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Abstract: Deep drawing is one of the most important processes for forming sheet metal parts. It is widely used for mass production
of cup shapes in automobile, aerospace and packaging industries. Cup drawing, besides its importance as forming process, also
serves as a basic test for the sheet metal formability. The effect of equipment and tooling parameters results in complex deformation
mechanism. Existence of thickness variation in the formed part may cause stress concentration and may lead to acceleration of
damage. Using TAGUCHTI’s signal-to-noise ratio, it is determined that the die shoulder radius has major influence followed by blank
holder force and punch nose radius on the thickness distribution of the deep drawn cup of AA 6061 sheet. The optimum levels of the
above three factors, for the most even wall thickness distribution, are found to be punch nose radius of 3 mm, die shoulder radius of

8 mm and blank holder force of 4 kN.
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1 Introduction

Sheet metal forming is a significant manufacturing
process for producing large variety of automotive parts
and aerospace parts as well as consumer products.
Deformation of sheet materials in the stamping process is
classified by the four deformation modes, i.e. deep
drawing, stretching, stretch flanging and bending[1].
Deep drawing is one of the widely used sheet metal
working processes in the industries, to produce cup
shaped components at a very high rate. Cup drawing,
besides its importance as forming process, also serves as
a basic test for the sheet metal formability. During the
course of deep drawing, the following five processes take
place[2]. They are: 1) pure radial drawing between the
die and blank holder, 2) bending and sliding over the die
profile, 3) stretching between the die and the punch, 4)
bending and sliding over the punch profile radius, and 5)
stretching and sliding over the punch face. Thus, the
deep drawing process involves complex deformation
mechanisms. The parameters that affect the success or
failure of a deep drawing operation are the punch and die
radii, the punch and die clearance, the press speed, the

lubrication and the type and the extent of restraint to
metal flow material in deep-drawn shapes. Among these,
the die shoulder radius[3—6], punch nose radius[3—5] and
the blank holder force[4—8] are considered to be the
significant parameters in deep-drawing processes.
Noticeable differences in forming behaviour on the
stamping have been observed in the aluminum alloys.
The relationship between the material, die design
parameters and test parameters versus the deep
drawability has not been well defined[9]. The quality
characteristics chosen for the experiment should reflect
as accurately as possible the design parameters under
study. Thickness is one of the major quality
characteristics in sheet metal formed part[4, 6]. The
thickness is unevenly distributed in the part after deep
drawing. Generally, the thickness is uniform at the
bottom face of the punch, minimum at the punch nose
radius and vertical surface, and thicker at the flange area.
Existence of thickness variation from the production
stage may cause stress concentration in the part, leading
to the acceleration of damage. The selection of
appropriate process parameters and their combination
results in high quality parts. In this work, a
statistical approach based on TAGUCHTI’s signal-to-noise
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ratio was adopted to determine the degree of importance
of the parameters such as die shoulder radius, punch nose
radius and the blank holder force on the thickness
distribution of the deep drawn cup of AA 6061 sheet and
to determine the optimum combination of these three
factors for the most even wall thickness distribution.

2 Experimental

2.1 Material

The material used in the present work was the
commercially available AA 6061 aluminum alloy sheet.
The thickness of the sheet was 0.80 mm. The mechanical
properties of the material were determined by conducting

tensile test in the Instron machine and are given in
Table 1.

Table 1 Uniaxial tensile test data for AA 6061 aluminium alloy
sheet

Ultimate tensile Tensile yield .
strength/MPa strength/MPa Elongation/%
208 107 18

2.2 Parameters and levels

The experimental design was based on central
composite rotatable design. The punch nose radius (PR),
die shoulder radius (DR) and blank holder force (BHF)
were considered to be the predominant parameters. In
deep drawing, the quality of the formed parts is affected
by the amount of the metal drawn into the die cavity.
Excessive metal flow will cause wrinkles in the part
while insufficient metal flow will result in tears or splits.
The blank holder force plays a key role in regulating the
metal flow[6—7]. The geometry of the punch[3—5] and
the die[4—7] also influences the deep drawing processes.
It has been shown that for a punch nose radius (Rp) that
is less than twice the thickness of the blank (t), the cup
fails due to tearing, whilst for Rp greater than 10t,
stretching may be introduced. In addition, within region
4t<Rp<10t, the radius does not significantly affect the
limiting draw ratio (LDR)[2]. Therefore, according to the
thickness of the blank, the most suitable shoulder radii
for the die and punches were found to be 3, 5.5 and 8
mm with a constant punch stem diameter of 100 mm and
a die cavity of 102.5 mm[10]. Proper tool steel with
appropriate mechanical properties and hardening
treatment was used for the materials for the punches and
dies. The tools were ground to finish and final hardness
of HRC 64. The amount of blank holder force required to
prevent wrinkles is largely determined by trail and error.
The blank holder force required to hold a blank flat for a
cylindrical draw varies from very little to a maximum
about one third of the drawing pressure[11]. For the
selected material of 0.80 mm-thick sheet, the maximum

blank holder force arrived to be 10 kN. The three levels
of the parameters were selected and twenty experimental
runs were obtained from the central composite design.
Table 2 exhibits the different levels of the chosen
parameters. The experimental runs in coded form are
shown in Table 3.

Table 2 Parameters and their levels

Level
Parameter

-1 0 1

Punch nose
radius, Rp/mm 3 35 8

Die shoulder
radius, Rp/mm 3 5.5 8
Blank holder 4 7 10

force, Fg/kN

Table 3 Central composite design of experimental runs

Experimental Level
run Re Rp Fs
1 -1 1 1
2 0 0 0
3 0 -1 0
4 0 1 0
5 0 0 1
6 0 0 0
7 0 0 0
8 1 1 1
9 1 1 -1
10 1 -1 -1
11 1 -1 1
12 0 0 0
13 -1 -1 1
14 -1 0 0
15 -1 1 -1
16 0 0 0
17 0 0 -1
18 -1 -1 -1
19 1 0 0
20 0 0 0

2.3 Conducting experiments

The deep drawing was conducted using a double
action hydraulic press with a maximum load capacity of
150 t. The lubricant used was a commercially available
mineral oil[12]. The experimental setup is shown in
Fig.1. The blanks of 180 mm in diameter were cut from

the sheet and cups were drawn according to the
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experimental design. Drawn cups were sectioned at the
middle and are shown in Fig.2. The punch stem diameter,
the depth of drawing and the blank diameter were
selected according to the benchmark specification given
in Numisheet 2002[10].

Fig.2 Cups sectioned at middle

2.4 Signal-to-noise ratio and response of process

One of the quality criteria in sheet metal formed
parts is thickness distribution. Failure in deep drawn
parts usually occurs by thinning; therefore, it is important
to determine the variation of strain in thickness direction
during deformation[13—14]. The objective is to reduce
thickness variation in deep drawn part. Therefore, in this
study, the response selected from the experiments is the
thickness distribution. The response of a system, and, as
a result, its quality characteristics, are influenced by
three types of factors[15]: 1) signal factors that are set by
the operator of the system in later stages of the product
life; 2) control factors that are set by the designer of the
system; and 3) noise factors that cannot be directly
controlled by neither the designer nor the operator.
Control factors are those design parameters that can be
freely specified by the designer. TAGUCHI[16—17]
divided these control factors into two subsets, with one

subset consisting of those factors influencing both the
response mean and the response variance, and second
subset consisting of those factors influencing only the
response mean. Noise factors are usually classified by
TAGUCHI into three classes: 1) external noise factors
that typically describe the environmental conditions,
such as temperature, dust and humidity; 2) unit-to-unit
variation that typically addresses the inevitable variations
in a manufacturing process; and 3) deterioration that
typically refers to the deterioration in functional
characteristics of sold products as time passes.

TAGUCHI’s main idea was to control the noise
factors indirectly by examining how they are affected by
different settings of the control factors. He suggested
analyzing the joint effects of control and noise factors,
and for this purpose, proposed a performance criterion
called signal-to-noise ratio (S/N). Defectives due to
wrinkles and excessive localized thinning alter the
product geometry from the designed one, causing
difficulties in joining and assembly of sheet products,
and limiting the product serviceability[18]. Therefore,
thickness of the deep drawn cup section should be as
uniform as possible, i.e. the nominal values are preferred
throughout the section. If the nominal value for a
characteristic is the best, then the designer should
maximize the S/N ratio, accordingly the S/N ratio chosen
was given below[19]:

SIN=101g(y*/s%) (1

=3 (y,-y) /n-1 )
i=1

V:Z y; /n 3)

where Y is the measured value of thickness, and n is the
number of experiments.

TAGUCHTI’s objective was to design a system such
as to maximize the S/N value while keeping the response
on the target[4, 19]. The calculated S/N values are given
in Table 4.

3 Results and discussion

The drawn cups were sectioned at the middle and
the thickness was measured at seventeen points at
uniform intervals from the centre of the cup to the edge
of the flange, as shown in Fig.3.

The measured thickness values are shown in Table
5. The percent contribution measures proposed by
TAGUCHI were used for the interpretation of
experimental results[17, 20]. The percent contribution
values reflect the relative portion of the total variation
observed in an experiment which is attributed to each
factor. It is a function of the sums-of-squares, for each
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Table 4 S/N ratio for experiments

Experimental S/N ratio Experimental S/N ratio
No. No.
1 54.150 72 11 44.961 43
2 48.795 14 12 49.138 05
3 46.801 08 13 45.845 94
4 53.712 12 14 48.078 37
5 49.099 27 15 54.150 72
6 48.610 33 16 47.658 68
7 47.642 31 17 50.434 98
8 52.806 85 18 53.420 95
9 54.539 97 19 48.304 90
10 49.783 24 20 48.252 10

factor, indicating its relative power to reduce the
words,
contribution of a given factor indicates the potential
reduction in the total variation that can be achieved, if
this factor is controlled precisely[15]. The level average

response variation.

In other

the percent

Fig. 3 Points of thickness measurements
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The overall mean from which all the variation is

calculated is given by

S/

N =

n

lZn:(S/Ni)
nig

where n is the number of test runs.
The grand total sum of squares (GTSS) is given by

“

Ccaned o decrted etz . SO/ ®
Table 5 Measured thickness values of cups (mm)
Experiment Number
Position
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
1 0.78 0.77 0.77 0.77 0.77 0.78 0.77 0.78 0.77 0.78 0.77 0.78 0.77 0.77 0.77 0.77 0.77 0.78 0.77 0.77
2 0.78 0.77 0.77 0.77 0.77 0.77 0.76 0.77 0.77 0.77 0.77 0.76 0.77 0.77 0.77 0.76 0.77 0.78 0.77 0.76
3 0.77 0.76 0.77 0.77 0.76 0.76 0.76 0.77 0.77 0.77 0.76 0.76 0.76 0.76 0.77 0.75 0.77 0.77 0.77 0.76
4 0.77 0.76 0.76 0.77 0.76 0.76 0.76 0.76 0.77 0.76 0.76 0.77 0.76 0.76 0.77 0.76 0.76 0.77 0.76 0.76
5 0.77 0.76 0.75 0.77 0.76 0.76 0.75 0.76 0.77 0.76 0.75 0.76 0.75 0.75 0.77 0.76 0.75 0.76 0.75 0.75
6 0.76 0.75 0.74 0.76 0.76 0.75 0.75 0.76 0.76 0.75 0.74 0.76 0.74 0.75 0.76 0.75 0.75 0.75 0.75 0.75
7 0.76 0.73 0.74 0.76 0.75 0.73 0.73 0.75 0.76 0.75 0.73 0.73 0.72 0.73 0.76 0.73 0.75 0.75 0.73 0.73
8 0.74 0.72 0.72 0.74 0.73 0.72 0.72 0.74 0.76 0.74 0.72 0.72 0.72 0.72 0.76 0.72 0.74 0.75 0.71 0.72
9 0.73 0.71 0.7 0.73 0.72 0.69 0.69 0.73 0.74 0.72 0.7 0.69 0.71 0.69 0.74 0.69 0.72 0.74 0.69 0.7
10 0.75 0.72 0.71 0.74 0.73 0.72 0.71 0.75 0.75 0.74 0.71 0.74 0.71 0.72 0.74 0.72 0.72 0.75 0.72 0.72
11 0.76 0.76 0.73 0.76 0.73 0.76 0.76 0.75 0.76 0.74 0.72 0.76 0.72 0.76 0.76 0.75 0.74 0.75 0.76 0.76
12 0.76 0.75 0.73 0.76 0.73 0.76 0.75 0.76 0.76 0.73 0.72 0.75 0.73 0.75 0.76 0.75 0.75 0.76 0.76 0.74
13 0.77 0.75 0.74 0.76 0.74 0.76 0.75 0.76 0.76 0.74 0.72 0.76 0.73 0.76 0.76 0.75 0.76 0.76 0.77 0.76
14 0.77 0.76 0.74 0.77 0.76 0.76 0.76 0.77 0.77 0.76 0.72 0.76 0.73 0.76 0.77 0.76 0.77 0.77 0.77 0.76
15 0.76 0.76 0.75 0.78 0.75 0.77 0.77 0.77 0.78 0.75 0.73 0.77 0.74 0.77 0.78 0.76 0.78 0.76 0.77 0.77
16 0.82 0.83 0.81 0.81 0.81 0.83 0.83 0.82 0.83 0.82 0.82 0.83 0.81 0.83 0.83 0.83 0.82 0.82 0.83 0.83
17 0.82 0.83 0.82 0.82 0.82 0.83 0.83 0.83 0.84 0.83 0.83 0.83 0.82 0.84 0.84 0.83 0.83 0.83 0.84 0.83
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It can be decomposed into two parts: the sum of
squares due to overall mean and the sum of squares due
to variation around overall mean:

ST:Sm—i_sv (6)
The sum of squares due to overall mean is
S,,=n-(S/N)? (7)

where n is the number of test runs.
The sum of squares due to variation around overall
mean is

n
S, =2 (S/Ni=S/N)? 8)
i=1
The S, can be further decomposed into the sums of
the squares of the variation induced by individual
parameter effects around overall mean.
For parameter Rp, the sum of squares due to
variation around overall mean is

Sp=Ng;-(S/Nri—=S/N)*+ng,-(S/Nr2—S/N)* +
Ny (S/Nr3—S/N)? 9)

where ng; is the number of tests conducted at level i of
parameter Rp; S/NRrjis the level average S/N of

parameter Rp at level i. The calculated values of level
average for all the parameters are given in Table 6.
Similarly, the sum of square due to variation around
overall mean is calculated for the remaining two
parameters. Then, the contribution of each parameter is

Table 6 Level averages of S/N ratios

calculated:
Cj:Sj/ Sv ( 1 0)

The calculated contributions of the parameters are
shown in Table 7.

The level average response analysis by S/N ratio is
shown in Table 6 and Fig.4. Although the physical
meaning of S/N ratio is not as straight forward as simple
level average response analysis by values, it is more
objective towards the target because the S/N ratio reflects
both the average (mean) and the scatter (variance)[21].
For optimum values of the selected parameters, the level
that gives the highest S/N ratio was chosen[19].
Therefore, it can be stated that the optimum levels for the
three significant factors, for the most even wall thickness
distribution[4,19] are punch nose radius of 3 mm, die
shoulder radius of 8 mm, and blank holder force of 4 kN,
which are the parameter level
experimental No.15. The larger die shoulder radius
allows the material to be easily drawn into the die cavity,
thereby reducing the extent of stretching along the cup

settings for the

wall. The lowest thickness was found at the punch nose
radius as a result of minimum punch nose radius (points
9 and 10 in Fig.5). And also it was found that the
thickness values at the cup bottom (points 1-5 in Fig.5)
are higher than the thickness values at the cup wall
(points 11-15 in Fig.5). The flow of material from the
cup bottom to the side wall is restricted due to the
minimum punch nose radius. At the same time, the lower

Parameter Level Experimental SIN S/N
number
3 mm 1,13, 14, 15, 18 54.150 7, 45.845 9, 48.078 4, 54.150 7, 53.420 9 51.129 3
R I S e g BT
8 mm 8,9,10,11,19 52.806 8, 54.540 0, 49.783 2, 44.961 4, 48.304 9 50.079 3
3 mm 3,10, 11, 13, 18 46.801 1,49.783 2, 44.961 4, 45.845 9, 53.420 9 48.162 5
Ro 5.5 mm 2,5,6,7,12, 14, 48.795 1,49.099 3, 48.610 3, 47.642 3, 49.160 0, 47.658 7, 43.603 6
16,17, 19,20 50.4350,48.252 1,48.304 9,48.078 4
8 mm 1,4,8,9,15 54.150 7,53.712 1, 52.806 8, 54.540 0, 54.150 7 53.8720
4 kN 9,10,15,17,18 54.540 0, 49.783 2, 54.150 7, 50.435 0, 53.420 9 52.4659
F T e T o e 7 asa0 asasat o AST01S
10 kN 1,58, 11,13 54.150 7, 49.099 3, 52.806 8, 44.961 4, 45.845 9 49372 8
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value of the blank holder force allows the material to be
drawn easily to form the wall of the cup and is also
sufficient to prevent wrinkles. The thickness at the flange
end is the highest due to the hoop stresses produced in
the flange.

Table 7 Contribution of parameters

Parameter Contribution/%

Punch nose radius, Rp/mm 9.23
Die shoulder radius, Rp/mm 66.49

Blank holder force, Fg/kN 29.16
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Fig. 4 Plots of level average values of three parameters:
(a) Punch nose radius; (b) Die shoulder radius; (¢) Blank holder
force
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Fig.5 Thickness values measured at different points for
experiment No.15

4 Conclusions

Deep drawing experiments were carried out
according to the central composite design. The optimum
parameter setting for most even wall thickness was found
out using TAGUCHI’s signal-to-noise ratio. The
parameter settings are punch nose radius of 3 mm, die
shoulder radius of 8 mm, and blank holder force of 4 kN.
The degrees of influence of the selected parameters on
the deep drawing behaviour of circular cup in order to
improve the quality of the formed part were determined.
The die shoulder radius has major influence (66.49%)
followed by blank holder force (29.16%) and punch nose
radius (9.23%).
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