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1. Abstract

A further improvement in the drawability may lead to a further light-weight cylindrical drawn cup, hence to a
more environment-friendly and sustainable industrial product such as an aluminium beverage can & bottle.
A pulsating blank holder force (BHF) with a frequency ranged from ultra-high to ultra-low values, is reported
that can improve the drawability, as compared with a static constant BHF. However, it still needs a lot of
efforts before applying the pulsating BHF industrially, for example, investigation into the optimum property
of vibration added to the blank holder during deep drawing of cylindrical cups.

This study implemented an optimization on the properties of the vibration such as the oscillation amplitude,
frequency and phase, by applying the structure optimization technique, based on numerical simulations of the
cup drawing process. Parameters used to determine a sinusoidal vibration wave are taken as design variables.
Wrinkling and tearing are major defects in deep drawing, therefore are considered as design constraints. The
limit drawing ratio (LDR) is one of indicators to evaluate the drawability, therefore LDR is maximized
through maximizing the limiting drawing depth that could be achieved for a specified drawing ratio. A
sequential approximate optimization method is successfully applied to perform design optimization, which
leading to a satisfied improvement in the drawability.
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3. Introduction

As shown in Figure 1, during deep drawing of a cylindrical cup, the circular punch forces the blank through
the draw die and forms into a cup. The blank holder is used to prevent it from wrinkling due to the tangential
compressive strain in the forming zone. The limit drawing ratio (LDR), defined as the ratio of the maximum
blank diameter which is successfully drawn to the punch diameter, is one of indicators to evaluate the
drawability. Factors causing wrinkling, tearing and earring during deep drawing, such as material properties
and shape dimensions of the blank / tools, lubrication condition between the blank and tools, temperature and
forming speed, have been extensively studied experimentally, theoretically and numerically [1-10].

A further improvement in the sheet formability may lead to a further light-weight cylindrical drawn cup,
hence to a more environment-friendly and sustainable industrial product, for example, an aluminium
beverage can & bottle (Figure 2) [11]. To improve formability and forming quality, a lot of techniques have
been investigated, for example, groove pressing the blank, coating the tools, shaping the surfaces of the blank
holder, adding lubrication holes on the die shoulder, applying an adaptive blank holder force (BHF) varying
with the punch stroke, and applying a circumferentially segmented BHF [12-18]. Moreover, forming
processes with hydraulic pressure [19-21], with high-pressured water jet [22], with a radial inward force in
the flange region [23], are also being developed.

Recently, a pulsating BHF with a frequency ranged from ultra-high to ultra-low values is reported that can
reduce friction and deformation resistance, hence can increase LDR, as compared with a static constant BHF
[24-27]. With industrial technology fast developing, practicality of the pulsating BHF may be expected.
However, it still needs a lot of efforts before applying the pulsating BHF industrially, for example,
investigation into the optimum property of vibration added to the blank holder during deep drawing of
cylindrical cups.

On the other hand, research and development of the structural optimization technique and its applications on
the metal sheet forming process have been going on. The response surface approximation method is one of
practical optimization methods, therefore is applied widely in industry. To efficiently obtain accurate
response surfaces, the orthogonal array in the design-of-experiment technique is used [28]. Recently, several
new techniques have been proposed and applied to improve accuracy of the approximation. The sequential
approximate optimization (SAQO) method using radial basis function (RBF) network has been applied to
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Figure 1: Deep drawing of cylindrical cups Figure 2: An aluminium beverage bottle

optimize a series of sheet metal forming processes, for efficiently searching a highly accurate global optimal
solution [29-31].

This study optimizes the properties of the vibration such as the amplitude, frequency and phase, based on
deep drawing simulations. Parameters used to determine a sinusoidal vibration wave are taken as design
variables. Wrinkling and tearing are considered as design constraints. LDR is maximized through
maximizing the limiting drawing depth that could be achieved for a specified larger drawing ratio. The SAO
method using RBF network is applied to perform design optimization.

4. Deep drawing process simulation
A three-dimensional finite element analysis model is established to simulate deep drawing process of the
cylindrical cup with the static constant BHF and with various pulsating BHF.

4.1. Finite element model
Figure 3 shows the deep drawing analysis model used in this study [18]. The flat circular blank is clamped by
the circular die ring and the blank holder with smooth surfaces. In order to save calculating cost, one-forth
finite element model is adopted due to symmetry. The explicit finite element code, LS-DYNA is utilized to
perform the deep drawing simulation.
The blank with 83.44mm diameter and 0.208mm initial uniform thickness to, is divised by four-node shell
elements. The aluminium blank is defined as an elasto-plastic body, and the material properties are assumed
as Young’s modulus: 68.9GPa, Poisson’s ratio: 0.33.
The diameter of the punch is 45.72 mm; hence, the draw ratio comes to be 1.8, which is larger than usual. The
punch moves at a constant speed of vy = 350 mm/s. The diameter of the die is 46.74 mm. Both the die and
blank holder are defined as rigid bodies. The friction coefficient between tools and the blank is assumed as
0.05.
The pulsating BHF used in this study is defined in Eq. (1),

PBHF = Fo+ aFgsin(2xft + ¢) Q)
Where, Fqis a primary BHF, f denotes the pulsating frequency, ¢ denotes the phase, and aF, represents the
amplitude, a is a scalar ranged from 0 to 1, t is punch moving time. Figure 4 shows example sine curves for
calculating the pulsating BHF defined by the same parameters of Fo, a, f but different ¢.
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Figure 3 : Numerical analysis model Figure 4. Example curves of palsating BHF



4.2. Simulation results

In deep drawing process, excessive material flow causes wrinkling at the flange (Figure 5(a)) while
insufficient material flow leads to thinning and tearing of the cup (Figure 5(b)). For convenient, the ratio (r,
= Dpax/ to) of the maximum axial distance D .y between the blank holder and the die during the deep drawing
process to the initial blank thickness to, is used to predict the risk of wrinkling. The ratio (ry = tmin/ to) of the
minimum thickness tn, of the cup to the initial blank thickness ty, is used to predict the risk of tearing. In this
study, defects of the drawn cup are determined when r,, is more than 1.2 or r; is less than 0.8.

To a given relatively large draw ratio, the limiting drawing depth L, that can be achieved before wrinkling or
tearing occurs, during the deep drawing process, is used as an indicator to compare the drawability.

In order to observe the influences of the parameters of the pulsating BHF on the drawability, deep drawing
simulations were carried out for several models with the static constant BHF as well as with various pulsating
blank holder force, as shown in Table 1 and Figure 6. Model 1 and Model 2 were applied by the static
constant BHF, while else models were applied by the pulsating BHF of various vibration properties defined
by Eq.(1) in terms of four parameters. The points at where wrinkling or tearing occurred, are marked with
symbols for each model in the same figure, respectively.
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Table 1 Finite element analysis results

Model Fo/ kKN a flHz ¢ Ly/ mm Results
1 1.000 N/A N/A N/A 12.20 Wrinkling
2 2.000 N/A N/A N/A 9.10 Tearing
3 4.786 0.815 5.536 3.899 13.7 Wrinkling
4 2.264 0.332 14.062 4.866 9.45 Tearing
5 0.539 0.768 15.815 3.421 2.45 Wrinkling
6 3.835 0.624 1.249 2.497 4.20 Tearing
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Figure 6: Simulation results of models applied by various BHF



Simulation results, for example, results of Model 1 and Model 2 show that the given blank cannot be drawn
successfully into a cup with the given tooling systems. Wrinkling occurs if BHF is too small as that in Model
1, and tearing occurs if BHF is too large as that in Model 2.

Simulation results of Model 3 and Model 4 show that, by applying the pulsating BHF, the limiting drawing
depth L, can be extended, in other words, failure can be delayed, and a deeper cup may be obtained.
However, simulation results of Model 5 and Model 6 show that, by applying the pulsating BHF, the limiting
drawing depth L, also may be shortened, which is not expected.

On the basis of numerical simulation results, it is confirmed that the parameters of the pulsating BHF do
influence the deep drawing process, and that need to be investigated and optimized to obtain a drawn cup of a
deeper depth, hence, to achieve a larger drawing ratio.

5. Optimization of pulsating BHF

5.1. Formulation of the optimization problem

The parameters of the pulsating BHF are selected as design variables. The objective of the optimization is to
maximize the limiting drawing depth L, for a specific larger drawing ratio. The ratios r,, and r; are defined as
design constraints to avoid wrinkling and tearing. The optimization problem is then posted as

Find design variables: X={x;}, i=1,...,n  (n:the number of design variables) (2)
Maximize f(X) =1L, (X), 3)
Subject to

01 = TFw/lwmax - 1 éO, (4)
02 = rtmin/rt -l1= 0, (5)
"< x=xY, i=1,...n (6)

where rymax is the allowable upper bound of the ratio ry, and rymi, is the allowable lower bound of the ratio r;.
xi-and x;" are the upper and lower bounds of design variables i, respectively. It is noted that if the given blank
is successfully drawn into the cups without defects determined by Eq.(4) and Eq.(5), the values of the design
variables are considered as optimal values, though L, may not be the deepest one. Therefore, the optimal
solution for the pulsating BPF may not be only one.

5.2. Optimization results

The SAO method using RBF network is adopted to perform design optimization. In the optimizing process,
at first, the response surface of the objective and constraint functions in terms of design variables, is
constructed and optimized based on the numerical simulation results of a number of sampling design points.
The optimal solution of the response surface is then added as a new sampling design point to improve the
local approximation accuracy, and several new sampling points around the unexplored region in the design
space are also added to improve global approximation accuracy. At last, the response surface is reconstructed
and optimized to get a better optimal solution. This process is repeated until the prescribed terminal criterion
is satisfied.

The pulsating BHF applied in the deep drawing process described in this study is optimized. Four parameters
of pulsating BHF, Fo, a, f and ¢ are selected as design variables. The upper and lower bounds of the design
variables are given as [0.10, 5.00] for design variable Fo, [0, 1] for a, [1, 20] for f, and [0, 2x] for ¢. The rymax
and ryyin are considered as 1.2 and 0.8, respectively.

The optimal values of the design variables are obtained as Fo= 4.78 kN, a = 0.826, f=4.177, ¢=4.637, and
the optimal pulsating BHF is then calculated by substituting the above four optimal values into Eq.(1), as
shown in Figure 7. It is clear that the optimal pulsating BHF curve bypassed both of the wrinkling zone and
the tearing zone. The objective value is 29.75 mm, and it is observed that the given blank is drawn
successfully into a cup without wrinkling and tearing, as shown in Figure 8. Consequently, it is also may
concluded that, a specified larger LDR may be achieved by applying an optimal pulsating BHF during the
deep drawing process.

6. Conclusions

This paper proposed a technique to optimize the pulsating BHF to maximize the limiting drawing depth,
consequently, to achieve a specified lager LDR. The finite element analysis model was built to simulate deep
drawing process of the cylindrical cup using the pulsating BHF, and effects of the pulsating BHF on the
drawability were investigated. It’s found that the drawability may be improved by applying a proper
pulsating BHF. The sequential approximate optimization method was then applied to efficiently search for
the optimal pulsating BHF. The proposed optimization technique also can be applied to other optimization



problems of the pulsating BHF under different conditions.
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Figure 8: Drawn cup using optimized pulsating BHF
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