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Analysis of draw-wall wrinkling in the stamping of a motorcycle oil tank
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bstract

In the present study, the wrinkling problem occurred in a stamping part used for a motorcycle oil tank was studied using the 3-D finite element
nalysis. The material flow due to the original die design was first examined and the possible reasons causing the wrinkling problem were then
dentified based on the finite element analysis. In order to eliminate the wrinkles, the effects of the process parameters such as blank-holder force,
lank size and draw-bead locations on the formation of wrinkling were studied and possible solutions were tried. However, the wrinkle problem
ould not be improved by changing the process parameters only. A detailed investigation on the material flow during the wrinkle formation process
evealed that the uneven stretch between the highest portion of the part and the draw-wall at the part edge caused the wrinkling problem. After

eleasing the corner angle and cutting off some portion of the sharp corner, a sound part without wrinkles was achieved and the optimum die shape
as determined. The modified die design for eliminating wrinkles is validated by the defect-free production part. The good agreement between

he simulation results and the measured data obtained from the defect-free production part confirms the accuracy of the finite element analysis.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

In the stamping of a product with a complex shape, wrin-
ling is one of the major defects that occur in the forming
rocess. For both functional and visual reasons, wrinkles are
sually not acceptable in a finished part. There are three types
f wrinkles which frequently occur in the sheet-metal forming
rocess: flange wrinkling, wall wrinkling, and elastic buckling in
he undeformed area due to residual elastic compressive stresses.
he draw-wall wrinkling means the occurrence of wrinkles in the
ie cavity, such as the wrinkling in a motorcycle oil tank shown
n Fig. 1. It is well known that additional stretching of the mate-
ial in the unsupported wall area may prevent wrinkling, and this
an be achieved in practice by increasing the blank-holder force.
owever, the application of excessive tensile stresses leads to

ailure by tearing. Hence, the blank-holder force must lie within
narrow range, above that necessary to suppress wrinkles on

he one hand, and below that to produce fracture on the other.
his narrow range of blank-holder force is difficult to determine.

ince the sheet metal in the draw-wall area is relatively unsup-
orted by the tool, the elimination of draw-wall wrinkles is even
ore difficult than the suppression of flange wrinkles.
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ent analysis

In order to examine the mechanics of the formation of
rinkles, Tugu et al. [1] investigated the wrinkle formation ten-
encies in the form of short-wavelength shallow buckling modes
or sheet materials exhibiting planar anisotropy. Yoshida et al.
2] proposed an approximate theoretical model in which the
nset of wrinkling is due to the elastic buckling resulting from
he compressive lateral stresses developed in the non-uniform
tress field. Yu and co-workers [3,4] investigated the wrinkling
roblem both experimentally and analytically. They found that
rinkling could occur with a number of circumferential waves

qual to two according to their theoretical analysis, while the
xperimental results indicated a number ranging from 4 to 6.
arayanasamy and Sowerby [5] examined the wrinkling of sheet
etals when drawing through a conical die using flat-bottomed

nd hemispherical-ended punches. Jinta et al. [6] examined the
rinkle behavior in forming various 5000 and 6000 series alu-
inum alloy sheets and compared the results with those obtained
ith mild and high-tensile steels. They found that aluminum

lloy generally forms more wrinkles than steel, especially in the
000 series aluminum alloy. The research focused on improv-
ng the predictability of wrinkling occurrence by using the static
xplicit finite element simulation of stamping a dual phase rail

art was conducted by Banu et al. [7]. The proposed solution for
imulation includes algorithms implemented in the finite ele-
ent code which makes possible the obtaining of more accurate

rediction results.

mailto:fkchen@ntu.edu.tw
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Fig. 1. Appearance of wrinkle and fracture.

In the present study, a wrinkling problem occurred in a stamp-
ng part used for a motorcycle oil tank was examined using
he 3-D finite element analysis. In the stamping process with
he original die design, wrinkles appear in the production part,
s shown in Fig. 1. The material flow due to the original die
esign was first examined and the possible reasons causing the
rinkling problem were identified based on the finite element

nalysis. A detailed investigation on the material flow during the
ormation of wrinkles was performed to determine the major rea-
on for the occurrence of wrinkles. An optimum die design was
hen proposed to eliminate the wrinkles in the stamping process,
nd the validity of the finite element analysis was confirmed by
he defect-free production part.

. Finite element model

The tooling geometry, including the punch, die and
lank-holder, were constructed by the CAD program
RO/ENGINEER. Both the 3-node and 4-node shell elements
ere adopted to generate the mesh systems for the above tooling
sing the same CAD program. In the finite element simula-
ions, the tooling is considered to be rigid, and the corresponding
eshes are used only to define the tooling geometry and are not
or the stress analysis. The same CAD program using the 4-node
hell element was employed to construct the mesh system for
he sheet blank. Fig. 2 shows the mesh system for the complete

Fig. 2. Finite element model for the original die design.
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Fig. 3. The stress–strain relations of SPCEN steel.

et of tooling and the sheet-blank used in the stamping of the
otorcycle oil tank. In the simulation, the sheet blank is put on

he blank-holder and the die is moved down to clamp the sheet
lank against the blank-holder. The punch is then moved up to
raw the sheet metal into the die cavity.

The cold rolled steel of SPCEN grade was used as the blank
aterial. The stress–strain relations of the blank sheet, as shown

n Fig. 3, obtained from the tensile tests performed in the present
tudy was adopted for the finite element simulations. The coef-
cient of Coulomb friction was assumed to be 0.1 and the
unch speed was set to 10 m/s. The finite element program
AM STAMP was employed to conduct the simulations and
ll the simulations were run on a desktop PC.

. Analysis of wrinkle formation in the original die
esign

The finite element simulations were performed to analyze
he deformation mechanics in the formation of wrinkles caused
y the original die design. The finite element model constructed
ccording to the original die shapes is shown in Fig. 2. It is noted
hat a feature shape is added to the die addendum in addition to
raw-bead around the periphery of the die cavity that are sup-
osed to control the material flow into the part shape. However,
he finite element simulation result reveals that both wrinkles
nd fracture are observed in the deformed shape, as indicated
n Fig. 1. Fracture at location B, as shown in Fig. 1, may be
ttributed to a small corner radius or a larger blank-holder force
pplied, which is easy to cope with. But the wrinkles in the C–D
rea, as shown in Fig. 1, were not expected in the design stage.

In order to determine the possible reasons that cause wrinkles,
he strain history of elements in the C–D area was examined.
ig. 4 shows the plot of major and minor principal strains of
n element in the C–D area during the stamping process. It is
oticed in Fig. 4 that the difference of the major and minor
rincipal strains increases abruptly when the punch contacts the
lank at point B, which implies a dramatic shape change at this
oint. A detailed examination of the deforming shape change
uring the stamping process confirms that wrinkles are formed,
s shown in Fig. 5, when the punch travels to a position where

he sheet blank contacts the punch at point B. Before this contact
oint, no wrinkle appears. The wrinkles in area C–D are obvi-
usly draw-wall wrinkles, since there is no support of die surface
n this area. The sheet-metal in this area is pulled in the direction
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Fig. 4. Strain history of an element in the wrinkling zone.

ndicated by U and is compressed in the direction denoted by V,
s shown in Fig. 1. These two directions are also the principal
irections, and the abrupt change of the principal strains in these
wo directions, as shown in Fig. 4, indicates that the dramatic
ncrease of compressive lateral strain leads to the formation of
rinkles.
In order to eliminate the wrinkles, the effects of the process

arameters, such as blank-holder force, blank size and draw-
ead restraining force on the formation of wrinkling were studied
nd possible solutions were tried. However, the finite element
imulations results indicate that wrinkles could not be com-
letely eliminated by adjusting the above process parameters.
n the contrary, the fracture problem becomes more serious.

n addition, the corner radius at location B was also enlarged
o help the material flow, but the fracture problem could not be
liminated.

. An optimum die design

A detailed investigation on the material flow during the wrin-
le formation process revealed that the uneven stretch between
he highest portion of the part, point A, and the draw-wall at the
art edge, point B, as shown in Fig. 5, might be the critical reason

ausing the wrinkling problem. The finite element analysis was
hen employed to examine the effect of the die geometry on the
ormation of wrinkles. The trim line, which defines the bound-
ry of the product shape on the die surface, was first identified

Fig. 5. Wrinkle formation after the contact of point B.
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Fig. 6. The vertical distance between points A and B.

nd modifications on the die surface outside the trim line, which
s termed addendum, were then made according to the finite ele-

ent simulation results. It is inferred from Figs. 4 and 5 that
rinkles could be eliminated if the punch-blank contact at loca-

ion B is delayed and the contact area is increased. That means
he vertical distance between points A and B, as shown in Fig. 6,
hould be increased and the corner radius at point B needs to be
ore generous to enlarge the contact area. In addition, a larger

orner radius at location B also helps to avoid the occurrence of
racture.

The finite element simulations were performed for various
orner radii at point B in a selected increment from the original
orner radius of 15 mm. The principal strain distributions along
he cross section C–D obtained from the finite element simu-
ation for the corner radius of 30 mm at location B, as shown
n Fig. 7, reveal that the values of compressive strain are in a

oderate range. The simulation results also show a significant
mprovement on the elimination of wrinkles with the increase
f the corner radius. However, wrinkles still could not be com-
letely suppressed. A further investigation on the die surface
ith various corner radii found that a replacement of the sharp

orner by an inclined flat surface could increase the vertical
istance between points A and B and the contact area between
unch and sheet-blank at point B to a relatively maximum value.
he distance between points A and B increases from 98.69 to
23 mm as the original corner radius of 15 mm is changed to
n inclined flat surface, the distance between points A and B
eing 110 mm for corner radius of 30 mm. The finite element
imulation results revealed that both wrinkles and fracture were

liminated with the above design. To complete the die design,
he blank shape was modified as well to a suitable shape with
maller dimensions. An optimum die design was then achieved
y the finite element analysis.

ig. 7. The distribution of major and minor strain on section C–D for corner
adius of 30 mm.
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Fig. 8. A sound production part without wrinkles and fracture.
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Fig. 9. Thickness distribution along the wrinkling area.

A production die set was manufactured according to the opti-
um design and a sound part without wrinkles and fracture was

roduced, as shown in Fig. 8. The thickness distribution along
–D was measured from the production part and compared with

hat obtained from the finite element simulation, as shown in
ig. 9. It is seen in Fig. 9 that the trend of thickness distribution

btained from the finite element simulation is consistent with
hat measured from the production part, but with higher values.
owever, the discrepancy in the value of thickness is not signif-

cant. The good agreement between the simulation results and

[
[

[
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hose measured in the drawn production part thus demonstrates
he accuracy of the finite element analysis.

. Concluding remarks

The draw-wall wrinkle occurred in the stamping of a motorcy-
le oil tank part was analyzed by the finite element simulations.
he finite element analysis indicates that an uneven stretch
etween two unleveled portions is the major reason to cause
he wrinkle problem. It therefore implies that uneven stretch in
stamped part is apt to inducing wrinkles. A detailed investi-

ation on the material flow for the onset of wrinkle formation
eveals that an increase of the vertical distance between the two
nleveled portions, and an enlargement of the contact areas at
he critical location are found to be very effective in eliminating
rinkles due to the uneven stretch. The defect-free production
art and the good agreement between the simulation results and
easured data confirm the effectiveness of using the finite ele-
ent simulations as a substitute for the expensive method of

ctual die try-outs.
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