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A One-step Analytical Approach for Springback
Compensation in Channel Forming Process

A. Behrouzi', B. M. Dariani’, M. Shakeri’

Abstract— Springback is a very important factor to influence
the quality of sheet metal forming. Accurate prediction and
controlling of springback is essential for the design of tools for
sheet metal forming. Several approaches have been proposed for
springback compensation by modification of the tooling shape.
These approaches are iterative finite element methods. In this
paper an analytical approach is presented for one step
modification of the tooling shape in channel forming process to
compensate the springback error. With the help of this
approach, the optimum die shape for producing the target shape
can be obtained in a few seconds. The algorithm of springback
compensation by inverse FE modelling is also presented. The
results of the analytical approach coincide with those of FE
approach. The accuracy of the obtained results is verified by the
experimental results and high precision is achieved.

Index Terms—Analytical approach, Channel forming, Die
design, Finite element method, Springback

1. INTRODUCTION

Channel forming is a common forming way of many sheet
metals such as automotive panels, electronic components and
devices. By applying this method, the quick and efficient
mass production can be achieved.

The springback is mainly an elastic deformation which
occurs after sheet metal forming processes, when the formed
part is removed from the forming tools. The springback
changes the part’s geometry so it can cause difficulties during
a subsequent assembly process, or cause the twisting in the
assembled part. An accurate prediction of springback of
formed sheets is of vital importance for the design of tools in
automotive and aircraft industries.

Introducing Dy, D, and Dy, as total displacement, loading
displacement and springback displacement, respectively we
have:

D; =D, +Dg, (1)

Loading deformation (D)) usually can be obtained from
geometry and configuration of the die components.
Unloading deformation (Dy,) is influenced by a combination
of various process parameters such as tool shape and
dimensions, contact friction condition, material properties,
thickness, etc. [1].

The final product of forming process should be close
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enough to the desired part shape. If the allowable deviation of
part shape is defined by {, the following relationship should
be satisfied:

D; -D|<¢ )

where Dy is the total deformation in the target process. To
satisfy equation (2), the unloading deformation should be
vanished or compensated.

Several researches have been performed for decreasing the
amount of springback by increasing sheet tension during
forming process.

Liu [2] has proposed a method to reduce springback using

different histories of restraining force during forming. In this
approach, the in-process variation of binder force can provide
tensile pre-loading or post loading on the formed part in order
to significantly reduce springback. However, a tight control
during production is required, making this process sensitive to
any variations in manufacturing conditions such as friction
coefficient. Sunseri et al. [3] developed and implemented a
closed-loop algorithm for binder force control to make the
forming process more robust and repeatable. In their strategy,
a punch force trajectory is introduced as the target curve
instead of using a binder force trajectory.
The tooling shape is not required to be modified in these
approaches but a control system for adjusting the binder force
is needed. Also increasing the binder force can cause tearing
of sheet in many cases. Therefore the applications of such
approaches are limited and costly.

In another group of researches, the springback deformation
is compensated by modifying the shape of the forming tools.
It is very important to predict the springback and correct it at
the tool design stage, since the geometry correction on the
finished tools is very expensive and time-consuming.

In this group, iterative algorithms have been proposed for
modifying the tooling shape to compensate springback error.
For prediction of springback in these researches, incremental
finite element method is used.

Karafillis and Boyce [4] proposed the “Force Descriptor
method (FDM)”. In their approach the springback
deformation is inversely modeled in each iteration, by
applying the internal forces on the target geometry. Therefore
the modified tooling shape in each iteration can be obtained
from following equation:

Dyi1y =Dy + Digy(iy ©)

Where Djgy) is the inverse springback deformation.
Anagnostou [5] proposed a modified FDM method with

higher convergence rate. He defined a multiplier for internal

force vector that can decrease the number of iterations.
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Figure 1. Asymmetric Channel Forming.

Wagoner et al. [6,7] developed the “displacement adjustment
method DA”. In DA method, a flat sheet of metal is deformed
to a trial die shape (for the first cycle, the trial die shape is the
target part shape). After springback, the shape in the last
iteration is compared with its target. The shape error is
defined as the vector of y coordinates of the target less the y
coordinates of the springback shape for the last iteration. In
the next step, the amount of shape error is added to the current
die shape. A new tooling shape will be obtained. For the next
iteration, a flat sheet is deformed to the new trial die shape. If
the springback shape is not the same as the target, another
iteration will be conducted until the specified tolerance is
achieved.

Some other approaches have been presented for modifying
the tool shape to compensate the springback error with the
help of finite element method [8-12]. These approaches are
applicable for a wide range of processes. However, an
enormous amount of time and cost is needed for the process
design by FEM.

Analytical methods for process analysis are time-saving but
can only be used for simple problems. Vin et al. represented
an analytical model to evaluate the springback and punch
displacement in the air V-bending process [13]. They
investigated the influence of changing Young’s modulus on
the springback. Zhang et al. developed a mathematical model
for predicting the sheet springback of U-bending [14]. They
investigated the effect of blank holding force and several
material hardening models on the sheet springback. Kim et al.
proposed an analytical model to calculate the bend allowance
and the springback in the air V-bending process [15]. They
assumed plane-strain condition and used Swift’s material
model to represent strain-hardening behavior. The shift of
neutral axis is considered in their model. Leu et al
investigated the influence of coining force on the springback
reduction in the V-bending process by their analytical model
[16].

In the present work, an analytical approach is proposed to
compensate springback error for an arbitrary channel forming
process. The springback deformation can inversely be
obtained from the target shape in one step. Therefore the
modified tooling shape for producing the target shape can be
defined by this approach in a few seconds.
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II. ANALYSIS OF CHANNEL FORMING

The tooling geometry for the asymmetric channel forming
is shown in Fig. 1. The main objective of this section is to
determine the springback deformation of a fully loaded sheet
analytically. The shape of the fully loaded sheet corresponds
to the die shape (Fig. 1). The following assumptions are
applied in the analysis:

1. The sheet is wide enough relative to its thickness.
Therefore the plane strain state is assumed.

2. Planes normal to the sheet surface remain planar
during the forming process.

3. Volume conservation is kept during the forming
process, so the volume variation due to elastic
deformation is neglected, &+ &7 =0.

4. Material behavior is expressed by Swift’s model,
c=K(g+8&)".

5. Hill’s 48 quadratic yield criterion is used to define the
plastic yielding behavior of normal anisotropic
material.

6. Geometry of the product is defined by the profile of the
sheet middle surface.

The profile of the fully loaded sheet is defined by
coordinates of m points:

X ={X[,X5 000X peerXm | 5 Xj =(X;,);) )

Three consecutive points (X;, Xj+1, Xi+2) are selected in each
step (Fig.2). A unique arc, passing through these three points,
can be defined. The coordinates of arc center can be
calculated as below:

{xc } _ {(Cl B, —C,.B, )/(A1 B, —A,.B, )}
ve] (€14, ~Cy.4)/(B.A, - By.A)
A =2 —x)
B =2(yi —yi)

2 2 2
Ci=Xip +Yin —X —Y;

Ay =2(x0 —x;)
By =2(yisr — ¥i) ®)
2

2 2 2 2
Cr =X + Y —x" — Y

The arc radius and angle can be obtained as:

o=l =+ (=3 ©
2 2 @)
0 = 2 Arcsin \/(xi+2 _xi)2+ ()’i+2 - )’i)
T,

Figure 2. Springback in a channel arc.
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The arc radius and angle after springback (+’., 8’), can be
calculated by the presented analytical approach in the next
section. By constraining the first point (x;), the coordinates of
the arc center after springback can be expressed as follows:

{x:‘ } _ {(Y;/YC )(xc _xi)+xi }

y: (rc’/ra)(yc_yt)—"_yt ®)
The transformed position of the second and third points

(due to the sheet springback) can be obtained as below:

’ x;+l x:‘ ’ X _x:‘
X =9 , =1 ,+T@/2)- ,
Vit Ye Yi—Ye
x; X, X — X, ©)
’ i+2 c ’ i c
Yi+2 Ve Yi—Ye

cos@ -sinf
T(6) { } (10)

siné cos @

The effect of the above transformation on the remaining
points can be expressed as:

Xy = X102 +T(AO).(X —X;,,)  (k=i+3..n) (11)

AO=60-0 (12)

The final sheet geometry can be obtained after springback
calculation in the last three points.

III. SPRINGBACK CALCULATION

As it is shown in Fig. 2, the sheet undergoes tension on the
outer fibers and compression on the inner ones (Fig. 2). The
position of the neutral fiber (stress free fiber r,) changes
continuously during the forming process. The distribution of
the tangential strain through thickness is:

€ =In L (13)
rn
The following model is applied for the material hardening
behavior:
__|E g for e<gy
7 _{K(eo +E) for £2 (14)

where o,€ are effective stress and effective strain,
respectively. K, ¢y, n are hardening coefficient, pre-strain and
hardening exponent, respectively. &, is the elastic limit
strain, corresponding to initial yield stress (& ).
The force equilibrium yields:
do, 0,-0,

dr r (15)
where o0y , o, are tangential and transverse stress,
respectively.
From Hill’s yield criterion,
log—0,|=FG = FK(g, + &)" (16)

The anisotropy coefficient for plane strain condition (F) is
defined as:

ISBN:978-988-18210-1-0

1+R

F=——_
V1+2R an

where R is transverse anisotropy coefficient.
Based on plastic work formulation, following equation can
be written:
E.S_=O'r.€r+0'9.€9 (18)

By applying assumption (3) in the above equation we have:
E.E:_O-r.ga'f‘o-a.ga:(O-a_o-r).gg (19)

According to equation (16), the equivalent strain can be
obtained:

_ | Fe for rzr, +t,
e=1_ ’ (20)
-Fegg for r<r, —t,
Fa-v)o,r, ,
where 1, = B — is the half thickness of the

elastic region.
According to assumption (3), the following equation can be
expressed:

Vi=V, =>r01,=r0t @1
Therefore,
r
;i (22)

c

Where ¢ and f; , are the initial and the final sheet
thicknesses, respectively.

By substitution of equation (17) in equation (16) and
integrating from r to the outer fiber, following equation can be
obtained:

r.+t/2 r.+t/2

[do, = | FK(gy+FIn(—)" a s r,
r r rn r
r.—t/2 r.—t/2 (23)
[do, = [ —FK(g,—Fln(—))" < r,
r r rn r

o, at outer fiber is zero, then o, can be obtained as:

/ Target Shape (DJ/ -

Evaluation of the corrected die
geometry (Dy;.)) by applying F
and Gy on the target shape (Dy)

v

Assuming die geomelry as
D
O ey DY forward analysis

\i): Calculating Dy, Fog amﬂ—b

Figure 3. Algorithms of compensating the springback error
by FEM.
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K ey + Fin( oy
n+1 T,

n

—(gy+ Finlet 2wy s,

rn "
%=1 K . (24
——[(&y — F In(—)""!
n+1 r,
r.—t/2 .,
—(gy— FIn(-—= - / N or<r,

n
From the continuity of transverse stress, the radius of the
neutral fiber (r,) can be calculated.

The bending moment can be obtained as:
r.+t/2

M=b Iagrdr
r.—t/2

r, —ty
=b | {— FK(g, - FIn(—)" + G,}rdr
r,

r.—t/2 n
b, . (25)
+b In(—)rdr
r,L 1-v> r,

nty

r.+1/2] r
+b {FK(&‘O +FlIn(—))" + o;}rdr
r”+ty

where b is the sheet width.

The bending radius after springback (7’.) can be calculated
from:

11 _120-v)M

r.or Ebt®

According to fixed length of the neutral fiber, the bending
angle after springback (6’) can be easily calculated.

n

(26)

c c

IV. SPRINGBACK COMPENSATION

The main objective of this section is to find the modified
die shape to produce the target shape. To achieve this
purpose, n points are selected on the target shape. According
to the section II, a unique radius (r,;) and angle (6,) can be
calculated for each three consecutive points (X;, Xj.1, Xi+2)- BY
assuming r,; and 6,; as the arc radius and arc angle of the
optimum modified die, following equation can be derived
from equation (26):

11 _120-v)M,

p @7

3
oi i Ebt

where bending moment at the optimum die shape (M,,) can
be calculated from equation (25). Therefore equation (27)
becomes:

2 Tatt/2
Lt _aevhrE
L Et’

T 1,i=t/2

oi

_y2y Wl
Jd=v) {— FK(gy— Fln(L)" + a,}dr
Et 1i=1[2 h

n

(28)

12(1— 2\ Tntty E
L2V E
Et et 1=V r,

2N hitt)2
L 12a-v?) i {

3
Et I+t

n y n

FK(g, + Fln(--)" +0, }rdr
T,
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By numerical solution of the above equation by
Newton-Raphson method, the radius of optimum modified die
can be evaluated. According to the fixed length of the neutral
fiber, the arc angle of the optimum modified die (6,;) can be
easily calculated.

By evaluation of the arc radius and angle of the optimum
modified die for [N/2] section of the target shape, the full
shape of the optimum modified die shape for producing the
target shape can be obtained.

V. SPRINGBACK COMPENSATION BY FEM

In this section an iterative algorithm for springback
compensation by inverse FE modelling is presented. By the
finite element method, a wide range of forming processes can
be analyzed. For the inverse springback analysis, the
explicit-implicit FEA approach is applied. For inverse
movement of the final product to the fully loaded product,
some considerations should be taken into account. To achieve
this purpose, the contact loads (between the die and the sheet)
at the end of the loading should be applied on the final
geometry; the residual stress (o) at the end of process should
be distributed on the final shape; a proper node (minimum
rotation) should be constrained and elastic material property
should be defined. The contact forces (F.) and residual
stresses can be obtained from the explicit-implicit modelling
of forward analysis. For more details refer to [12].

The algorithm for the springback compensation by inverse
FE modelling comprises following steps:

The target geometry (Dy) is assumed as the fully loaded
geometry (Dy). The forward FE analysis is performed and the
contact forces (F.) at the end of loading and the residual
stresses (6,) at the end of process are saved.

1. The target geometry (D) is assumed as the final
geometry (Dy). The inverse FE analysis is performed by
applying the saved data in step 1. Therefore the inverse
springback deformation (Djg,) is evaluated and the fully
loaded geometry (Dy) can be obtained from equation (4).

2. The obtained geometry in step 2 is assumed as the
corrected die shape. Forward FE analysis is performed
and the contact forces (F,) at the end of loading and the
residual stresses (6,) at the end of process are saved.

3. The obtained final shape in the previous step is
compared with the target shape.

4. If the difference is greater than the allowable tolerance
(€), the step 2 should be repeated by applying the saved
data in step 3.

The above algorithm is shown in Fig. 3.

VI. RESULTS

The presented analytical approach in section II is applied to
evaluate the springback deformation in an asymmetric
channel forming process. To compare the results of analytical
approach and implicit-explicit finite element method, the
springback deformation is evaluated by FEM too. For this
case the target geometry is considered as the die geometry
(Di=Dy). The target shape is shown in Fig. 4. As it is shown in
Fig. 1, the forming die comprises two parts with the same
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Figure 4. Comparison of the obtained springback shapes from the analytical and FEM approach with the target shape

0 !
£ -0.005 L T emmmm T —— e T
2 : ] o=
€ 001 ‘ |
'g : e ! Target shape
S ‘ ‘
© L | i . |
5 -0.015 ‘ \..___—:“’ ! ! ===~ Die Shape

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.08 0.1

X coordinate (m)

Figure 5. The target shape and the obtained optimum die shape from one-step analytical approach.

profiles. The gap between the die parts at the end of loading
state is set to the sheet thickness. The asymmetric channel
forming is performed on the annealed CK45 sheet. The sheet
dimension is 115 mm in length, 25 mm in width and 1mm in
thickness. Four nodes shell elements are used to mesh the
work piece in the FE analysis. The stress-strain curve for the
FE analysis is defined corresponding to the obtained
stress-strain curve from the performed tension tests on the
applied sheet. The material data are summarized in Table 1.
To compare the results, the normalized root mean square
shape error (RMS) is calculated for the analytical and FE
approach. The normalized RSM error is defined as:

21}’:1 Ay 5 / N

0
where Ry, Ay; and N are the normalized RMS, the shape error
of the jth point and the number of test points respectively. R,
is the evaluated RMS error in the analytical approach for the
case (D=Dy).

The obtained springback shape from the analytical
approach (for the case Dj=Dy) is compared to the one from the
FE approach in Fig. 4. The shape error in the FE approach is
evaluated for 60 test points, compared with the results of the
analytical approach. The normalized RSM error for the FE
approach is evaluated as 2.3 percent. Therefore the results of
springback prediction by analytical approach are in
accordance with the FE results with less than 3 percent error.

With the help of the presented analytical approach (for the

Ry = x100 (29)

1

o

Y coordinate (mm)

0 20 40

springback compensation) in section IV, the optimum
modified die geometry is calculated. The target shape and the
obtained optimum die shape by the analytical approach are
shown in Fig. 5. This optimum shape is found in one step
analytical calculation after a few seconds. The obtained
product shape from the optimum die profile matches to the
target shape exactly.

The compensation algorithm by the inverse FE analysis is
applied to find the optimum die shape. The normalized RSM
error of 5 percent is considered as the convergence criteria for
this algorithm. The FE algorithm yields the springback shape
with the normalized RSM as 4.6 percent error in the fifth
iteration. The proposed die geometry for the first, second and
the fifth iterations are shown in Fig. 6. The obtained
springback shape for the first and the fifth iterations are
compared with the target geometry in Fig. 7. The convergence

diagram for this iterative algorithm is shown in Fig. 8.

Table 1
The material data for annealed CK43.

Material L (GPa) ] &y KMPa) & " R
CK45 203 0.33 344 659 0.0035 0.13 0.92

—— = =——Die shape, 5th try

0 20 4‘0 6'0 ﬁvﬂ 11’]0
X coordinate (mm)
Figure 6. The proposed die shapes by the FE algorithm.

Target
————— SB FEA, lsttry
—--0--SB FEA, 5th try

60 80 100

X coordinate (mm)
Figure 7. Comparison of the obtained product shapes from the FE compensation algorithm with the target shape.
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Figure 8. Convergence diagram of the FE algorithm.

VII. EXPERIMENT

To verify the analytical results, an asymmetric channel
forming test is performed on the applied sheet. The obtained
die geometry from the analytical approach (Fig. 5) is used to
produce the desired die parts by a CAD/CAM machine. The
gap between the die components is set to the sheet thickness
(1 mm) at the end of loading (Fig. 1). The die components and
the final product are shown in Fig. 9. The obtained product is
compared with the target geometry in Fig. 10. The normalized
RMS error (compared with the target geometry) is evaluated
as 3.7%. The shape error for three random points is also
shown in this Figure. It can be seen that the shape error is
negligible.

VIII. CONCLUSION

The results shown that the presented analytical approach,
can predict the springback deformation in channel forming,
with high precision and quickly. Also it can be applied for the
springback compensation by die modification. This approach
yields the optimum die shape in one step calculation and it is
not required to perform an iterative algorithm.

The presented inverse algorithm for springback
compensation by FEM can be applied for more complicated
three dimensional problems. This algorithm is an iterative
algorithm and requires considerable time to propose the
optimum die shape. The results of the analytical approach and
FE analysis coincided for similar cases.

The verification of the analytical results by the experiment
is shown that the precision of the obtained results is
acceptable for industrial application.
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Figure 9. Asymmetric channel forming test.
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