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Abstract

Springback compensation is considered as the best method to reduce springback error. In view of the springback
defect of 3D deformed workpiece, a springback compensation method based on variable compensation factor is
proposed. This method can accelerate the convergence speed of iterative compensation. In this paper, the 3D flexible
stretch bending of multi-point roller die technology (3D FSB-MPRD) is introduced firstly, and then, the principle of
the springback compensation method based on variable compensation factor is explained. In order to improve the
springback compensation accuracy of workpiece, the total springback compensation process is divided into horizontal
bending springback compensation and vertical bending springback compensation. Taking the T-shaped profile with
variable curvature as the research object, the die surface is optimized and the optimal springback compensation
factor is obtained by using numerical simulation after multiple iterations. Finally, the results of springback compen-
sation are compared with the desired shape. And the effectiveness of the springback compensation method based on
variable compensation factor is verified by comparing the simulation results with the test results.

Keywords 3D stretch bending - Multi-point - Springback - Compensation - Simulation

1 Introduction

Springback is one of the common defects in metal plastic
forming. Springback is a phenomenon that the shape and
size of workpieces change after unloading due to residual
stress and elastic recovery, which seriously affects the
dimensional accuracy and forming quality of workpieces
and brings great difficulties to the subsequent assembly
process. In order to improve the forming accuracy of
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workpieces, the springback of workpieces is usually re-
strained by adjusting the process parameters, die parame-
ters, and material parameters or adding additional process-
es to reduce the shape error [1-3].

In recent years, the springback compensation method
based on modified die surface has been widely used in
sheet and profile forming. The die compensation method
is an iterative process, that is, under the premise of known
springback, the blank is over-bent by modifying the die
surface. By using the law of springback, the shape after
unloading is similar to the desired shape, so as to reduce
the springback error. The traditional method of die com-
pensation is generally trial and error method [4]. Only by
changing the die surface repeatedly can the forming re-
quirements be achieved. Die design mainly depends on
the actual experience and skills of operators, which leads
to the long cycle of die development [5].

With the development of finite element theory and com-
puter technology, numerical simulation has gradually replaced
the trial and error method [6—8]. By establishing the finite
element model, the springback of the workpiece can be pre-
dicted. According to the value of springback, the optimal die
surface can be obtained by modifying the die surface
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continuously. The use of numerical simulation not only
shortens the die development cycle, but also reduces the pro-
duction cost [9, 10]. Karafillis et al. used the finite element
method to propose a method (K&B method) to design sheet
metal forming die by using the calculated springback. The
compensation effect could be achieved after several iterations
by applying the traction force opposite to the forming direc-
tion [11-13]. Gan et al. put forward a displacement adjustment
method (DA method) for the reverse compensation of the
nodes of the formed workpiece. By applying a displacement
opposite to the springback direction, the die surface was con-
structed to compensate the springback [14, 15]. Lingbeek
et al. established a stretch bending model and found that the
value of compensation was closely related to material, pro-
cess, and geometric parameters, and a compensation factor
was needed to realize one-step iteration of DA method.
Weiher et al. modified the DA method and proposed a smooth
displacement adjustment method (SDA method) for
springback compensation, which had greatly improved the
compensation accuracy. Lingbeek et al. also proposed a sur-
face controlled overbending method (SCO method), and the
results showed that both SDA and SCO methods were effec-
tive in springback compensation of industrial products
[16-19]. Yang et al. put the emphasis on the die design and
put forward a comprehensive compensation method consider-
ing the adjustment of compensation direction displacement
[20]. Jia et al. proposed a new process of multi-point forming
with individually controlled force-displacement (MPF-ICFD)
to reduce springback in traditional multi-point forming [21].
Cai et al. proposed a springback compensation and correction
algorithm for hyperbolic panel, which was verified by theo-
retical analysis, numerical simulation and forming experiment
[22]. Liang et al. proposed an iterative correction method to
compensate springback by using the overbending envelope
surface [23, 24].

Springback is one of the main defects in the process of
stretch bending, which seriously affects the forming accu-
racy of the workpiece. The methods mentioned in the
above literature have no obvious effect on springback com-
pensation in 3D FSB-MPRD process, so it cannot be used
directly. In this paper, the variable curvature T-profile with
complex section is studied. Firstly, the forming principle of
3D flexible stretch bending of multi-point roller die (3D
FSB-MPRD) process is introduced. Then, a new
springback compensation method based on the variable
compensation factor is proposed for the workpiece with
3D deformation. This method can accelerate the conver-
gence speed of springback compensation. Finally, the fi-
nite element model of 3D FSB-MPRD process is
established. The numerical simulation is used to optimize
the die surface for several iterations, and the shape obtain-
ed after compensation is compared with the desired shape.
By comparing the simulation results with the test results,
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the effectiveness of the springback compensation method
based on the variable compensation factor is verified.

2 The 3D FSB-MPRD process and springback
compensation method

2.1 The 3D FSB-MPRD process

In this paper, a 3D FSB-MPRD process is proposed, which
can be used to form three-dimensional profile and meet the
requirements of multi-directional deformation of profile in
space. In this process, the traditional integral die is divided
into several multi-point roller dies (MPRD), so that the profile
can be deformed in three-dimensional space. The forming
principle of the 3D FSB-MPRD process is shown in Fig. 1.
The profile is deformed in horizontal direction and vertical
direction respectively. The roller die is installed on the flexible
fundamental unit, and the flexible fundamental unit is ar-
ranged regularly and its position is adjustable. Through the
precise control of the position of each flexible fundamental
unit and the independent adjustment of the MPRD, the
forming surface of the three-dimensional stretch bending pro-
cess can be constructed.

The 3D FSB-MPRD equipment is shown in Fig. 2. The
bending deformation of the blank in the horizontal direction
can be increased or reduced by changing the position of the
flexible fundamental unit (as shown in Fig. 2a). By changing
the displacement of the roller die, the bending deformation of
the blank in the vertical direction can be increased or de-
creased (as shown in Fig. 2b). By changing the shape of the
roller die, various profiles with complex cross-section can be
formed. Therefore, the 3D FSB-MPRD process has the advan-
tages of high efficiency, flexible operation, and short research
and development cycle.

2.2 Principle of the springback compensation method
based on the variable compensation factor

The commonly used springback compensation methods main-
ly include DA method and SCO method. In this paper, the DA
method is studied deeply [14, 15]. In the three-dimensional
deformation process of profile, the springback process is com-
plex and the springback law is not easy to grasp. A new
springback compensation method based on variable compen-
sation factor is proposed for the three-dimensional deforma-
tion process of variable curvature profile.

In this study, the centerline of the profile is discretized into

n geometric nodes. In three-dimensional space, D is assumed

to be the desired shape, and S is the shape of profile after
springback [19].
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Fig. 1 Forming principle of the

3D FSB-MPRD process |
worktable, 2 flexible fundamental
unit, 3 profile, 4 roller die. a
Stretch bending in the horizontal
direction. b Stretch bending in the
vertical direction

D= [21,22,23,...,2,1] (1)

S= 51,5255, 005 2)

After compensation, the die surface is 6 which can be
defined by Eq. (3):

C= [a,zz,a,...@,} (3)

Therefore, the springback compensation process can be
expressed as follows:

Flexible fundamental unit

-

2 E S l’
 Clamp
R

(b)

Fig. 2 The 3D FSB-MPRD equipment

C=D -a (§ - B) eti=di+a (gi,gi) Yien (4)

where « is the compensation factor, and ¢;, s ;, and d; are the
coordinates of the corresponding shape at the ith node .
di = (Xdi; Y gi» Zai)
Si= (Xsnysi,Zsi) (5)
Ci = (xci7ycivzci)

In the actual compensation process, multiple iterations are
needed to reduce the shape error and approach the desired
shape (as shown in Eq. (6)).

Cj+l
/ a[(xsij !yslj’zs‘lj )-(xdx YairZai ):I

j+l g+l o j+l

!
.(xci Yei© 1% )

Y

'

X

Fig. 3 Springback compensation iterative process of 3D stretch bending
profile
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I ica (§j_ 5) eeM =3/ + a(;.j_gi) The iterative process of springback compensation in 3D

O( ot L,’“) = (v’ v’y za”) + (x5 v 257 ) =iy Vais 2ai)]

Vien,j>1

. . - . —j+1 .
where C/ is the die surface after the jth iteration, c’ s the

stretch bending of profile is shown in Fig. 3. Generally speak-
ing, after several iterations to modify the die surface, the pro-
(6) file will converge to the desired shape. In order to speed up the
convergence, the compensation factor is improved in this
study (as shown in Eq. (9)).

die surface after the j+ 1 iteration, and S/ is the springback

shape of profile after the jth iteration. ar , 0<0<6
When the shape error is reached to Eq. (7) or Eq. (8), the a = a(8) = o, 0 <056, keN® (9)

iteration stops: "

o g, Oy < 00

Sj_ DH = xsijv sijv Zsij ~\Xdis Vai» Zdi < ' 7

H max H( Y ) (i Va d)H ¢ @ In this study, the n nodes of the profile centerline are
i B G o (e o o divided into k parts, oy represents the value of compen-
’C ¢ — ™ v 2o )= et e 2 < € sation factor of the kth part of the profile, N* is a posi-

(8) tive integer, and Jy is the springback error at the kth part.
And the value of ay is closely related to §. Therefore,

where &' and ¢ are allowable forming errors. Eq. (4) can be rewritten as:
Dl o (Sl Dl), 0 < <6
Ek :Bk_ak (gk_5k> — D2 (%) (Sz Dz), 51 < 5552 -
Di— Oék<Sk—D Sr1 < 659,
) k-1 k (10)
d11+041<811 dii), 0<d<4

cri = dy—oy (S ki_dki> =

dyi + (?2,‘—&121‘)7 01 < 6<0 VieN" ien

Dyi—ay, (Skikaz) 5 Op—1 < 0<0y

In the iterative process, in order to accelerate the conver-  closest to the accurate solution must be obtained. Thus, Eq.
gence and make the compensation shape approach the desired ~ (11) is obtained:
shape quickly, the value of compensation factor oy, which is

¢/ = oy (Sk —Dk)

—irl — RN
Cy = CkiJ—CYi(Sk/—Dki):

C = a1’<S1 ) 0 < 6<0;
Cri—ar (S ( ) 5 < §<6,

é‘;;/—ak (Sk -D ) Op-1 < 0<0

d/ + oy’ (Suj dh), 0 <6<,
da’ + ozzj(§2ij—d2i)7 01 < 0=, VkeN", ien

dif oy (?kij _Eki)v Okt < 00
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where o/ is the value of compensation factor of the kth part of
the profile in the jth iteration.

When the springback error is reached to Eq. (12), the iter-
ation is stopped:

N
Hclj+ —Cl"H < &

ax

— =
& | <& vrent
... imax
fov-ao], <
max

&, 1s the maximum springback tolerance.

In this study, the basic idea of dichotomy in mathematics is
used to narrow the solution range, quickly find the approxi-
mate solution of ¢y, and gradually approach the accurate so-
lution. Taking «; as an example, it is assumed that the solution
interval of compensation factor is [a, b] and a; = %. After

> (Dlnitial profile

the first compensation, Eq. (12) is used to judge whether to
stop iteration. If further iteration is required, the value of com-
pensation factor a;” required for the second iteration is in
accordance with the following relationship: if £<0, then
o= %h;b; if €>0, then a? = %bﬂ.

At the end of the second iteration, Eq. (12) is used to de-
termine whether the springback error meets the forming accu-
racy requirements. And so on until Eq. (12) is reached, and the
iteration stops. In the same way, ay, oz, ..., o; can also be
obtained by using the above laws.

2.3 Use of the springback compensation method
based on the variable compensation factor

In the 3D FSB-MPRD process, the forming process of the
profile is very complex. If the workpiece springback

@Adjusting envelope of MPRD

| @ é./*' — C—'/ +akl'A*i,/

—

(@DMeasuring springback error

R Y By e
® C'"' =C"+a'l Az,

=

. $ e alnal@ D)
C"’MC”

(b)

Fig.4 Springback compensation method of the FSBRD process. a Springback compensation in horizontal bending process. b Springback compensation

in vertical bending process
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compensation is directly carried out in the three-
dimensional space, the process of springback compensa-
tion is very complicated and difficult to achieve the
forming accuracy due to the multi directionality of the
three-dimensional deformation of the profile. According
to the principle of 3D FSB-MPRD process, the total
springback process is divided into horizontal bending
springback compensation and vertical bending springback
compensation (as shown in Fig. 4).

The deformation of profile is large in the horizontal
bending process and small in the vertical bending process.
According to the forming experience of the 3D FSB-
MPRD process, the value of o' in the first iteration is
within the range of [0, 1] in horizontal bending
springback compensation and ;' in the first iteration is
within the range of [0, 2] in vertical bending springback
compensation. The maximum springback tolerance is de-
fined by Eq. (13):

§ =& =""=§=001Lg (13)

where Ly is the length of the profile at the kth part of
profile.

3 Material model

In this paper, aluminum alloy profile is used, its model is
6005A. Figure 5 shows the stress-strain curve of the specimen
measured in uniaxial tensile test.

Some material parameters of aluminum alloy profile are
shown in Table 1. Since the value of true stress and strain is
needed in setting material parameters in numerical simulation,
Eq. (14) is used to calculate the required value.

e =In(1 + &nom)

0 = nom(1 + Enom) (14)

1 1 1 1 L 1 i 1 1

0 0.02 0.04 ().()68 0.08 0.10  0.12

Fig. 5 Stress-strain curve

@ Springer

Table 1 The material parameters of aluminum alloy 6005A

Young’ Poisson’s Yield Density
modulus ratio (v) strength (p)

(E) (05)

70 GPa 0.33 260 MPa 2.71 glem®

4 Numerical simulation
4.1 Finite element model

At present, ABAQUS finite element software is widely used
in numerical simulation. It is a dynamic process that large
deformation is produced in the 3D FSB-MPRD process.
Therefore, the explicit analysis module of the software is used
for numerical simulation analysis. First of all, determine the
profile section shape and plan the number of dies according to
the profile length. The two-dimensional drawing module of
Auto CAD software is used to design the trajectory of the
horizontal bending and vertical bending process of 3D stretch
bending. Then, the profile is established in the part module of
the ABAQUS software, the shape of the die is designed, and
the steps of assembly, defining interactions, setting material
properties, and boundary conditions, and meshing are per-
formed in order. Owing to the large length of the profile in
the forming process of FSB-MPRD, the simulation results are
distorted when using single-precision calculation. Thus, in
order to improve the calculation accuracy, double precision
is used to calculate when the job is submitted in this paper.

The profile used in this paper is a variable curvature T-
profile with complex cross-section shape. The simplified as-
sembly diagram of 3D FSB-MPRD process is shown in
Fig. 6a. The model is mainly composed of profile, clamps,
several MPRD, and threaded rods.

When meshing the finite element model, the T-profile is a
deformable body, C3D8R solid element is used. The clamp,
MPRD, and threaded rods are rigid bodies, and R3D4 rigid
body element is used. The mesh size of T-profile needs to be
defined separately. The mesh size of clamps, MPRD, and
threaded rods can adopt the default size. The meshing of the
model is shown in Fig. 6b.

4.2 Trajectory design of clamps and roller dies

The 3D FSB-MPRD process mainly consists of four process-
es: pre-stretching, horizontal bending, vertical bending, and
post-stretching. The whole stretch bending process mainly
relies on the clamp to drive the profile to deform. Figure 7
shows the forming trajectory of the clamp and the roller die
during the process.

In the pre-stretching stage, the profile is elongated J,,
along the x-axis direction to reach the plastic state. In the
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Fig. 6 a The simplified assembly
diagram of 3D FSB-MPRD
process. b Meshing of each part

horizontal bending stage, the profile is bent in the X-Y
plane, and the trajectory of the clamp is shown in Eq.
(15). In the vertical bending stage, the profile is bent in
the X-Z plane, the path of the clamp is shown in Eq.

P
e
a@ﬂ// Stretching clamp —
.’CLThreaded rod /"{//
@)/ .10 MPRD /
- . e
(a) (b)

(16), and the path of the die is shown in Eq. (17). In
the stage of post-stretching, the profile is elongated J,,
along the deformation direction to reduce the springback,
and the clamp trajectory is shown in Eq. (21).

X=(L+ 6pr)cos<§: a,-) (L + 6 i p,-a,) i 0 [sin(i a,)sin(i a,»_lﬂ + dlsin<§n: ai)

A=l ) =1 =l N NE ) =1 ) (15)
Y = {(L + 0pr)= Y pia,} sin(Z ai> + py(l=cos ay) + ¥ p; {cos(Z a“)—cos(Z 04[)] +d {1—005(2 a,»)]

=1 =1 i=2

i=2 i=2 i=1

where X is the distance that the clamp moves along the X-axis,
and Y is the distance that the clamp moves along the Y-axis. L
is the initial length of the profile, d,, is the pre-stretching
length of profile, n is the number of arc segments of the pro-
file, o; is the bending angle of the ith arc, d; is the distance
from the clamp reference point to the geometric center of the
profile.

Z = p'(1-cos?)

(16)

Fig. 7 Forming trajectory of the

z; = p'(1—cos §;) (17)
LI

’ = arcsin  — 18

I6] arcsm(p,) (18)

f3; = arcsin (%) (19)

clamp and the roller die

',

X

Profile vertical bending o .
B i>/ =T 7 Z‘

Zt, Die center line before and Projection after horizontal

X

after vertical bending

bending of profile
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Table 2  Processing parameters

Parameter a,/° ,/° as/®
Value 20 20 20

pr/mm
8594.37

po/mm
5729.58

p3/mm 6/° p/mm

2864.79 10

Op/Mm Opo/mm
30,534.4 60 60.6

ai> —sin<§n: a[_lﬂ + [(L + Opr) = i pia,] cos(i a[) + dlsin(i ai) (20)
i=1 i1 = =

where Z is the distance that the clamp moves along the Z-axis
during the vertical bending, p’ is the vertical bending radius,
and z; is the distance that the jth die moves along the Z-axis. G
is the bending angle of the clamp at the end of the vertical

where J,,, is the post-stretching length of the clamp along the
axial direction of the profile after the vertical bending, x,,5, 10,
and z,, are the components of the post-stretching length re-
spectively in the direction of the xyz axis, and /3 is the vertical

bending of the profile, 3; is the bending angle of the profile at  bending angle.
the jth die, L’ is the projected length of the profile at the end of
the horizontal bending, and D; is the horizontal distance be-
tween the jth die and the first die.
5 Results and discussion

e /
Xpo = Opo sin 3

Voo = Opo c05 3 Sm(i a,) 5.1 Numerical simulation results and experimental
g fau (21)  results
Zpo = Opo cos (F'cos < D a,>
i=1 The length of the T-profile is 6 m, and its processing param-

eters are shown in Table 2. Figure 8 is the simulation result of

Fig. 8 Simulation result of 3D
FSB-MPRD process

S, Mises
(Avg: 75%)
- +3.467e+02
+3.179e+02
+2.890e+02
+2.601e+02
+2.312e+02
+2.024e+02
+1.735e+02
+1.446e+02
+1.158e+02
+8.690e+01
- +5.804e+01
+2.917e+01
+2.979e-01

Initial profile

MPRD position after forming «—

(a)

U, Magnitude
+6.960e+01
+6.380e+01

- +5.800e+01
+5.220e+01
+4.640e+01
+4.060e+01
+3.480e+01
+2.900e+01
+2.320e+01
+1.740e+01
+1.160e+01
+5.800e+00
+0.000e+00

Fixed section

/‘J Profile before springback

- Profile after springback
(b)
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Fig. 9 a Workpiece formed by
3D FSB-MPRD process. b
Springback detection device

3D FSB-MPRD process. It can be seen from Fig. 8a that the
profile has undergone three-dimensional deformation, and the
portion of the profile that is held by the clamp has stress
concentration. The stress distribution of the middle part of
the profile and the contact part of the roller die is relatively
uniform.

In this study, ABAQUS/implicit algorithm is used to cal-
culate the springback of three-dimensional deformed work-
piece. In order to observe the springback of the workpiece
after unloading, the load and boundary conditions are deleted
in the springback simulation. Figure 8b is the result of the
springback simulation of the profile. Due to the springback
effect, the maximum shape deviation is 69.6 mm. The formed
part cannot meet the requirements of forming accuracy.

Figure 9a is a picture of a workpiece formed by the 3D
FSB-MPRD process. It can be seen from the test results that
the forming effect of the profile is good and there are no
obvious defects such as crease, fold, and necking. The test
results are in good agreement with the finite element simula-
tion results shown in Fig. 8a. Therefore, using the finite ele-
ment simulation to analyze the 3D FSB-MPRD process can
provide sufficient guidance for the actual production.
Figure 9b is a springback detection device of the workpiece.
The formed workpiece is placed on the springback detection

2500
2000 1 Desired shape \‘*\
g —— Springback shape \
£ 15004 1st iteration )
.<\£ 2nd iteration
] 3rd iteration
>~ 1000
500
04

X axis/mm
(a)

Fig. 10 Springback compensation results of horizontal bending

0 1000 2000 3000 4000 5000 6000

Springback detection device

(b)

device to measure the shape deviation. The springback detec-
tion device is arranged regularly according to the adjustment
parameters of each roller die.

5.2 Springback compensation analysis

In the first springback compensation process of horizontal
bending, the profile centerline is divided into 20 nodes. And
these 20 points is divided into three parts. o] is defined by Eq.
(22).

a; =0 ,Ay;<0.01-L;

al(dy) =4 ;=1 ,0< Ay, <y (22)
ay = 0.5, Ay, >y,
20
Z Ay,
where y = =5;—, L, is the length of the profile at the ith

node, Ay; is the springback error at the ith node, and y is
the average springback error. After the end of the first
iteration, Eq. (12) is used to check whether the
springback error is required. After checking that the
shape error does not meet the accuracy requirements,
the dichotomy principle is used to solve a3:

251

)7

£
E 15 §
w>s
<

104 % N

> \

N
0 \ \ \ N\
0 1 2 3

Iteration times

(b)
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500
/
4009 Desired shape
Springback shape Vi
g 300 Ist iteration /»'
f’z 2nd iteration /
3 200 /
N § Vs
/'/l/
100 - o
7
04

X axis/mm

(a)

Fig. 11 Springback compensation results of vertical bending

al =0
a3(Ay) = ag =05 (23)
a3 =0.5

Again, Eq. (12) is used to check. And so on, until the
shape error meets the requirements, the iteration stops.
Therefore, the optimal springback compensation factor
asz(Ay) can be obtained:

ar =0 ,Ay<0.01.L;
a3(Ay) =< ar =05 0< Ay <y, (24)
a3 = 0.25 >Ay2)7i

In the whole process of horizontal bending springback
compensation, Eq. (25) is used to reflect the effectiveness of
springback compensation.

Uncompensated shape
— = - Compensated die surfa
Compensated shape

7. [
Al
[ =]
o

Fig. 12 Changes of profile before and after springback compensation
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A 20 1 Ay

& =] 2 55 (Ay) (25)

=120

Figure 10a is the result of multiple iterations of springback
compensation of the profile in the x-y plane. Figure 10b is a
histogram of the variation of the standard deviation of
springback error Ae,, with the times of iteration. It can be seen
from Fig. 10a that the profile formed after three times of mod-
ification of die envelope is almost the same as the desired
shape. As can be seen from Fig. 10b, uncompensated work-
piece’s Ag, is the largest, which is 16.57 mm. After the first
springback compensation, Ag, continues to increase, indicat-
ing that the shape error increases due to the excessive com-
pensation factor. However, after two iterations of springback
compensation, Ae, decreases sharply, and the iterative com-
pensation should be continued at this time. When the third
iteration of springback compensation is carried out, the work-
piece has met the requirements of forming accuracy, Ae,, re-
duced to 1.62 mm. This fully shows that the method has a fast
convergence speed.

In the same way, in the process of vertical bending
springback iterative compensation, the optimal springback
compensation factor az ' (Az) can be obtained by using the
principle of dichotomy.

a' =0 ,Az<0.01-L;
a3/ (Az) =S ' =05 ,0< Az<7 (26)
OZ3/ =1 ,AZE?,‘
20
> Az

where z = =55—, Az, is the springback error at the ith node,
and z is the average springback error.

Figure 11a is the result of multiple iterations of springback
compensation of the profile in the x-z plane. After two times
modification of the die envelope, the profile and the desired
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Table 3 Processing parameters

L a/° a/° as/® pr/mm po/mm p3/mm 06/° p'/mm Op/ Opo/
mm mm

7 m 20 20 20 10,026.8 6684.5 334225 10 35,598.6 70 70.7

8 m 20 20 20 11,459.2 7639.44 3819.72 10 40,687.6 80 80.8

shape almost coincide. Figure 11b is a histogram of the vari-
ation of the standard deviation of springback error Ae, with
the times of iteration. After two times of springback compen-
sation, Ae, decreases from 5.24 to 1.15 mm.

Therefore, after several times of horizontal and vertical
bending springback compensation, the springback error of
profile is almost eliminated by using the springback compen-
sation method based on the variable compensation factor.
Figure 12 is the outline before and after the springback com-
pensation of the profile centerline. Figure 12 shows that the
shape error of the uncompensated profile varies greatly. After
springback compensation, the die surface deviates greatly
from the initial surface. And the outline of the compensated
profile almost coincides with the shape of the desired. It can be
seen that springback compensation is an effective method to
reduce the shape error.

5.3 Application of the springback compensation
method based on the variable compensation factor

Based on the effectiveness of the springback compensation
method based on the variable compensation factor in numer-
ical simulation, this study attempts to apply the optimal com-
pensation factor to profiles with different lengths for testing.
Processing parameters are shown in Table 3.

Figure 13 shows the comparison results before and after
springback compensation of different profile lengths. It can be
seen from Fig. 13a, b that the effect before and after

(a)

Desired shape
Before compensation
400 ~—— After compensation |

springback compensation is very obvious. Especially from
the projection of profile in x-y plane and x-z plane, it is clear
that the profile before springback compensation is quite dif-
ferent from the desired shape, and the profile after springback
compensation almost coincides with the desired shape. This
also fully shows the effectiveness of the springback compen-
sation method based on the variable compensation factor.

Figure 14 is the change of the springback error along the X-
axis direction for different profile lengths. Before and after hor-
izontal bending springback compensation, the maximum
springback error of the profile with the length of 7 m is reduced
from 88.83 to 7.74 mm, and the maximum springback error is
reduced by 91.29% The maximum springback error of the profile
with the length of 8 m is reduced from 109.09 to 14.93 mm, and
the maximum springback error is reduced by 86.31%.

Before and after vertical bending springback compensa-
tion, the maximum springback error of the profile with the
length of 7 m is reduced from 17.636 to 2.4 mm, and the
maximum springback error is reduced by 86.39%. The max-
imum springback error of the profile with the length of 8 m is
reduced from 20.838 to 4.06 mm, and the maximum
springback error is reduced by 80.52%.

6 Conclusion

Springback compensation is one of the effective ways to re-
duce the springback error of profile. The springback

(b)

Desired shape
Before compensation |
—— After compensation

Fig. 13 Comparison results before and after springback compensation of different profiles. a 7m. b 8m
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Fig. 14 Change of the springback error along the X-axis direction for different profile lengths. a Springback error in horizontal plane. b Springback error

in vertical plane

compensation factor determines the convergence speed of
springback compensation. In this paper, the 3D FSB-MPRD
process is studied. The finite element model of the 3D FSB-
MPRD process is established. The numerical simulation and
test results of the formed profile are compared, and the accu-
racy of the finite element model is verified by the test. The die
surface was optimized repeatedly by numerical simulation,
and the shape after springback compensation is compared
with the desired shape. By comparing the simulation results
with the test results, the validity of the springback compensa-
tion method based on the variable compensation factor is ver-
ified. The main conclusions are as follows:

1) Based on the principle of DA method, a new springback
compensation method based on variable compensation
factor is proposed for 3D deformed workpiece in this
paper. In order to improve the accuracy of springback
compensation, the three-dimensional springback com-
pensation of workpiece is divided into horizontal bending
springback compensation and vertical bengding
springback compensation. By using the principle of di-
chotomy, the optimal springback compensation factor is
solved.

The springback compensation of 3D workpiece is ana-
lyzed by numerical simulation. In the process of horizon-
tal bending springback compensation, the standard devi-
ation of springback error Ae, is reduced from 16.57 to
1.62 mm after three iterations of compensation. In the
process of springback compensation of vertical bending,
the standard deviation of springback error Ae, is reduced
from 5.24 to 1.15 mm after two iterations of compensa-
tion. This fully shows the effectiveness of the method,
and the springback is significantly reduced.

Based on the optimal springback compensation factor ob-
tained by numerical simulation, the method is verified by

2)

3)

@ Springer

the tests of different length profiles. Before and after hor-
izontal bending springback compensation, the maximum
springback error of the profile with the length of 7 m
reduced by 91.29%, and that of the profile with the length
of 8 m reduced by 86.31%. Before and after vertical bend-
ing springback compensation, the maximum springback
error of the profile with the length of 7 m is reduced by
86.39%, and that of the profile with the length of 8 m is
reduced by 80.52%.
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