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Design

Shaghaghi Moghaddam, A., Faculty of Mechanical Engineering, Takestan Islamic Azad University

E-mail: A.shaghaghi@tiau.ac.ir

Abstract: In this investigation a new spring-back compensation strategy is developed for plane problems. A
spring-based model of the deep drawn parts is defined according to the nodal configuration at the mid plane of
the thickness. The idea of pure arc bending and pure stretching following the FE results for the blank, reference
and spring-back meshes are applied to estimate the elastic-plastic behavior of each spring in the spring-based
demonstration of the part. Approximating the amount of spring-back in the stamping process by defining a
number of elastic-plastic torsion and tension springs in the nodal configuration, it is now possible to predict the
compensated tool set in order to have the desired part after unloading. This method is demonstrated on two
industrial parts in truck mixer industry. The fast convergence and accuracy of the proposed algorithm is verified
by comparing the results to that of the DA method and experimental data.
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1. Introduction

Deep drawing is one of the most common
manufacturing  processes  especially in
automobile and aerospace industries [1].Deep
drawn products are mostly parts of a large
assembly so that it is crucial that they be
manufactured in closed tolerances. The
problem that arises in deep drawing process is
the deviation taken place in the final product
after unloading. This phenomenon is due to the
action of internal stresses and is denoted by
spring-back. So far it has been a challenge to
compensate this phenomenon. In general, there
are two points of view for compensating
spring-back effect: 1) reducing and 2)
excluding of spring-back [2].

The former is based on the fact that the
amount of spring-back in deep drawn products
can be reduced by properly taking into account
the influence of addendum radii, draw bead,
blank holder force and etc. However this
strategy has shown to be effective, there still
remains deviation after unloading. The latter
point of view is considering forming the
desired final product in the presence of spring-
back by changing the tool shape [3, 4, 5]. In
other words the tool shape can be modified in
such a way that the desired product is achieved
after occurrence of spring-back. By having this
fact in mind one should improve the tool shape
to achieve the desired product after unloading.
Up to now several algorithms are developed
based on this idea.

Among the available methods, the DA,
displacement adjustment, and SF [6,7], spring
forward, methods are shown to be more
effective [8]. SF method is limited to simple
symmetric stamping processes. The DA
method is simple in basis and its application is
extended to more industrial products [9].
Whatever the strategy is, it is of interest to
require less number of iterations for a good
convergence due to the high cost of
computation of nonlinear finite element

contact problems. A full review of spring-back
prediction is beyond the scope of this paper,
but recent developments in these areas are
cited more fully elsewhere [6, 7].

The objective of this paper is to develop a
new spring-back compensation strategy relied
on the spring-based demonstration of the deep
drawn parts during stamping process. To
accomplish the objective of this paper the
following contributions are made.

The in plane deep drawing problem is
simulated by ABAQUS. At the step that the
blank is meshed, a nodal configuration is
defined at the nodes in the middle of the
thickness and is traced during loading and
unloading. The nodal configurations at the
blank, reference and spring-back meshes,
extracted from FE results, accompanied by
material properties are the inputs to the
proposed strategy. The reference mesh is the
one corresponding the configuration just
before unloading and the spring-back mesh is
the configuration after unloading. The relative
displacements of neighbor nodes are described
by mean of two springs. Tension springs
account for stretching of each two neighbor
nodes and torsion springs account for the angle
between two lines connecting each three
neighbor nodes. This definition implies that
there are n-1 tension springs and n-2 torsion
springs in the spring demonstration, n denotes
the number of nodes in the nodal
configuration. It is apparent that the
mechanical behavior of these springs is neither
elastic nor perfectly-plastic. The elastic-plastic
behavior of each spring is predicted by the
ideas of pure arc bending and pure stretching
and is compensated by means of FE results.
Evidently, in addition to material properties
and blank thickness, there are some other
parameters such as coefficient of friction,
binder force etc that affect the stamping
process and the amount of spring-back. To
include the influence of these parameters, n-2
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constants are introduced to the n-2 equations
for torsion springs. Considering the blank,
reference and spring-back meshes and solving

for n-2 unknown ¢, the elastic-plastic

behavior of each torsion spring is estimated.
Now it is a routine task to predict the
compensated reference mesh in order to have
the desired final product after the occurrence
of spring back.

Comparing the results of the proposed
algorithm with those of the DA method reveals
the efficiency and fast convergence of this
strategy due to the less number of iterations
required to a good convergence. The potential
of this method is successfully demonstrated by
two industrial parts used in truck mixer. The
experimental results are in good agreement
with the proposed ones.

In section 2 the basis of arc bending and the
stretching are briefly discussed. The extension
of these ideas to the compensation strategy is
introduced in section 3. Section 4 provides the
validation of the proposed strategy by
comparing to DA method and experimental
results

2. The basis of the proposed strategy

2.1 Arc bending
When a plate of thickness t under plane
strain condition is loaded by the couple M, it
forms an arc of radius R measuring at the
middle of the thickness according to Fig. (1).
The existence of eclastic and plastic strains
through the thickness under loaded condition
causes the plate to deviate from its shape after
unloading, say R’ the radius after unloading.
Assuming  plane  strain  condition,
considering work hardening and neglecting the
beuschionger effect, the unloaded radius is

estimated according to the following
equation[2]:

1 1 1 ¢
___:A__n 1
R R' t(ZR) M
Where:
1+ 31—
A = k(L yen 242D,

J1+2r" CE(1+n)

2.1 Stretching
According to Fig. (2) when a bar of

length L is loaded to the length 7 , a total
clongation 5=/ - takes place in the bar.
when the bar is unloaded, it springs back and a
plastic elongation& =/ —1, remains in the
bar. It is aimed to find the loaded length Z, so

that after unloading the plastic elongation
6=L —L, remains in the bar. The relation

between the total elongation and the plastic
elongation is schematically shown in Fig. (3),
where the following ratio is defined:

L,—-L L -1L (2)

Thus the compensated length , is found as

follows:

L= 3)
g

3. Spring-back compensation

Consider a plane strain U channel
forming according to Fig. 4. The FE package,
ABAQUS, has been implemented to simulate
the stamping process. The required steps to
define a proper simulation are listed below [9]:

» Modeling the die, punch, blank holder and
blank in a CAD package and importing
them to the FE package.



Shaghaghi Moghaddam, A.

= Defining the material properties, tablel.
The punch, the die and the blank holder are
considered rigid bodies.

* Defining the simulation steps

= Meshing the blank

= When the blank is meshed, a nodal
configuration is defined at the mid plane of
the thickness.

= Starting the simulation

Along with running the stamping process in
ABAQUS, the defined nodal configuration is
traced. The nodal configuration at the three
stages: 1) blank, 2) reference and 3) spring-
back are key inputs to the proposed strategy.
Based on these nodal configurations, the
spring-based demonstration of the part at these
three stages is sketched in Fig. 5.

Three arbitrary neighbor nodes are selected
from the blank nodal configuration. The
positions of these nodes are traced in the
blank, reference and spring-back meshes.
Fig.(6) depicts the spring-based demonstration
of these nodes, the lengths of the two
connecting bars and the corresponding angles
between them in the blank, reference and
spring-back nodal configuration.

As seen from Fig.(6) both L; and 0 ,i=
blank, reference and spring-back nodal
configuration and j=1,2 vary during stamping
process. For these nodes, L;j and 0 for different
stages are extracted from FE results and are
shown in table 1. It is intended to estimate the
compensated bar lengths (L, c=compensated)
and the corresponding compensated angle 0,
for these three nodes. The compensated tool is
more sensitive to 0. compared with L.
Following the Eq.(2), estimating of L is
straight forward. The key point in the
compensation strategy is to properly assess 0..

At node i, (i=1 to (n-2), i represent an inner
node), it is required to find 0'; by having the

values of 0', 0, and L';; (Fig. (7).

Considering these three nodes in the
reference and spring-back meshes, one can fit
two arcs with radii R, and R, in the reference
and  spring-back  meshes
According to Fig. (8) the radius of the arc in

respectively.

the reference mesh is calculated as follows:

4
cos(%) L =R = L “)

2R, 2 cos(%)

For the sake of simplicity it is assumed that
L,; and L, are replaced by L, = (L;+L;)/2.
Upon unloading, the spring-back radius R’ is
found:

2o L ()

’ o
2 s
cos( 5 )

The spring-back radius, R, is a function of
reference radius, R,, material properties, blank
thickness, binder force and coefficient of
friction. This dependence can be expressed as:

R'=f (R, k0,18, Fyirotter 1) (6)
Or:
R'=g(R,k,n,r,t )h(Fyppiier» 1) (7

Under the condition in which no friction
and binder force exist, the radii Rand R’
satisfy the Eq.(1). Substituting Egs.(4) and (5)
into Eq.(1) yields:

cos(6, /2)—cos(6, /2) = ®)

Ax % x(t/L)"" x (cos(6, /2))"

The above equation correlates the angle
between the connecting bars in the reference
and spring-back meshes. This equation states
that if two collinear lines are deformed in such
a way that the constitute angle between them
becomes0,, after unloading this angle changes
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to 6. From the first FE run, values of the three
first rows of the table 1 are extracted for (n-2)
torsion springs and (n-1) tension springs. Fig.
(9) depicts the angle between the connecting
bars in both reference and spring-back meshes
for the example shown in Fig.(9). In reality
due to influence of several parameters the
angles 0. and 0, (i=1,2, ..., (n-2)), in the
reference and spring-back meshes don’t satisfy
equation 8. To include the effect of these
parameters and to compensate the equation
representing the elastic-plastic behavior of
each torsion spring, (n-2) constants c'(i = 1: (n-
2)) are introduced into Eq.(8):

cos(6./2)—cos(6,/2) = (9)

Ax%x(t/L)”’l x (cos(8, /2))"

According to Fig.(7) the reference and
spring-back angles at the node i are ', and 0
respectively. Now it is required to find the
compensated angle 0. in which after
unloading the desired angleeir 1S achieved.
Substituting 0. and 0% into Eq.(9), the
compensation parameter ¢’ is found as follows:

¢, =2(cos(0,/2)—cos(8,/2)) (10)
(Ax (/L) x(cos(6,/2))")

For node i, it is required to have the spring-
back angle 0. If in Eq.(9), 6, and ¢ be
substituted by 0, and c; respectively then the
reference angle 6, which denotes the
compensated angle 0’ is found. Repeating the
above algorithm for all inner nodes the
compensated angles 0%, (i=1,2, ..., (n-2)) are
found.

By finding the compensated angles and
lengths, a cloud of points, representing the
compensation geometry for the first iterationis
found. The root mean square shape error for
the first iteration is implemented as the
comparison factor between the DA and the

proposed strategies. The error function is
calculated as:

¥R
error; =4/ 11

n

Where d;, represents deviation at node i and
j is the iteration number.

For the sake of comparison, the example
introduced in section 3 is compensated by
means of the DA and proposed methods, Fig.
(10). Table 2 includes the RMSE of the two
methods. It is inferred that the convergence of
the proposed method is better than the DA
method.

The rate of convergence of the spring-back
mesh based on the proposed method is
depicted in Fig. 11. It is deduced that at third
iteration a very satisfactory convergence is
achieved.

For the sake of assessment, an arbitrary
drawn part shown in Fig.(12) is examined by
the proposed method. The results from
Fig.(13) and Table (3) prove the fast
convergence of the proposed algorithm.

4. Experiments

Shoot and Shalvarak are parts of a truck
mixer used for concrete discharging made of a
nonabrasive St50 material with 4 mm in
thickness, Fig. 14. This kind of blank suffers
from spring-back phenomenon and a large
deviation is taken place in the final part after
unloading.

To ease the manufacturing process, it was
aimed not to use blank holder force. Fig 15
depicts the geometry of the desired shoot.
Firstly setting the tool geometry to the desired
one, the FE simulation is carried out.

The result of the first iteration of stamping
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process is shown in Fig. 16. Accordingly by
having the reference and spring-back meshes
extracted from the FE results, the
compensation strategy is conducted. It was
shown that at the 3rd iteration the required
convergence is achieved. Experimental setup
based on the compensation tool geometry is
carried out and final product is shown in
Fig.(17). The comparison between the final
and desired geometries reveals that the
deviation is within the tolerable tolerance. The
same algorithm is adopted for manufacturing
of the Shalvarak. The final product is shown in
Fig.(18).

5. Conclusion

The objective of this paper was to introduce
a new strategy for compensating spring-back
in sheet metal working. Adopting the spring-
based demonstration, the effects of parameters
such as blank holder force, friction and etc are
taken into account by introducing a constant to
the elastic-plastic behavior of each torsion
spring.

To assess the efficiency of the proposed
algorithm, comparisons with the well known
DA method have been made by means of some
numerical examples. Also experiments are
conducted for two industrial parts. The results
from comparison with experimental data and
DA method show that the proposed algorithm
is fast and reliable. This algorithm has a
promising potential for analysis of 3D parts
and offers the possibility for manufacturing
complicated industrials geometries.
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Fig.(11): Spring-back results of the proposed algorithm

Fig. (12): An arbitrary complex 2D deep drawn parts
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Fig. (14): Truck mixer.
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Fis. (15): Shoot with its desired dimension

Fig.(17): Fabricated shoot

Table (1): L;; and ; for different stages

Bar Bar
mesh length 1 length 2 0
Blank L, L, 180
Reference Ly L., 0,
Spring-back L L, 0,
Compensated L Lo 0.

Table(2): RMSE for to first iterations

iteration DA method [proposed method
1 0.016 0.016
2 0.013 0.0107

Reference mesh

5
P

%,
2

7%

Fig.( 18): Fabricated Shalvarak

Table(3): RMSE for Fig.(12)

iteration RMSE
1 0.0153
2 0.00123
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