for this type of high-performance, light-
weight components has been a hot topic and frontier in the
field of metal material processing.

With the increase of the forming dimensions, the conven-
tional bending process has been unable to satisfy the complex
forming requirements at present. There are some new flexible
multi-DOF bending technologies be developed in recent
years. Based on the kinematic forming method, Chatti and
Hermes developed the torque superposed spatial (TSS) bend-
ing process [1]. By using the three pairs of rolls and a roll-
based guiding system (bending head), this method allows the
bending of profiles with arbitrary cross-sections to arbitrary
3D curved contours. Besides, Muller developed a hot bending
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Fig. 1 The skeleton of CRH380 series high-speed train

process [6], which directly bending the aluminum profiles
during the extrusion process. Then, a new tool set up com-
bines the extrusion-bending-quenching was designed by Li
[7]. Another flexible bending process is the section bending
technology which was proposed by Geiger [8]. It uses a roller-
shaped upper punch, and a rubber pad as the lower die. The
shape of the final part is depending on the indentation depth of
the roller. Based on this forming principle, a forming proto-
type was developed by He [9]. In summary, these forming
processes realize the complicated 3D bending of the profile;
however, owing to the kinematic forming feature, they are not
suitable for the batch production in the high-speed train’s
manufacturer because of the large, complex geometry features
of the target parts.

In the face of high-speed train manufacturer demand, a
new type of flexible multi-points 3D stretch-bending (3D
FSB) process was proposed and implemented by Liang
and Gao [10-13]. The 3D FSB process overcomes the
shortcomings of low flexibility and only one direction
bending feature in the traditional stretch-bending process.
It achieves a fast, efficient, and flexible forming technol-
ogy for 3D curved parts. However, due to the action of
multi-axial forces and inhomogeneous deformation char-
acteristics, the springback deformation seriously affects
the accuracy of forming parts. Therefore, this paper first
introduces the basic principle of 3D FSB process. Then,
an iterative modification method for compensating the
springback is proposed by using an overbending envelope
surface. Extensive numerical simulations for the 3D FSB
forming of the target parts have been performed by finite
element methods. The experiments were conducted to ver-
ify the effectiveness of the proposed springback compen-
sation method. The configuration of the deformed part
was compared with the required objective shape. In con-
clusion, the modified envelope surface of MPD obtained
from the iterative optimization method considerably
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improved the forming accuracy. The precise forming parts
have been applied in the manufacture of Chinese CRH380
series high-speed trains.

2 Flexible multi-points 3D stretch-bending process

Multi-points forming (MPF) technology has been widely used
in the field of sheet metal forming in recent years [14—18].
Based on MPF idea, the solid curved die in the traditional 2D
stretch-bending process was separated into the multi-point
dies (MPD) in the 3D FSB process. The reconfigurable die
surfaces of this new process make it is possible to realize 3D
curved parts’ forming. As shown in Fig. 2, the forming prin-
ciple of the 3D FSB process can be described as followed:
First, the envelope surface of a set of MPD which installed on
the flexible fundamental units (FFU) was adjusted to the shape
of the target part. Under a constant axial force loaded by the
two tensile hydraulic actuators, the workpiece is stretched into
the plastic state. Then, the workpiece will gradually contact
with the MPD from the center to the two sides by the horizon-
tal moment. Once the workpiece fully contacted with the
MPD, the vertical hydraulic loads are applied to form the
workpiece in the vertical direction. With the clamps turn to
the setting positions, a 3D curved part was successfully
formed in this process. There will be a post-stretch process
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(¢) Bending in the vertical direction

Fig. 2 Schematic diagram of 3D FSB
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Fig. 3 The prototype of FSB
equipment

at last to reduce the effect of springback. Different shapes of
3D parts can be formed by adjusting the position of MPD in
the horizontal direction and vertical direction.

The structure of FFU is shown in Fig. 2a. As the carrier of the
MPD, the FFU realizes the 4-DOF of MPD which is both the
movement and rotation in the horizontal and vertical directions to
deform the 3D curved parts. The structure of the FFU has the
following properties. (1) Reconfigurable die surface, which in-
creased flexibility of the stretch-bending process; (2) Local posi-
tion adjustable, the springback can be effectively controlled; and
(3) Fast changeable MPD, the MPD can be quickly changed if
the cross-section shape and type are different.

This new forming process solves the problems of high cost,
poor flexibility and cannot 3D bend in the conventional 2D
stretch-bending process. It is very suitable to manufacture that
kind of thin-walled complex shape 3D components in the
high-speed trains. Based on the 3D FSB forming principle,
the prototype of FSB equipment was developed, which is
shown in Fig. 3.
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Fig. 4 Target geometry shape of the structural part for the high-speed
trains

3 Numerical simulation of 3D FSB process

3.1 Forming requirement of the target part

As the key frame structure of the skeleton in the high-speed
trains, the target geometry and cross-section shape of the 3D
curved structure part are shown in Fig. 4.

As shown in Fig. 4, the target shape of 3D curved structure
part has the features of asymmetric geometry and different cur-
vature in the horizontal and vertical directions. The length of the
aluminum workpiece is 4.5 m, and the cross-section of the work-
piece is irregular T profile, its web is located inside during the
forming process. In order to realize the accurate assembly of this
part, the forming contour error should be controlled within 0.1%;
the maximum springback error is required less than 2 mm, which
proposes a strict requirement on the forming process. As shown
in Fig. 5, the fitting characteristic curves of the target part were
defined by the discrete control vertex. The points in Fig. 5 indi-
cate the coordinates of the MPD in the y-axis and the z-axis,
which is according to the position of each MPD in x-axis direc-
tion. The adjustment parameters of each MPD can be calculated
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Fig. 5 The characteristic curves of the structural part for high-speed
trains
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Table 1 Mechanical

properties of the material Parameters Value
Elastic modulus £(Gpa) 65.05
Yield strength o,(Mpa) 188.44
Poisson’s ratio v 0.3
Strength factor K(Mpa) 452.64
Strain-hardening n 0.15

according to the characteristic curves of the target part, which is
specific in reference [11].

3.2 Material model

The materials of the aluminum profile used for this part are
aluminum alloy T6065, which is extensively applied in high-
speed trains’ structural parts. The material parameters of the
aluminum profile are shown in Table 1. In the material model,
the workpiece is assumed that the materials obeyed the Von
Mises yield criterion and Prandtl-Ruess flow rule. And the
material is performed isotropic both in the strain-hardening
model and the elastoplastic constitutive behavior. For small
elastic deformation, the stress satisfies Hooke’s law. For large
deformation, the stress is proportional to the strain to the pow-
er of n, which is the strain-hardening exponent. Therefore, the
relationship between stress and strain can be express as:

o = Es  for o< oy
oc=Ke" for o>o0; (1)
o=-Kle[" for o<—o0y

where K is the strength coefficient, the value is shown in Table 1.

3.3 FE model of simulation

Commercial finite element software ABAQUS/explicit is cho-
sen to conduct numerical simulations for FSB process due to
the advantages in solving nonlinear problems. Besides, the
forming process is a large deformation and dynamic process,
so it is suitable using explicit procedure over the implicit

S, Mises

(Avg: 75%)
+3.04%e+02
+2.795e+02
+2.541e+02
+2.287e+02

+1.270e+02
+1.016e+02

+5.082e+01
+2.541e+01
+2.003e-10

The forming part

The initial shape of the profile
Fig. 7 The CAE simulation results of high-speed trains’ structural part

procedure in complicated contact conditions [19-21]. Based
on the characteristic curves of the target part in the 3D FSB
process, the finite element simulation model of the forming
process was established, as shown in Fig. 6.

The aluminum profile is dispersed into many C3DS8R solid
elements. The model is mainly composed of the deformable T
profile workpiece and the rigid MPD in 1:1 scale. There are 18
MPD used in the forming process. The envelope surface of
MPD was adjusted according to the shape of the target part.
The forming process is divided into four steps, which are the
pre-stretch, the horizontal bending, the vertical bending, and
the post-stretch process. The forming process is controlled by
displacement loading of the clamp, which is abstracted as a
hinge point with six degrees of freedom. The clamp connected
with the profile by establishing the joint rigid-connecting ele-
ments. The contact between profile and MPD is defined as the
surface contact. The friction coefficient is set up to be 0.1 in
the simulation. The horizontal envelope shape of the MPD
was adjusted before simulation. The vertical shape was con-
trolled by the translation connector elements established on
each MPD. The simulation results of the forming process are
shown in Fig. 7. It can be seen that the workpiece was formed
both in the horizontal and vertical directions. The stress dis-
tribution along the axial direction of the workpiece is uniform,
and the maximum stress occurred at the clamping position of
the formed part.

Since the springback is the main factor affecting the accu-
racy of forming parts, it is essential to predict the springback in

Fig. 6 The CAE simulation model of high-speed trains’ structural part
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Fig. 8 The shape change after springback

the numerical simulation [22, 23]. By using the function of the
predefined field in Abaqus, based on the state of stress and
strain distribution results, the springback prediction model
was established. The springback process is moving from one
equilibrium to another. Therefore, the implicit procedure was
taken to provide better results in this analysis. In order to
observe the springback phenomenon caused by the forming
outputs, the loads, and the boundary conditions were deleted
in springback simulation. Figure 8 demonstrates the shape
changes of the formed part before and after springback.
Because of the springback effect, the maximum shape devia-
tion reached 30 mm. The formed part could not meet the
requirement of forming accuracy.

4 Precision forming of 3D curved parts
for high-speed trains

Based on the flexible envelope surface feature of the FSB
process, the general procedure from the design of the object
shape to the precision manufacture of the product is shown in
Fig. 9. In this study, the FE model was used in optimizing the
envelope surface of MPD. According to the simulation results,
the shape error is examined by the following evaluation meth-
od for FSB process. If the forming accuracy does not meet the
requirements, the die surface will be regenerated by the
springback compensation method until the target shape is ob-
tained. The forming experiments will be carried out to test
whether the actual forming accuracy reaches the forming
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Fig. 10 Definition of springback in FSB process

4.1 Evaluation method of the formed parts in 3D FSB
process

In order to research the relationship between springback and
the adjustment parameters of MPD, the evaluation method of
forming accuracy for the 3D stretch-bending parts is proposed
as shown in Fig. 10. In this figure, P is the fitting characteristic
curve of the MPDs’ adjustment parameters; E is the curve of
envelope surface of MPD; D is the characteristic curve of the
target part; and S is the final shape of the forming part after
springback. In the horizontal direction, P and F are equidistant
curves, while in the vertical direction they are coincident. The
Di» €, d;, and s; are the coordinates according to the MPD’s
position on the x-axis. The subscript i(i=0, 1,2,3 .. ...N) rep-
resents the number of each MPD. A« is the measured
springback error on the cross-section which is defined in
Fig. 8. Ap is the compensation displacement of MPD.
Mathematically, these variables defined above have the fol-
lowing relationships:

requirements. Aq; = si—d; (2)
MPD IO
Target = . ) . :Evaluation of th | Forming
shape o ::‘::::;::: FE simulation formed parts experiments
} .
Envelop surface .
of MPD after Springhack
. -¢——| compensation
springback thod
compensation metho

Fig. 9 The procedure of precision forming for the FSB process
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Fig. 11 The springback detector for FSB process

e; — di_Aﬂ[ (3)

The local springback ratio and the contour error of the
formed part are defined as:

AO[,'
== (4)
1 N (Aozy,-)z + (AOézi)z
=N (@@))2 + (d,-<z>>2> ?

Where Aa,; and Ac; are the horizontal and vertical shape
error at the ith MPD; di(y) and d(z) are the horizontal and
vertical coordinates of the target shape corresponding to the
ith MPD’s x-axis position. The contour error A¢ considers the
relative shape error of each adjustment point, and it can de-
scribe the overall forming accuracy of the 3D stretch-bending
part.

The advantages of this 3D springback evaluation method
are the following: (1) It clarifies the relation between
springback and profile adjustment parameters; (2) The law
of springback variation along the profiles can be researched;
and (3) The basis of error compensation for each MPD is

—p (1)Workpiece

(2)Stretch-bending test after adjustment of MPD

: s o

(3)Measurement of the springback error D
(Y 4

L O‘

— (4)Adjust the envelope surface of MPD
E™ =E' +aha’

Fig. 12 The displacement adjustment method for FSB process
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given in the measurement. Based on this evaluation meth-
od, the springback detector for FSB process was devel-
oped as shown in Fig. 11. According to the MPDs’ x-axis
adjustment parameters, the springback detector is regular-
ly arranged as the target part’s shape. The shape errors of
the 3D stretch-bending part in y-axis and z-axis after
springback can be easily examined and measured in the
actual experiments.

4.2 Springback compensation method

In order to overcome the effect of springback on forming
accuracy, several compensation methods were proposed by
using numerical approaches. Among these methods, the dis-
placement adjustment method (DA method) and the spring-
forward method are widely used in sheet metal forming pro-
cess. The DA method using the displacement of shape error
inversely imposed on the target surface to make a new die
shape [24, 25]. The spring-forward method using the
formed stresses inversely imposed on the target part to
get the overbending die surface [26]. Compared with the
spring-forward method, the DA method has the advan-
tage of less iterations and it does not have the iteration
non-convergence problem. Therefore, based on the DA
method, the iterative overbending method for FSB pro-
cess is proposed, which is shown in Fig. 12. The ini-
tialize adjustment is using the target shape as the enve-
lope surface of MPD. The superscript j is the number of
iteration.

E'=D (6)

The envelope surface of MPD after iterative compensation is:

EM' = E/ + a-(S'-D)

e{+l :e{+a(é‘{—di),(l':0,1,2,3,....-,N) (7)

a is the springback compensation factor, which can help to ac-
celerate the iterative process, generally its value from —2.5to— 1.

As the springback error of the formed part meets the fol-
lowing criteria:

HSj_DHmax < )\1,&(A¢ < /\2) (8)

The iterative process will stop. In these formulas, A¢ defined
in Eq. 5 is the contour error, A is the requirement of forming
precision. Besides, A/ and AF in Egs. 2 and 3 can be
expressed as:

AOll'j == S{_D, (9)

ABl = aAa) (10)
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Fig. 13 The adjustment characteristic curves of MPD in the horizontal and vertical directions. a The horizontal adjusting curves. b The vertical adjusting curves

At last, the adjustment parameters of each MPD will be
calculated by the compensation data of envelope shape as
follows:

. L
P =FEMN £ % 0 R
y v EJT

pitl — pi+l

(11)

Where 77’ g+ 18 the normal vector of the horizontal adjustment

curve P,, and R, is the rotation radius of MPD which is a
constant.

4.3 Application of springback compensation method

According to the forming requirements of the 3D curved part
for high-speed trains, the overall contour error A¢ should be

less than A\, = 0.1%, and the maximum springback error
should be less than A\; = 2 mm. Based on the DA method
and the established simulation model, the 3D stretch-
bending part satisfying the forming accuracy was realized af-
ter 4 times adjustment. In these 4 times simulation, the char-
acteristic curves of the MPD’s adjustment control points are
shown in Fig. 13. The overall contour error changes from
1.01% at the first adjustment to 0.06% at the fourth adjust-
ment. The maximum springback error changes from 30.16 to
1.66 mm.

The springback ratio ¢ in Eq. 4 is defined as the ratio of the
measured shape error and the target coordinates at each posi-
tion of MPD, its change in these four times adjustment are
demonstrated in Fig. 14.

At the first adjustment, by using the target shape as the enve-
lope surface of MPD, the formed part has a large springback
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Fig. 14 The changes of springback ratio. a The horizontal springback ratio. b The vertical springback ratio
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Fig. 15 The forming experiment
of 3D FSB process

)Forming experlment by
3D FSB process

ratio. The maximum springback ratio is 6.54% in the horizontal
direction, and 8.45% in the vertical direction. With the increase
of deformation displacement, the springback ratio also increases.
At the second adjustment, the change of the springback ratio
flattens out gradually. The maximum springback ratio reduced
to 1.86% in the horizontal direction, and 2.33% in the vertical
direction. After four times adjustment, these data changed to 0.35
and 0.37%. The simulation results show that the DA method for
the envelope surface compensation can improve the shape devi-
ation effectively. The required forming precision can be achieved
by using iterative optimization method in CAE simulation.

5 Forming experiments

Based on the adjustment parameters acquired in the optimization
process, the actual forming experiment was carried out to con-
firm the forming accuracy of the modified die shape by the 3D
FSB equipment, which is shown in Fig. 15a. The formed 3D
curved structure part for the high-speed trains is shown in
Fig. 15b, which is placed on the springback detector. The exper-
imental shape error can be measured on the springback detector,
which is regularly arranged according to the adjustment param-
eters of each MPD. The results of experiments and FE simulation
are compared as shown in Fig. 16. It can be seen that the FE

—&—FEresults Ay
204 —e— FE results Aa, 412
’ —A— Experiment results Az )}
—v— Experiment results Aa Jos
1.6
£
E
€ 124
(4}
£
s L
& 0.8+
o
0
[a)
0.4 4
0.0 4
T T T T T T T T T T 1.2

0 2 4 6 8 10 12 14 16 18
Number of MPD(N)

Fig. 16 The comparison between experiment and FE simulation results
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simulation predicts the trend of springback efficiently; the max
absolute error between simulation and experiment is less than
0.3 mm. Experiment results verify the accuracy of the FE
simulation.

The max springback values representing the forming pre-
cision are demonstrated in Table 2. According to the experi-
mental results of springback measurement, the overall contour
error A¢ is 0.05% calculated by Eq. 5, which is required less
than 0.1%. The maximum measurement springback error is
1.41 mm, which is required less than 2 mm. Thus, the preci-
sion forming of the 3D curved structure part for the high-
speed train is realized by the 3D FSB process.

6 Conclusions

The 3D curved structure parts assembling in the high-speed
trains proposed a strict forming requirement for the forming
process. Based on the new type of 3D FSB process, the pre-
cision forming method for these hard-to-deform parts was
studied in this paper. Extensive numerical simulations for
the 3D FSB forming of the target parts have been performed
by finite element methods. The experimental results show
good agreement with the FE simulation. This research will
provide valuable and sufficient guidance on determining the
3D FSB parameters and optimizing the 3D FSB process.
According to the forming demand of the 3D curved struc-
ture part for high-speed trains, a numerical simulation model
has been established to analysis the forming process and
springback phenomenon by the dynamic explicit and static
implicit procedure. Numerical results of springback prediction
on the target part are in good agreement with the experimental
results, and the max absolute error is less than 0.3 mm.

Table 2  The experiment results of 3D stretch-bending

Item FE simulation Experiments Error (%)
Max Aqy,(mm) 1.66 1.41 17.7
Max Aca(mm) 1.25 1.22 245
A (%) 0.06% 0.05%
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Based on the forming accuracy evaluation method for the
formed parts, an iterative optimization method for the enve-
lope surface of MPD is proposed by displacement adjustment.
The simulation results show that the contour error is reduced
from 1.01 to 0.06%. The maximum springback error changes
from 30.16 to 1.66 mm after four times adjustment. The
springback can be reduced significantly by the proposed
method.

The 3D stretch-bending experiments using the 3D FSB
apparatus were carried out to verify the feasibility of the
springback compensation approach. It was also noted that
the modified envelope shape of MPD obtained from the iter-
ative optimization method considerably improved the forming
accuracy. The experimental measured contour error is 0.05%,
and the maximum springback error is 1.41 mm. They are less
than the 0.1% and 2 mm forming requirements. Accurate
forming of the target part is achieved in 3D FSB process. At
present, the precise forming parts have been used in the man-
ufacture of Chinese CRH380 series high-speed trains. The 3D
FSB process and equipment have implemented industrialized
production.
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