Vol. 14 Ne 4

Trans. Nonferrous Met. Soc. China

Aug. 2004

Article ID: 1003 ~ 6326(2004) 04 ~ 0675 ~ 06

Novel algorithm for determining optimal blankholder forces
in deep drawing of aluminum alloy sheet ”
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Abstract: Wrinkling and fracture are main defects in sheet metal forming of aluminum alloy sheet, which can be reduced
or even eliminated by manipulating a suitable blank-holder forces (BHF). But, it is difficult to attain the optimum BHF

during sheet metal forming. A new optimization algorithm integrating the finite element method (FEM) and adaptive re-

sponse surface method is presented to determinate the optimal BHFs in deep drawing of aluminum rectangular box. To as-

sure convergence, the trust region modes management strategies are used to adjust the move limit of design spaces. Final
ly, the optimum results of rectangular box deep drawing are given. Verification experiments are performed to verify the

optimal result.
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1 INTRODUCTION

The need to improve fuel economy and reduce e
missions is an opportunity to expand the automotive
applications of aluminum. But, aluminum sheet has
poorer formability than steel sheet from both the
wrinkling and tearing point of view. Much investiga-
tion shows that the formability of aluminum alloy can
be improved by controlling process parameters' "
Among various process control methods, manipulation
of the restraining force in the sheet during stamping
has been proved to be the most effective method to in-
crease formability of the sheet metal. But, the deter
mination of BHF's is still very difficult, because sheet
metal forming involves complex deformation'> .
With the advances of Computer-Aided Design and
Engineering ( CAD/ CAE) techniques, computation
intensive numerical simulations are often used to more
accurately study the deformation behavior from many
aspects and to guide design improvements. However,
the high computational cost associated with these
analyses and simulations prohibits them from being
used as performance measurement tools in the opti-
mization of a design. The design optimization process
normally requires a large number of numerical itera-
tions, and each with one or more analysis calls before
the optimal solution is identified. Therefore, the use
of approximation models to replace the expensive
computer analysis is an acturial approach to avoid the
computation barrier to the application of modern

CAD/ CAE tools in design optimization' . A num-

ber of approximation methods have been introduced in
the past. Among them the Response Surface Method
(RSM) has attracted a growing interest in recent
vears!

ments( DOE) methods used to approximate an un-

. The RSM is one of the designs of experi-

known function for which only a few values are com-
puted. When experiments are expensive, the number
of experiments required for the optimization must be
minimized to reduce the total cost of the optimiza
tion. But, onetime RSM uses a first or second order
regression model to approximate a complex design
function that is often in a higher order form, leading

to significant
[11]

modeling errors over the design
space
A new method presented in this paper was intro-
duced to determine the optimum BHFs during deep
draw ing process, and the method integrates the finite
element method with Adaptive Response Surface
M ethodology( ARSM) based trust region modes man-
agement strategies. The optimum process parameters
are determined to satisfy the given objective function
for the desired strain state in the Forming Limit Dia-
gram( FLD). The validity of the present algorithm is
demonstrated with the determination procedure of the
optimum BHF in rectangular box deep drawing.

2 DESIGN OF OPTIMIZATION PROCESS

2.1 Objective function
We define an objective function based on the
Forming Limit Diagram( FLD), because it is consid-
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ered as a good indicator for the fracture and wrinkling
criteria. In order to evaluate the formability, we first
define the Forming Limit Curve by an explicit func
tion based on the least squares polynomial approxima-
tion. The function takes the form as follows:

A0+ A182+ AQE%, 82<0

Asz+ A6+ Asé, &> 0

..y A5 are the coefficients.

€= ‘P( 82):

where A1,

Based on this function, a so called “secure FLC”
function is defined as follows:

)= Ag)- A (2)
where Ais a “safety margin” from the FLC, a con-
stant quantity chosen by the user, commonly 10% .

We define €= ¢( &) as wrinkling limit curve
(the pure shear strain state P= — 1).

Our objective function is thus expressed in terms
of the distances from ¢( &, &) but only for the ele-
ments where the major strain is greater than ¢( &,
&) and the distances from ¢ €, &) but only for the
elements where the major strain is lower than ¢ &,
&), see Fig. 1. Therefore the global objective func

tion can be given by
fla, &)= aju)’+ 2i¥)> (3
Ju= 1 A &)~ &l, &< 8)
ji= 1 8- &), &> Y8
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Fig. 1 Definition of objective function

The factor of a( a= 0. 1) is determined by test
runs to balance the contributions of two parts in the
objective function. It should be pointed out that the
formulation of the objective function is problem de
pendent and test runs are needed to verify the behav-
ior of the objective function and the effectiveness of
available optimization algorithms. During sheet metal
forming, the smaller the objection function f ( &,
&), the better the formability.

2.2 Design variables

For the rectangular box deep drawing, the
blank-holder forces in different regions on the flange
are selected as design variables. In order to obtain dif-
ferent BHFs in each region, a special blankholder is

designed as shown in Fig. 2. Considering the symme-
try, only BHF1 = BHF6 are selected as design varr
ables.

Fig. 2 Elastic blankholder

3 OPTIMIZATION PROCEDURE

3.1 Selection of design of experiment

Latin Hypercube Design( LHD) was introduced
in present investigation. Because the LHD comes
from a controlled random sampling method, inherited
design is still random even in a reduced design space.
The nature of the randomness is still maintained,
which ensures the obtained response surface approxi
mates the actual function equally across the design
space. As a result, the total number of designs can be
greatly reduced '?!. Mathematically, suppose that
(F1, -5 Fq) are the distribution functions of the in-
dependent input variable (x1, -3 xq) and x;is the
ith value of the jth variable x; for i= 1, .., n, j=
1, -+ d. Define p= (p;) to be an n X d matrix,
where each column of p is an independent random
permutation of (1, .., n). Moreover, let r; be n X
d values of uniform [0, 1] random variables indepen-
dent of p. Then the design sites x; of a Latin hyper-
cube sample are defined by

x5= Y (pym ry) (4

where F~ ' represents the inverse of the target cu-

mulative distribution function, p;i, .- pia deter
mine in which ‘ cell’ x; is located, and r;1;, .-y rig
determine where the © cell” x; is located. In this
work, all the distribution functions, F, are assumed
to be uniform. There is still much freedom in assign-
ing levels to dimensions and therefore numerous feast
ble LHDs exist. In order to capture the nature of ac
tual system response, the sampling points should be
distributed in whole design spaces ( filling spaces). As
a measure for the space filling of a simulation scheme,
we take the minimal distance between its two design
points. The larger this minimal distance is, the better
the simulation scheme is. Simulated Annealing( SA)
algorithm is used to get the optimum design points
which keep space filling design.
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3.2 Approximation models

Two main alternatives have been investigated in
approximate physical systems. The first approach has
been the use of a simplified representation of the com-
plicated physical system to obtain less costly simula
tions. The other for system approximation which has
grown in interest in recent years, is response surface
approximation methodology based on polynomial and
interpolation models'”'. Polynomial RSA employs
the statistical techniques of regression analysis and
analysis of variance( ANOVA) to determine the ap-
Consider a function f (x) of
neth design variables, for which its value is known

proximate function.

neat design sites. A quadratic model, f (x), of the
function f (x) at the pth de51gn SIte is given by

f(p)_ By + ZBx(p)+ ZZBx(p) (r)

i=1j=
where p=1, -, ne, x (P

and x](p) are the design
variables at the pth site; By, B, and Bij are the un-
known polynomial coefficients which can be obtained
from a least-squares method. Suppose f?) is the pth

observation.

3.3 Trust region modes management strategies
Trust region methods were originally introduced
to apply to modern nonlinear unconstrained optimiza-
tion algorithms to assure a robust global behavior.
Robust global behavior infers the mathematical assur-
ance that the optimization algorithm will converge to

[ 14, 15]

an initial iteration . In trust region methods, a

secondrorder approximation, f(x), of the objective
f(x), is successively minimized with the trust region
regulating the length of the steps in each iteration.
On the other hand, the length of the steps or size of
the trust region is controlled based on how well the
quadratic model predicts the decrease in f(x). A re
liability index, @, which monitors how well the
current approximation represents the actual design
space is defined as

flx’)— £t
Py= ~ ~ (6)

f(x)=f(x1)

This is simply the ratio of the actual change in

the function to the change predicted by the approxi
mation.

After each optimization iteration, the trust re-
gion radius is updated according to the following prin-
ciples:

1) A<

The surrogates are inaccurate.
k+ 1_

Reject the kth

optimum x% and let x%" '= x¥, shrink the trust re

gion by a factor of 0. 25 to improve surrogate function

accuracy.

2)0< 0 <0.25

The surrogates are marginally accurate. Let

= x *

tor 0.5 for the (£+ 1)th iteration.
3) 0.25< Q. <0.75

The surrogates are moderately accurate. Let

% L , but shrink the trust region size by a fac

k+ 1 k . . ¢ z
x'e = x% and maintain the current trust region size.

) B 20.75 and % 1= xf | <A
The surrogates are accurate and x% lies inside
the trust region bounds. Let x%* '= x% and maintain
the current trust region size.

5) 0 20.75 and 2k '= &% 1= A

k 3
The surrogates are accurate and x* lies on the

k+ 1

trust region bounds. Let x%* '= x% and increase the

trust region size by a factor of 2.

3.4 Termination criterion

During the simulation-based optimization, the
search process terminates when the difference be
tween the upper bound and the low bound for all varr
ables or the relative variation of objective function be-
comes negligible. The termination criterion can be
written as follows:

| xi— xyl <€ (k= 1, -y n) (7)
where €is specified by the designer.
The flow chart of adaptive response surface

methodology optimization process is shown in Fig. 3.
4 NUMERICAL RESULTS

The optimization method is applied to the optr
mum BHF (around the flange) in rectangular box
deep drawing for improving the formability. The ge-
ometry of the tools is presented in Fig. 4. Material
properties of AI5052H32 are shown as follows: initial
blank 400 mm % 300 mm, elastic modulus £= 71. 5
GPa, initial thickness ho= 1. 6 mm, anisotropic coef
ficient r= 0. 86, friction coefficient M= 0.12, and a
stress —strain curve is shown in Fig. 5.

Due to the symmetry of the problem, only half
of the box is meshed with 1 268 nodes and 1 263 ele-
ments( Fig. 6).
in pervious sections is applied to determine the opti-

The optimization procedure exposed

mal BHF minimizing the objective function. The
number of iterations required to arrive at the final op-
timized design is 98. Table 1 lists the initial and opti-
mum BHF, Fig. 7 shows the variation of the objective
function, Fig. 8 and Fig. 9 illustrate the improvement
in formability resulted from the optimization.
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Table 1 Optimum results of rectangular box deep drawing

Parameters BHF1/kN BHF2/kN BHF3/kN BHF4/ kN BHFS5/ kN BHF6/ kN
Initial BHF's 2.0 2.0 2.0 2.0 2.0 2.0
Initial trust region radius 2.0 2.0 2.0 2.0 2.0 2.0
Optimum BHFs 1.4 1.1 1.6 2.5 1.5 1.6
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5 EXPERIMENTS

In order to verify the accuracy of this algor
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Fig. 9 Forming limit diagram( optimal)

ithm, the rectangular pan deep drawing experiments
are performed on a multrpoint variable blank-holder
forces hydraulic press(Fig. 10) installed at the Auto-

body M anufacturing Technology Center at Shanghai
Jiaotong University. The blank-holder forces which
can be kept constant or varied as a function of stroke
and location are applied by means of a hydraulic cush-
ion, with a maximum load of 60 kN. One piece but
relatively flexible blankholder is designed to control
the BHF at different locations. Fig. 11 shows the
schematic diagram of the blank holder used in these
experiments. These tests were done in two series. At
first, different constant blank-holder forces were ap-
plied, and then, the optimal variable blank-holder
forces which were obtained from the results of de-
scribed optimal algorithm were applied. The attain-
able pan height is also shown in Fig. 11.

Fig. 10 Multrpoint variable blank-holder forces
hydraulic press

@9 €9 @9 @9
o Jo
@ @ @ @

{

Depth=34 mm
(b}

Fig. 11 Stamped parts under initial and optimal BHFs
(a) —Initial BHFs; (b) —Optimal BHFs
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6 CONCLUSIONS

In this paper, a new optimization methodology is
developed for determining the optimum BHFs with
respect to the location in order to improve the forma-
bility of aluminum alloy sheet. The methodology in-
corporates the finite element analysis and simulation
based optimization scheme. The optimum variable
blankholder forces which are very difficult to determi-
nate during sheet metal forming were determined au-
tomatically by minimizing the objective function. Ex-
perimental results show that the obtained optimum
variable blankholder forces can increase the depth of
the aluminum alloy rectangular box. The numerical
and experimental results confirm the validity of the
presented algorithm.
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