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Abstract

This paper deals with increasing the drawing height of metal conical square cups with anti-lock braking system
(ABS). A novel technique enabling higher drawing height than that achieved in the conventional deep drawing process
is introduced, and the principle of the process is explained in this paper. Results of experiments conducted using alumi-
num alloyed Al-1050 blanks of thickness of 1 mm to draw conical square cups are reported here. Measured drawing
load, drawing height and thickness distributions were compared with those obtained from the conventional method.
The experimental results showed that higher drawing height of the cup can be achieved by the use of ABS.
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1. Introduction

The deep drawing process, which is used widely in
industry, produces cups at various heights. In conven-
tional deep drawing, the process parameters are se-
lected carefully to enable the drawing of good quality
cups at the maximum possible drawing heights. Im-
provements in the tooling, proper lubrication of the
die and optimum design of the punch and die radii by
the use of finite element analysis, may increase the
drawing height slightly [1]. In these processes, some
shallow components can be obtained only with a sin-
gle drawing operation. However, due to some limita-
tions especially limiting drawing ratio (LDR), which
is the ratio of initial side length of a blank that can be
drawn without failure to the punch side length for
square shaped cups, highly deep or complex shaped
cups cannot be obtained with a single drawing opera-
tion; they require multi-redrawing or other added
operations. This means that forming processes require
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several operations until the final shape is obtained. In
other words, these limitations prevent to reach the
desired drawing height. Multi-redrawing processes
and other added operations increase manufacturing
costs and consume more time to obtain the desired
shape of the cup. In addition, these processes affect
the mechanical properties of the material.

To overcome these limitations of the process and to
obtain deeper and good quality cups, new variations
have been introduced over the years, notable in this
category being hydro forming, hydro mechanical
forming, counter pressure deep drawing [1], and tool
temperature control in deep drawing [2].

Bolt et al. [3] conducted warm drawing tests for
both box-shaped and conical rectangular products.
The results show that forming at elevated temperature
can yield a significant increase in product height,
especially for conical products. The maximum height
of a box-shaped deep drawn product can be increased
by 25% when a die temperature of 175C is used.
The maximum height of a conical stretched-drawn
product can be increased by 65% when a die tempera-
ture of 250C is used. Wan et al. [4] used a theoreti-
cal approach and experimental results to determine
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the fracture criteria and the limiting drawing ratio

(LDR) for conventional deep drawing of conical cups.

They stated that limit stress of cylindrical cups is
slightly lower than that of conical cups. Rolla [4]
stated that higher deep drawing ratio and hence higher
depths of draw can be achieved with hydro mechani-
cal deep drawing. Hydro mechanical deep drawing is
thus a cost-effective solution to manufacture metal
cups with high drawing ratios in a single drawing
stroke. Koyama and Manabe [5] proposed a virtual
processing algorithm for the intelligent stamping
process. Through the implementation of the system, it
was confirmed that all the process phases are virtually
performed in order, and finally, cup height improve-
ment was accomplished. Each of these above-
mentioned processes have distinguishing features and
limitations. In spite of all the good results of these
novel processes, there are still some restrictions that
affect having deeper drawing height in a single opera-
tion.

In this study, the ABS was used for conical square
cup drawing to increase drawing height. For this, the
actual conical square cup drawings were conducted
using Al-1050 aluminum sheet and experimental data
were obtained. Drawing heights, drawing loads, wall
thicknesses and other parameters obtained from con-
ventional method and ABS were compared.

2. Deformation analysis

Conical cup drawing is more difficult than cylin-
drical cup drawing [6]. In this operation, as shown in
Fig. 1, the side wall is unsupported, which is the ma-
jor difference from cylindrical cups [7]. The box-
shaped products are made by deep drawing, the coni-
cal products by a combination of deep drawing and
stretching. Especially, the latter is often encountered
in stamping of automotive panels [3].

At the beginning of the drawing process, contact
region of the die radius and punch radius is minimum
while semi-cone angle y is maximum. In contrast to
this case, at the end of the drawing process however,
both contact regions of the two radiuses are the
maximum while the semi-cone angle y is minimum
(Fig. 1).

The deep drawing operation is successful as long as
Fp, max <Fp:, cony. Where Fp o is the maximum punch
force and Fp; oy, 1S fracture strength of the material.
Details of these formulas and theoretical analysis of
deep drawing process can be found in Ref. [4].
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Fig. 1. Punch and die geometry used in the experiments,
(mm).

3. Design and working of the anti-lock brak-
ing system (ABS)

An understanding of the design and working of the
ABS system is important; because of this, the full
details of the system were explained in this section. A
deep drawing system with ABS mainly consists of
conventional deep drawing apparatus incorporating
ABS devices, on which mechanically applied con-
secutive braking/hammering works on the blank. As
it is seen in Figs. 2 and 3, a 1 kW AC motor with
three-phase and a speed of 1611 rpm has been
mounted on the 80 ton hydraulic press under the die
set. The circular motion taken from the motor is
transmitted to the eccentric axle mounted below the
press table, by using two “V’ belts, then the power is
transmitted using two compression rods, which are
mounted to the two ends of the eccentric axle at the
vertical position. So, the motion is transmitted line-
arly to the bolster plate. After the required adjust-
ments have been done, the AC motor is turned on.
The circular motion taken from the motor is con-
verted into linear motion at the compression rods.
This linear motion compresses the blank by the bol-
ster plate and blank holder, respectively. At this time,
the blank is exposed to anti-lock braking/hammering.
This system is similar to ABS used on automobiles
hydraulically and mechanically. Therefore, the sys-
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Fig. 2. Experimental setup of newly developed deep drawing machine with ABS.

tem was called ‘““‘Deep drawing with ABS’’ by the
author [8]. In their study different blank geometry,
punch velocity, blank material and die dimensions
have been used to produce square cup when com-
pared to this study. The ABS, which works independ-
ently from the punch movement, can be conducted in
any stage of the deep drawing process. Due to single
vertical directional compression movement, which
corresponds to the direction of the punch axis, tool
position and especially placing position of the blank
are not affected adversely during drawing operations.
This system does not constitute any additional friction
forces in the horizontal direction between the die,
blank and blank holder. Therefore, excessive heat
does not occur during deep drawing as mentioned in
Ref. [9]. Deep drawing with ABS does not require
excessive expense and apparatus. Therefore, it can be
adapted easily to every drawing machine.

3.1 Material and equipment

In this study, the capability of the newly developed
deep drawing system with ABS was tested. During
the experiments maximum drawing height, wall

thickness distributions and drawing loads were exam-
ined. The experiments were carried out on an 80 ton
hydraulic press. Commercially available Al-1050
aluminum sheet with a thickness of 1.00 mm was
used as the blank material. The mechanical properties
of the aluminum sheet are shown in Table 1. The
blanks were cut from aluminum sheet and edges of
the blanks manufactured precisely.

Considering preliminary experiments, in which the
round shaped blanks with diameter of less than 100
mm and the square blanks less than 90 mm edged
were drawn without failure due to small LDR, con-
stant dimensioned round shaped blanks (110 mm)
and square blanks (0100 mm) were used in the ex-
periments. The LDR for the square and circular
blanks were constant as well. Therefore, drawing
height (punch stroke) was progressively increased by
1 mm starting from drawing height of 10 mm. In the
experiments, instead of using a blank holder force
(BHF), a blank holder gap (BHG) was used which is
defined as the distance between the lower surface of
blank holder and upper surface of die. This gap
(BHG) also, determines the maximum wrinkling
height [10]. For the conventional drawing tests, this
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Table 1. Mechanical properties of Al-1050 aluminum sheet
(2].

Specimen Tensile properties
angle to -
rolling Yield stress | Tensile stress Unif(?nn
direction MPa MPa strain
0° 114.93 12591 0.020
45° 123.26 132.97 0.019
90° 126.99 135.72 0.017
Formability parameters
k n r rm Ar
0’ 168 | 0.065 | 067
45° 175 | 0060 | 045 | 058 |025
90° 176 | 0056 | 073

Bolster plate =

Fig. 3. Picture of experimental setup of newly developed
deep drawing machine with ABS.

gap was chosen as 1.1 mm which is the 110% of the
material thickness, which is ideal for single press
action and provided by the metal cushion. Since the
maximum BHG is constant, blank holder cannot have
more than a 1.1 mm gap during drawing; therefore,
the blank does not wrinkle significantly. For the tests
with ABS, the maximum value for this gap can be
2.709 mm (1 mm blank thickness + 1.709 mm com-
pression distance) during wrinkling.

After adjusting this gap, four elastic cushions with

a thickness of 1.1 mm were located on the corners of
the die, which provided balanced movement of the
blank holder to the blank from every section during
compression. Since the maximum BHG is constant,
blank holder gap cannot be more than 2.709 mm dur-
ing drawing. During compression, however, elastic
cushions allow the dimension of this gap to be re-
duced till a 1. mm which is equal blank thickness.
This means that on one hand the BHG is used to con-
trol metal flow, and on the other hand, during com-
pression, ABS is used as a BHF to improve metal
flow. BHG and partially BHF are conducted together
in the drawing process.

3.2 Adjustment of compression distance

For the adjustment of the compression distance, the
eccentric axle is brought to the lower dead point and
the adjustment nut is tightened until it touches to the
bolster plate (Fig. 4). Later, the eccentric axle is
brought to the upper dead point being rotated a half
revolution. In this case, the distance between bolster
plate and adjustment nut is 2 mm (Fig. 5). Following
that, the adjustment nut is rotated 1/6th revolution. At
this time, the adjustment nut moves vertically 0.291
mm below (MI12 bolt pitch is 1.75 mm and the
movement is 1.75/6 = 0.291 mm). Finally, fixing nut
is fixed. In this case, when the vertical displacement
of the compression rod is 2 mm at one cycle initially,
it becomes 1.709 mm (2-0.291 mm) after rotating the
adjustment nut 1/6 cycle (Fig. 6). For a complete one
rotation of the axle, the taken eccentric distance is to
be 2 mm. However, this distance is restricted with
1.709 mm. In this case, the distance 0.291 mm is used
to brake the blank with anti-lock. At the same time,
this action conducts slight hammering effect to the
blank. The movement of one cycle of the axle is con-
ducted in 0.037 s. This compression action does not
hold the blank; it holds and leaves the blank continu-
ously. This phenomenon is carried out 1611 times per
minute. During this time, some portion of the com-
pression distance is absorbed by mechanisms as elas-
tic deformation. During the deep drawing process,
when the punch force forms the blank in the die cav-
ity with a constant speed, at the same time, the rest of
the blank (undrawn/flange of the part) is exposed to
anti-lock braking consecutively between die and
blank holder. This process occurs only at the drawn
cup walls, but the bottom of the cup, which is under
the punch, is not affected from this action.
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Fig. 6. Adjustment of motion distance used in the experiment.

3.3 Experiments

Square cup drawing tests were performed as a
means of determining the maximum drawing height
for a given tooling geometry. The dimensions of the
deep drawing tooling are shown in Fig. 1. Because of
the softness of the blank material, die materials were
chosen from middle carbon steel. In this study, a 2
mmy/s constant punch velocity was used for all ex-
periments. Upper surface and cavity of the die, lower
and upper surfaces of the blanks and, lower surface of
the blank holder were lubricated with mobile oil 30.

Preliminary experiments show that punch strokes of
less than 10 mm are drawn without failure. Therefore,
punch strokes are progressively increased 1 mm start-
ing from the punch stroke of 10 mm. When the failure
of the blank occurs, experiments proceed with the
punch stroke increasing and decreasing by 1 mm to
ascertain the maximum stroke of the punch without
failure in conical cup drawing. Each test was repeated
several times before and after the cup failure to ensure
that there was no coincidence in the operations and,
maximum drawing height was determined when there
was no drawing failure. Tests were performed in two
series, the first with conventional method and the
second is with ABS.

3.3.1 Conventional deep drawing tests

To obtain the maximum drawing height at which
deep drawing can be attained successfully, deep
drawing tests were performed. In these tests circular
and square shaped blanks with constant blank size
were used for conventional deep drawing and deep
drawing with ABS tests.

For square-shaped blanks having a 100 mm edge,
tests up to the drawing height of 17 mm (LDR =
100/41.45=2.41) were successful. For further increas-
ing of the punch stroke, it caused fracture at one or
two punch shoulder parts; therefore, the maximum
drawing height can be found to be around 18 mm for
square blanks. For round-shaped blanks having di-
ameter of 110 mm, tests up to the drawing height of
12 mm (LDR = 110/41.45=2.65) were successful.
Further increasing of the punch stroke caused fracture
at one or two punch shoulder parts; therefore, the
maximum drawing height can be found to be around
12 mm for round-shaped blanks.

3.3.2 Deep drawing tests with ABS

In these experiments, conventional deep drawing
processes were carried out incorporated with ABS.
Deep drawing tests up to the drawing height of 30
mm (LDR = 100/41.45 =2.41) for square blanks were
successful. Further increasing of the punch stroke
caused fracture at one or two punch shoulder parts;
therefore, the maximum drawing height can be found
to be around 30 mm for square blanks. For round-
shaped blanks having diameter of 110 mm, tests up to
the drawing height of 17 mm (LDR =
110/41.45=2.65) were successful. Further increasing
of the punch stroke caused fracture at one or two
punch shoulder parts; therefore, the maximum draw-
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ing height can be found to be around 17 mm for
round shaped blanks.

4. Experimental results and discussion

4.1 Comparison of drawing height

The exact cup height was determined when adja-
cent tests were continuously drawn. Likewise, the
punch stroke of the next tests was 1 mm bigger than
the last successfully drawn punch stroke suffering
fracture. For instance, blanks were drawn at punch
stroke s,=11 mm and 12 mm; however, fracture oc-
curred at punch stroke s,= 13 and 14 mm. Hence,
punch stroke s,=12 mm was admitted as the maxi-
mum drawing height. For conventional deep drawing:
blank diameter of 110 mm and cup height of 13 mm,
for deep drawing with ABS; blank diameter of 110
mm and cup height of 18 mm were successful. Hence,
drawing height was increased from 13 mm to 18 mm
by ABS for the circular blank. For conventional deep
drawing: blank edge of 100 mm and cup height of 18
mm, for deep drawing with ABS; blank edge of 100
mm and cup height of 31 mm were successful. Hence,
drawing height was increased from 18 to 31mm by
ABS for the square blank. Due to the limitation of the
blank size and LDR, deeper cups could not be ob-
tained.

Figs. 7 and 8 show photographs of deep drawn
cups at given process conditions. The experimental
results show that higher drawing height can be ob-
tained by the use of ABS. Fig. 9 shows the compari-
son of cup heights obtained by the two methods, con-
ventional and with ABS. The cup height with ABS
increased by 5 mm more than the conventional one
for circular blank and increased by 13 mm more than
the conventional one for square blank.

4.2 Comparison of the drawing loads

Figs. 10 and 11 show the complete relationship of
punch load versus punch travel over the entire form-
ing process for the circular and square blanks with
conventional and ABS methods. The trend of the
entire process and of the maximum load correlated
with each other both with conventional and ABS. In
Figs. 10 and 11, the slight decrease of the maximum
load for ABS is due to not only the effect of the
reduction in friction but also the Blaha effect (re-
duction in deformation resistance at the flange part)
[9], and wrinkling preventive effect of the ABS.

M. Gavas / Journal of Mechanical Science and Technology 23 (2009) 3079~3087

© (d)

Fig. 7. Height of cups: (a) drawn with conventional method,
blank diameter 110 mm, s,=12 mm, (b) drawn with conven-
tional method, blank diameter 110 mm, s,=13 mm, (c) drawn
with ABS, blank diameter 110 mm, s,=17 mm, (d) drawn
with ABS, blank diameter 110 mm, s,=18 mm.

© (d)

Fig. 8. Height of cups: (a) drawn with conventional method,
square blank o 100 mm, s,=17 mm, (b) drawn with conven-
tional method, square blank o 100 mm, s,=20 mm, (c) drawn
with ABS, square blank o 100 mm, s,=30 mm, (d) drawn
with ABS, square blank o 100 mm, s,=34 mm.

During drawing, the material is forced wrinkling and
thickening; these increase friction and require more
force. However, the ABS slightly prevents wrinkling
and material is drawn more easily.
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Fig. 10. Comparison of punch loads and punch stroke for
circular blank. (Diameter of blank 110 mm, punch stroke 11
mm).
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Fig. 11. Comparison of punch loads and punch stroke for
square blank. (Edge of square blank 100 mm, punch stroke
17 mm).

4.3 Comparison of the cup wall thickness

All of the drawn cups stated in Figs. 12 and 13
were cut off along the OA and OB axes. During cut-
ting off, measuring lines and form of the cups were
protected from deformation and being ragged. Then, a
micrometer with a cone-point attachment was used to
measure the thickness of the work pieces. Fig. 12
presents a comparison of the sheet-thickness distribu-
tion obtained from conventional and with ABS meth-
ods over the developed lengths of the generatrix for
circular blanks. The distributions of the thickness
involve five parts: A, B, C, D and E. The region A
represents the bottom of the cup, the region B repre-
sents the punch arc portion of the cup, the region C
represents the inclined-wall portion of the cup, the
region D represents the die arc portion of the cup and
the region E represents flange of the cup. Generally,
the region A, which is under the punch, remained
unchanged. The first thinning occurred in region B
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Fig. 12. Comparison of the thickness distributions along the
OA and OB axes for circular blank.
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Fig. 13. Comparison of the thickness distributions along the
OA and OB axes for square blank.
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for two cups. This is attributed to the maximum ten-
sile force and stress concentration that occurred at the
punch arc point. There were no significant changes at
the inclined walls. The second thinning was observed
in region D due to tensile forces occurring in the
flange of the cup and round shaped blank that causes
fairly ear and increases tensile force. The thickness of
the flange slightly increased due to decreasing of the
blank diameter, circumferential compressing and low
drawing height.

For the square blanks, however (Fig. 13), there are
clearly more differences in cup wall thickness espe-
cially in line OA, i.e., in the middle of the flange.
Here, during drawing, on one hand metal flows ra-
dially towards die cavity, but on the other hand metal
flows from corner to the middle of the edge. Because
of this, wrinkling occurs in the middle of the part
edge. This causes increasing in thickness slightly. In
contrast, in the corner of the flange, there is no metal
flow and wrinkling. Therefore, the thickness of the
corner of the flange part remained unchanged.

Generally, there is no significant difference in
thickness distributions between two cups drawn with
conventional and with ABS. But, as shown in Ref. 8§,
it can be said that during drawing, the ABS method
slightly prevents wrinkling and eases metal flow.
Consequently, thinning in the arc portion of the cups
is slightly fewer less than in the conventional method.

In conical square cup drawing, in contrast to cylin-
drical and box-shaped square cup drawing, “bulging”
occurs on the corner of the cup as shown in Fig. 14.
The periodical wrinkling in the cup wall is proceeded
by an outward “bulging.” Because of the cup-wall
curvature, the circumferential compressive stress will
produce a small force pointing outwards, thus causing
bulging. This effect is more pronounced in small cups
with tighter curvature than in large ones. Bending of

Fig. 14. Bulging occurring in conical square cup drawing.

blank over die-profile radius and its subsequent
straightening in the die orifice also contributes to the
bulge formation [10].

5. Conclusions

Deep drawing of conical square cups with ABS,
based on braking of the blank by the ABS with the
interval of very short time, is proven to be feasible.
The new method brings about the possibility of im-
proving the deep drawability of Al-1050 aluminum
sheet and it increases drawing height. The ABS,
working independently from the punch movement,
can be conducted in any stage of the deep drawing
process. During deep drawing, due to the movement
of the blank holder up and down, forced lubrication
occurred which facilitated the sliding of the blank
between die and blank holder. The thickness distribu-
tion is not affected adversely by the ABS. Compared
to other drawing methods including vibration, heat
does not occur in this method. In spite of advantages,
this method has some disadvantages as well. Single
directional strong vibration occurs on the press and
tools, which can cause loosing of the clamping de-
vices and can be inconvenient for sensitive measuring
instruments.
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