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Abstract—In order to facilitate the three-dimensional finite element analysis for the stamping process, an
equivalent drawbead model was adopted to simulate the restraining effects produced by the real drawbead. In
the present study, the restraining force exerted by the real drawbead was first computed by the finite element
simulation, and the optimum pseudo drawing speed and mesh sizes for both the drawbead and sheet metal
employed in the computation were determined through a systematic approach. The computed restraining force
was then assigned to a regular mesh which replaced the mesh of the real drawbead. This constitutes the equivalent
drawbead model, which avoids the extremely fine mesh required to describe the deformation of sheet blank in
the drawbead area. In consequence, a huge amount of computation time can be saved. The accuracy of the finite
element simulations using the equivalent drawbead model was validated by both the experimental data and the
theoretical predictions. © 1997 Elsevier Science Ltd. All rights reserved

1. INTRODUCTION

The stamping process is a long-established practice for mass production of sheet-metal
parts. In the forming operation, the sheet metal is first clamped by the binders around the
periphery of the die cavity, and is subsequently drawn into the die cavity by a moving
punch to form the desired shape. During the draw, the binders exert a restraining force
to control the amount of sheet metal moving into the die cavity by the friction generated
between the binders and the sheet metal. For some forming operations, the restraining
force provided by friction alone is not enough to control the metal flow, and drawbeads
must be added to the binders for reinforcement. The drawbead is a small bead located on
the binder surface and is matched by a groove on the die surface, as shown in Fig. 1(a).
The sheet-metal forming technology is then mainly focused on the design of die surfaces
including the drawbeads, which depends mostly on the experience and know-how of engin-
eers.

It was not until the 1980s that the finite element method was effectively used to analyze
the sheet-metal forming process [1-3]. However, owing to the limitation of computational
capability, most of the research was limited to the two-dimensional analyses at that
time. Recently, owing to the advance of computer technology, the applications of three-
dimensional finite element methods to this field have been developed [4-7]. Among them,
the explicit time integration method [6] appears to be the most practical one for simulating
the stamping processes because of its advantages of fast computation algorithms over the
implicit integration method. One of the characteristics of the explicit finite element method
is that the time step for integration is limited by a critical time increment AT=L/c, where
L is the characteristic length of the minimum element in the mesh, and c is the wave
speed traveling in the sheet metal, respectively. It is obvious that the computation time
for the simulation of a stamping process using the explicit finite element method is partly
governed by the size of the minimum element, which is therefore desired to be as large
as possible for a mesh system to be analyzed.

Since the size of the drawbeads is usually very small compared with the remaining
portion of the die surface, the sheet metal which is pulled through the drawbeads during
drawing must be modeled by very small elements to reflect the effect of bending defor-
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Fig. 1. Drawbead in a stamping die: (a) actual drawbead; (b) equivalent drawbead model; (c) finite element
model.

mation of the sheet metal around the drawbeads. A finite element model with such small
elements results in an increase in the number of elements and contact segments and a
decrease in the minimum time step and, in consequence, proves to be uneconomical in
terms of the computation time. Hence, an equivalent drawbead model was developed [4]
to replace the full-scale physical modeling of the drawbead in the finite element simulation
of a sheet-metal forming operation to save computation time. In the equivalent drawbead
model, the actual drawbead is replaced by its projection on to the binder surface, i.e. a
flat surface which has the same width as the actual drawbead, and a regular mesh is
constructed for the flat surface, as shown by the shaded area in Fig. 1(b). The restraining
force exerted by the actual drawbead is then to be calculated and assigned distributively
to the nodes in the regular mesh of the equivalent drawbead following the virtual work
principle. The main idea is that the sheet metal passing through the equivalent drawbead
model will be subjected to the same restraining force as that exerted by the actual drawbead
without using an extremely fine mesh. Therefore, an accurate estimation of the restraining
force due to the actual drawbead is essential for setting up the equivalent drawbead model.

In the present study, the restraining force calculated by the three-dimensional explicit
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finite element method was investigated and the results were validated by the experimental
data published in the literature [8, 9]. Also, the optimum mesh size employed in the
simulation was examined through a systematic approach. A great saving in computation
time achieved by using the equivalent drawbead model instead of the actual drawbead
shape in the simulation was confirmed.

All the simulations performed in the present study were run on an HP735 workstation
with the use of the finite element program PAM-STAMP.

2. DRAWBEAD RESTRAINING FORCE

The configurations of drawbeads used in the stamping operations vary a great deal,
depending on the stamping requirements. For simplicity, a typical drawbead which consists
of a semicylindrical bead fitting into a groove on the opposing binder surface, as sche-
matically shown in Fig. 1(a), is adopted to define the configuration of the model to be
analyzed. When the punch draws the sheet metal into the die cavity after the binder closure,
the sheet metal passing through the drawbead is subjected to a bending around the groove
shoulder, an unbending at the half bead, and a repeated sequence at the bead exit and the
groove shoulder. These bending and unbending deformations together with the frictional
force account for the drawbead restraining force as well as the binder hold-on force. Quite
a few theoretical and experimental research works on both the restraining force and hold-
on force have been reported [8-13] since Nine [8] proposed the drawbead simulator in
1982. Among them, the experimental data and the theoretical predictions reported by Nine
[8] and Wang et al. [9] were used to validate the the finite element results obtained in
this study.

In the finite element simulations using the explicit time integration, the drawing speed
is usually raised to a fictitious value of several orders higher than the actual speed to
reduce the CPU time. A very large pseudo drawing speed is likely to affect the accuracy
of the solution. Hence, in order to obtain an accurate restraining force using the explicit
finite element method within an economical computation time, the optimum pseudo draw-
ing speed and mesh size used in the simulations were determined on the basis of the finite
element model described below.

2.1. Finite element model

Figure 1(c) shows a sectional view of the drawbead used in the finite element simula-
tions which is similar to that used in the experiments of Ref. [8]. In this model, the same
radius is assigned to both the bead and the groove shoulders. The AKDQ steel which has
a yield stress of 180 MPa and a work-hardening property govemed by
& = 516&*%* MPa is considered in the simulations. A planar isotropy and a mean plastic
strain ratio of r=1.6 are assumed for the sheet metal. A length of 100 mm and a width
of 50 mm are assigned to the sheet metal for all simulations.

In the simulations of the drawing process, the bead is first assumed to move down to
the hold-on position at which the center of the bead has the same height as the centers
of the grooves. The leading end of the sheet metal is kept at its place by assigning a fixed-
end boundary condition. The sheet metal is then pulled through the drawbead with an
assigned punch velocity. The drawing velocity used in Nine’s experiments is 85 mm/sec
which is similar to that occurring in the actual stamping operations, while the critical time
step for the explicit time integration used for the simulation is usually in the order of
1076 sec. It is obvious that a huge computation time will be spent on the simulation if
the actual drawing speed is adopted for such a small time step. In order to facilitate the
simulation, a pseudo drawing velocity is assigned which is much higher than the actual
drawing velocity by several orders. The limitation for the assumed pseudo velocity for
the simulation of a rate-independent material is that the inertia effect induced by the high
velocity should not be large enough to dominate the solution.

Another approach for saving computation time is to avoid small elements used in the
simulation. However, in order to reflect the bending effect produced by the drawbead on
the sheet metal, the element size for the drawbead should not be too small. And in conse-
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quence, the elements of the the sheet metal passing through the drawbead must be even
smaller than those of the drawbead. Since the mesh size for the sheet metal controls the
computation time, the determination of optimum mesh sizes for both the drawbead and
the sheet metal are then necessary for an efficient simulation.

2.1.1. Pseudo drawing velocity for simulations. The experimental drawing velocity
of 85 mm/sec and the pseudo velocities of 500 mm/sec, 5000 mm/sec, 10 000 mm/sec,
20 000 mm/sec and 30 000 mm/sec were examined to determine a reasonable simulation
velocity. The radii of both the bead and groove shoulders were 5.5 mm, and the thickness
of sheet metal was 0.86 mm. A Coulomb’s coefficient of friction of 0.1 was assumed for
the simulations, and the restraining forces were computed for each velocity. The simulation
results for velocities of 85 mm/sec, 5000 mm/sec, 10 000 mm/sec and 20 000 mm/sec
are shown in Fig. 2(a), (b), (c) and (d), respectively.

As seen in Fig. 2(a), the simulation reaches the steady state very soon with the low
simulation speed. The curve obtained is very smooth and the restraining force of
0.162 kN/mm can be easily determined from the figure. As the simulation speed increases,
the curve of the restraining force versus the drawing distance starts to oscillate. Figure
2(b) shows the computed curve of the restraining force obtained with the simulation speed
of 5000 mm/sec. The value of the restraining force at the steady state, which is about the
same as that obtained for 85 mm/sec, can be determined easily despite the existence of
a small amount of oscillation. When the velocity is increased to 10 000 mm/sec, the ampli-
tude of the oscillation becomes larger as shown in Fig. 2(c). However, a steady-state
condition is still observed, but the value of the restraining force at the steady state is not
so easily obtained as that in Fig. 2(a) and Fig. 2(b). A steady state is not obtained for the
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Fig. 2. Restraining forces versus drawing distance with varied simulation speeds: (a) 85 mm/sec; (b)
5000 mm/sec; (c) 10 000 mm/sec; (d) 20 000 mm/sec.
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velocity of 20 000 mm/sec as in Fig. 2(d), since the restraining force in this case oscillates
with a very large amplitude.

The CPU time consumed for the simulations for the various velocities is shown in Fig.
3. It can be seen in this figure that the CPU time is drastically reduced from 20 480 sec
to 577 sec as the simulation velocity is increased from 85 mm/sec to 5000 mm/sec, and
not much advantage is gained by using velocities higher than 10 000 mm/sec. Taking both
the accuracy of the restraining force computed and the CPU time consumed into consider-
ation, the pseudo velocity of 5000 mm/sec seems to be a reasonable value to be used in
the simulations for calculating the restraining force exerted by the real drawbead.

2.2. Optimum mesh systems

Since the critical time step (A7) is a function of the size of the minimum element in
the assumed mesh for the sheet metal, the mesh size plays an important role as far as the
computation time is concerned. However, the element size should not be so large as to
reduce the accuracy of solution, especially for the sheet metal passing through the die
surface which contains abruptly changed geometries or small corner radii such as draw-
beads. In the finite element simulations, the drawbeads are treated as rigid bodies. The
mesh system constructed for the drawbead is then used to define the geometry of the
drawbead only, and is not involved in the computation of the sheet-metal deformation.
Hence, a relatively small size of elements is necessary to describe the geometry of the
drawbead as closely as possible to the actual one, so that the bending effects at the circular
arc can be more accurately estimated. As far as the computation time is concerned, the
number of elements for the drawbead only affects the contact-searching time, which is
small compared with the computation time for the deformation calculation.

In the present study, optimum meshes for both the drawbead and the sheet metal are
determined. The restraining force and the hold-on force computed using the proposed
meshes are compared with the experimental and theoretical resulits.

2.2.1. Mesh system for drawbeads. One half of the semi-circular head of the drawbead
(or the groove shoulder) with a circumferential angle of 90° was taken as a unit for analy-
sis. Seven different cases in which the unit circular arc is divided into 3, 5, 7, 8, 12, 15
and 20 elements, respectively, were examined, and the number of elements in the quarter
circle was denoted by N,. Figure 4 shows the mesh system for the case of N,=7. The
other simulation data are as follows.
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Fig. 3. CPU time consumed for calculating the restraining force with varied simulation speeds.
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Fig. 4. Mesh system for the drawbead (N,=7).

(a) The radius for both the bead and the groove shoulder is 5.5 cm.

{(b) The sheet blank is made of AKDQ steel 100 mm long and 0.86 mm thick.
(c) The number of elements for the sheet blank is 200.

(d) The coefficient of Coulomb’s friction is 0.1.

The restraining force and the hold-on force obtained from the simulations are shown
in Fig. 5. It can be seen in Fig. 5 that both forces reach a steady value when N,=9. For
the CPU time consumed for each case, as shown in Fig. 6, the difference is not so signifi-
cant. Hence, in order to describe the geometry of the drawbead as closely as possible, a
large value of N, such as 15, is recommended for the mesh used in the simulation.

2.2.2. Mesh system for sheet metal. The considered quarter circle of the bead was also
used as the referenced unit for the sheet blank in the simulations. The accuracy of the
deformation analysis depends very much on the value of the radius of the drawbead. The
length of the element (/) for the sheet blank, as shown in Fig. 7, is calculated by the
equation given below:
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Fig. 5. Restraining force and hold-on force obtained for the different mesh systems of drawbead.
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where r is the radius of the bead, ¢ is the thickness of the sheet blank, and N, is the
number of elements equally dividing the unit arc. Different drawbead radii (r) and sheet
blank thicknesses (7), which were expected to have an influence on the simulation results,
were analyzed and classified into four cases:

case (a): =5.50 mm, =0.86 mm;
case (b): =4.75 mm, r=0.86 mm,;
case (c): =4.00 mm, =0.80 mm;
case (d): ~=3.00 mm, =0.80 mm.

The material for the sheet blank is still the AKDQ steel 100 mm in length, the coef-
ficient of friction at the interface between the sheet blank and the dies is 0.1, and the
number of elements used for the bead and groove shoulder is N=15 for all the four
cases simulated.

The simulation results of both the restraining force and the hold-on force for case (a)
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and case (d), as shown in Fig. 8(a) and (b), respectively, indicate that a steady-state value
is reached when N,=8 for the two cases. The CPU time spent for case (a) increases
exponentially with the number of the elements used for the sheet blank, as shown in Fig.
9. The other three cases possess the same trend as case (a) for the CPU time consumed
versus the number of elements used for the sheet metal. In order to obtain an acceptable
restraining force within a reasonable CPU time, an optimum number of elements, such as
N,=8, is recommended.

2.3. Experimental and theoretical validations

The validity of the optimum pseudo drawing velocity and mesh sizes for both the draw-
bead and the sheet blank obtained from the above analyses were examined by the available
experimental results [8] and the theoretical model {9]. The drawbead shape used in the
simulations is similar to that shown in Fig. 1(a). The four different cases listed below
were simulated to obtain the restraining force using the optimum simulation parameters:

case (a): r=5.50 mm, +=0.76 mm, N =15, N,=10;
case (b): r=5.50 mm, =0.86 mm, N=15, N,=10;
case (¢): =4.75 mm, =0.76 mm, N=15, N,=8;
case (d): =4.75 mm, =0.86 mm, N~=15, N,=8;
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Fig. 8. Restraining force and hold-on force for different drawbead radius (r) and sheet thickness (¢): case (a)
r=5.5mm, =0.86 mm; case (d) =3.0 mm, =0.80 mm.
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where r is the radius of the drawbead, ¢ is the material thickness, N, is the number of
elements for drawbead, and N, is the number of elements for sheet blank. The simulation
drawing velocity in all these four cases is 5000 mm/sec. For each case, four different
friction coefficients u=0, 0.05, 0.1 and 0.15 were simulated so that the results could be
compared with the experimental and theoretical values. The restraining force obtained
from the simulation results of case (b), which is the medium value in these four cases, is
compared with the experimental and the theoretical values, as shown in Fig. 10. As seen
in Fig. 10, the computed values agree very well with both the experimental data and the
theoretical predictions. As for case (a), case (c) and case (d), similar agreements are
observed. The hold-on forces obtained from the simulations and experiments were also
compared for each case, and the comparison between case (b) and the experimental data
is shown in Fig. 11. It is seen in Fig. 11 that the computed values are smaller than the
experimental values for the low friction, and higher than the experimental values for the
higher friction. However, the difference is not significant.

The simulation results also show that the friction between the drawbead and sheet blank
has a significant effect on the restraining force. The fraction of the restraining force due
to the friction to the total restraining force increases with the coefficient of friction non-
linearly, and is in agreement with Nine’s model.

The good agreements in the above comparisons of the simulated results with both the
experimental data and the theoretical predictions indicate that the optimum pseudo drawing
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speed and the mesh sizes for both the drawbead and sheet metal provide an efficient
simulation for calculating both the restraining force and the hold-on force produced by
the actual drawbead.

3. EQUIVALENT DRAWBEAD MODEL

As mentioned in the previous section, the computation time will be very large if the
real drawbead shape is used in the finite element simulation. Therefore, an equivalent
drawbead model is widely adopted to substitute for the real drawbead. In the equivalent
drawbead model, the curved geometry of the drawbead is replaced by a flat surface, as
shown by the shaded area in Fig. 1(b). The restraining force produced by a unit width of
the real drawbead during the stamping process is calculated using the same finite element
program, following the procedures described in Section 2. The calculated restraining force
is then assigned to the nodal points of the mesh constructed for the fictitious flat surface,
according to the virtual work principle.

A simple method of examining the validity of the equivalent drawbead model is to
check if the pulling force is the same as that obtained using the real drawbead shape in
the setup, as shown in Fig. 12. The radius of both the bead and the groove shoulder is
5.5 mm. The AKDQ sheet metal with stress—strain relation o = 516€®2* MPa is used for
the simulations. The length, width and thickness of the sheet metal are 100 mm, 4 mm
and 0.86 mm, respectively. The element length for the sheet metal is 0.93 mm, which
corresponds to N,=10, and the number of N, is chosen as 15 to construct the mesh of the
drawbead. The coefficient of friction between the tooling and sheet metal is assumed to
be 0.1 and the blank-holder force is 1.25 kN.

In the simulation with the real drawbead, the blank-holder moves down first to deform
the sheet metal at the bead area and then clamps the sheet metal at the hold-on position.
Subsequently, the sheet metal is pulled inward. The same die operations are applied to
the simulation with the equivalent drawbead model, except that the sheet metal is not bent
at the equivalent drawbead. The drawing forces at different punch strokes for simulations
with both real and equivalent drawbeads are shown in Fig. 13(a) and (b), respectively. It
is seen from Fig. 13(a) and (b) that the drawing forces at the steady state agree with each
other very well with values of 0.58 kN and 0.57 kN, respectively. The CPU time con-
sumed on an HP-735 workstation is 1013 sec for the simulation with the actual drawbead,
and 45 sec for the simulation with equivalent drawbead, the latter being about one-twenti-
eth of the former. The accuracy of the simulation results and the large saving in CPU
time show the efficiency of using the equivalent drawbead instead of the real drawbead
shape for the finite element simulations.

A further validation was performed by comparing the experimental data obtained by
Wang et al. [9] with the finite element simulation results using the equivalent drawbead
model. In the experiments, the relations between the clamping force exerted by the blank-
holder and the punch load were determined for four different drawbead shapes used in a

————a= Pulling force

Fig. 12. Pulling force calculation for a simple stamping process.
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Fig. 13. Pulling forces obtained from the simulations: (a) with real drawbead; (b) with equivalent drawbead
model.

simple stamping process. Among the four drawbeads, the stamping process with the round
bead, as shown in Fig. 14, was analyzed by the finite element simulation. The sheet blank
is made of Fe/Zn electrogalvanized steel 0.73 mm thick with the mechanical properties
as follows: the yield strength is 157 MPa, tensile strength is 302 MPa, work-hardening
exponent (n) is 0.21, and the mean plastic-strain ratio (7) is 1.33. Since the stress—strain
curve is not available in Ref. [9], the relation, & = 510€>?' MPa, which interpolates the
mechanical properties of the sheet blank, was used in the finite element simulation. No
lubricant was used in the stamping process except the mill oil which came with the sheet
blank, and the corresponding coefficient of friction (u) is about 0.2 as reported in [14].
However, simulation with coefficients of friction of 0.1, 0.15 and 0.2 were performed to
examine the effect of friction.

The hold-on force (H,) and the restraining force (F,,) for the drawbead were first
calculated for the different frictional conditions as given below:

(a) for u=0.10, H,;=52 N/mm, F_,=55 N/mm,;
(b) for u=0.15, H,=55 N/mm, F; =67 N/mm;
(c) for u=0.20, H,=58 N/mm, F_,=75 N/mm.

By setting the clamping force at a specified value, the punch force corresponding to a
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Fig. 14. Stamping process with round beads [9].

punch travel of 63.5 mm was recorded. The punch forces at different clamping forces
which were smaller than that caused a totally locked condition, for which the metal flow
was prevented through the drawbead, were compared for those obtained from experiments
and simulations, and the results are shown in Fig. 15. As seen in Fig. 15, the relations
are linear, and the simulation results with p=0.2 are the closest to the experimental data.
This verifies that the equivalent drawbead model is applicable. It is also observed that the
slopes of the straight lines increase with the increase of friction coefficient. This is not
surprising because a larger punch force is required for a large value of u at the same
clamping force to travel the same stroke.
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Fig. 15. Punch forces with different clamping forces.
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The relations between the slopes of straight lines shown in Fig. 15 and the values of
. can also be derived from the simple theoretical model depicted as follows. Figure 12
shows the free-body diagram for the forces involved in the stamping process. The free-
body diagram is further simplified as shown in Fig. 16. For the force balance in the
x direction:

i F i F
5 . = 5 _ 2
jo p— r sin 6 df jo p— ri cos 6 d6(2) + [F, + 2u(F,—H,)] )

and for the force balance in the y direction:

: Fs 6 do : Fs in 6 d6=F 3
oﬁrcos + 0’n_rlzrp, sin =F, 3)

The punch force is then obtained from Equation (1) and Equation (2) as
1+
Fo=1o, (Fa+ 20(F,=H)) @

where F, is the contact force exerted by the groove shoulder, F, is the restraining force
of the drawbead, F, is the total blank-holder force, H, is the hold-on force exerted by the
drawbead, and F, is the punch drawing force. For the condition F, larger than H,, F), is
independent of both F, and H,, and differentiating Equation (4) with F, yields

m< e ,,,(““) )

where m is the slope of the straight lines shown in Fig. 15.
In the comparison of the theoretical values and the finite element results by plotting

Fy+2u (F-Hp |
R ——————l—

de

L.

Fp

Fig. 16. Free-body diagram for pulling force calculation.
MTM 37:4-8
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Fig. 17. Relations between m and p for a simple stamping process.

the relation of m and w as shown in Fig. 17, the finite element results agree with the
theoretical predictions very well. This fact once again lends support to the equivalent
drawbead model.

4. SUMMARY AND CONCLUDING REMARKS

The three-dimensional finite element simulations for the stamping process using the
equivalent drawbead model were studied in this investigation. In the equivalent drawbead
model, the mesh for actual drawbead was replaced by a regular mesh to avoid relatively
small elements used in the simulation. A systematic approach was proposed to compute
the restraining force exerted by the actual drawbead, which was assigned to the mesh for
the equivalent drawbead, using the finite element method. An optimum pseudo drawing
speed and mesh systems for both the actual drawbead and sheet blank used in the compu-
tation of the restraining force were determined through the proposed approach, resulting
in a large saving in computation time. The calculated restraining force was confirmed by
both the theoretical predictions and the experimental data published in the literature.

The equivalent drawbead model was examined by the published experimental data
obtained in a simple drawing process. The punch forces obtained from the finite element
simulations using the equivalent drawbead model were in good agreement with those
obtained from experiments. A theoretical model was also proposed to predict the punch
force. The predicted values showed a similar trend to that computed by the finite
element simulations.

The computation time saved by the use of equivalent drawbead instead of the actual
drawbead shape in the finite element simulations depends on the number of total elements
used in the mesh system. However, for the simulations within a reasonable accuracy range,
the computation time using the equivalent drawbead can be about one-twentieth of that
with the use of the actual drawbead shape. The more complex the shape of the stamped
part, the larger is the achievable saving in computation time.
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