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Abstract

Currently, a great deal of controversy exists regarding the real forces generated in drawbeads during sheet metal forming
processes. The present work focuses on the analysis of the uplift force. First, a detailed literature review is carried out to analyse
previous experimental procedures used to measure uplift forces. It is found that previous setups do not perfectly replicate the real
geometry of industrial drawbeads. In order to obtain reliable forces, an experimental drawbead tester capable of adequately
replicating industrial drawbeads is developed. Later, a variety of steels ranging from mild steels to 3rd-generation ultra-high-
strength steels are tested and reliable uplift and also restraining force values are obtained. The main purpose of the work is to share
with the research community reliable experimental data that allows precise evaluation of the accuracy of current drawbead
models and that supports the generation of new numerical and equivalent drawbead models. In parallel to the experimental
procedure, a step forward in the understanding of the drawbead closing phenomena is also achieved through a 2D numerical
model. The main purpose of the model is to identify the variables that greatly affect uplift force. Going beyond previous studies,
in which some variables were analysed, the present work covers, in a holistic manner, the impact that material properties, the
geometry of drawbeads and contact behaviour between sheet and drawbead have on the uplift force. It is determined that

surprisingly minor geometrical deviations in the drawbead nominal geometry have a large impact on the uplift force.
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1 Introduction

The use of drawbeads is an extensive practice within the au-
tomotive die manufacturing industry. Alves et al. [1] already
pointed out that drawbeads are an essential element in devel-
oping a successful deep drawing process for a large number of
automotive components, due to the fact that they are the ele-
ments within the stamping tool that, in combination with the
frictional work, define the restraining level to the flow of the
sheet in the blankholder area. By modifying the dimensions of
the drawbead, the level of restraining can be controlled by the
die designers. Through numerical simulations, an iterative op-
timization process is carried out in which, among other pro-
cess parameters, the dimensions of the drawbeads are
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modified to ensure the required strain and stress distribution
among the components.

The physical implementation of drawbead geometry in the
deep drawing simulation increases the computational time due
to the reduced drawbead dimensions in comparison to the
component that is formed. Therefore, over the course of the
industry’s history, numerous analytical drawbead models, al-
so called equivalent drawbead models, have been developed.
As described by Courvoisier et al. [2], the main purpose of
equivalent drawbead models is to predict the forces produced
in drawbeads, thereby avoiding their physical implementa-
tion, in numerical simulations. In this manner, the physical
drawbead can be substituted with a line where an uplift force,
a restraining force and a strain are applied to the elements that
cross that line.

Developing an understanding of the restraining force ap-
plied to the sheet in the drawbead is the main objective when
applying drawbeads in drawing operations. In this context, Li
et al. [3] have already pointed out that most of the previous
research has focused on analysing the restraining phenomena
of the sheet. The very first experimental analysis of drawbead
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forces was conducted by Nine in 1978 [4]. Nine’s research
focused on analysing the friction found in circular geometries
and developed a tool constructed with rolls that attempted to
replicate the geometry of a drawbead. In his experiments,
Nine forced the sheet to go through the rolls, thereby blocking
their rotation in some experiments and allowing them to rotate
in other experiments. He considered that the differences ob-
served in the restraining force were generated by the friction
and calculated the coefficient of friction observed in the cy-
lindrical surfaces of the rolls. Even if the geometry of the
tooling used by Nine did not perfectly replicate the geometry
of a drawbead, the experimental results obtained were adopted
as a reference and used to validate the initial equivalent
drawbead models developed later. In fact, Nine [5] developed
an experimental database for several materials, thicknesses
and tool geometries that he expanded through analysis of
more materials and thicknesses in 1982.

Following these initial works, and due to the importance of
an accurate prediction of the restraining force (as mentioned
previously), the research community has traditionally paid
more attention to analyse the restraining force. Therefore,
many more studies focused on restraining force can be found
than studies focused on uplift force. At this point, it must be
considered that correctly predicting the uplift force is extreme-
ly important as well. The force exerted by the binder is divided
into the force necessary to close the drawbeads (the uplift
force) and the force that generates the contact pressure on
the sheet. If the force required to close the drawbeads is not
correctly predicted and an error is also made in the prediction
of the contact pressure distributed along the sheet in the
blankholder area, as already identified by Bolay et al. [6],
the frictional restraining force between the sheet and the tools
will not be correctly predicted, resulting in substantial differ-
ences between numerical and experimental results.

These differences have an impact on the formability and
final geometric prediction of the components. Gil et al. [7]
already proved this by showing that numerical errors in the
predicted frictional forces generate substantial differences in
the final numerical predicted geometry when compared to the
experimental one. Furthermore, Leocata et al. [8] have recent-
ly proved the importance of the binder pressure zones in the
robustness of the restraining force, demonstrating that the con-
tact pressure achieved in the inner ring of the drawbead is of
high importance and determines the stability of the drawing
process. Therefore, an accurate prediction of the uplift force is
also important for the optimum performance of drawing tools.
Finally, and as a clarification, it must also be stated that al-
though a large percentage of stamping companies use spacers
to control the parallelism and to tune the restraining force, it is
mandatory for toolmaker companies to ensure the correct per-
formance of the tool set without the use of spacers. For this
reason, the correct prediction of the uplift force (and therefore
the binder force) is of critical importance for correct die design

@ Springer

and die performance (including the press-line capability
analysis).

Taking all of this into consideration, a review of the re-
search works focused on the development of analytical
models for the prediction of the uplift force is undertaken. In
1986, Triantafyllidis et al. [9] developed an analytical model
to identify the strains and stresses imposed on the material
when going through the drawbead. Although the purpose of
the model was to identify potential areas in which the material
could be broken, the uplift and restraining forces were also
predicted. During their investigations, Triantafyllidis et al.
found that contrary to the effect on the restraining force, fric-
tion has a negligible effect on the uplift force. As a continua-
tion of the work of Triantafyllidis et al., Maker et al. [10]
conducted an experiment designed to measure both uplift
and restraining forces. When comparing restraining forces,
Maker et al. found a positive agreement with the analytical
results for certain conditions although differences of up to
18% were found for others. In terms of uplift force, the exper-
imental uplift force was measured at a distance to perfect
closure of 10% of the sheet thickness. Therefore, this should
not be considered to be the genuine uplift force. Furthermore,
differences between the experimental and analytically predict-
ed forces of up to 50% were found.

In 1988, Stoughton [11] developed the most widely used
drawbead equivalent model. The basis of the model is that the
restraining force is equal to the force necessary to bend and
unbend the material in addition to the friction that the sheet
must overcome when going through the drawbead. The shape
of the sheet when going through the drawbead was considered
symmetric and the geometry of the sheet was assumed to be
tangent to the different radius of the drawbead. Therefore, the
restraining force was based on the material properties, the
coefficient of friction, the sheet thickness and the geometry
of the drawbead. The uplift force was calculated by consider-
ing the vertical reaction of the forces previously calculated for
the prediction of the restraining force. Stoughton validated his
model by comparing his results with the experimental results
obtained by Nine in 1982 [5], finding a positive agreement in
the case of the restraining forces. In the case of the uplift
forces, the differences were in the range of 10%. At this point,
however, it must be remembered that the setup of Nine’s ex-
periments does not accurately represent the geometry of real
drawbeads, as previously mentioned.

L. R. Sanchez et al. [12] developed in 1996 an equivalent
drawbead model in which the non-symmetrical shape of the
sheet when going through the drawbead was also considered.
Based on the incremental plasticity approach already used by
Wang [13], prediction of the strain evolution of the material
through its thickness was accomplished. Thereby, the internal
stresses at each point of the material, as well as the reactions
exerted by the sheet to the drawbead, were calculated. The
analytical results were compared with the ones obtained by
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Nine in 1978 and differences of up to 9% were found in the
case of the restraining force and 15% in the case of the uplift
force. The researchers argued that these differences were due
to the non-modelization of the strain rate of the material.
Another important aspect of the work is its description of the
lack of a standardized test for the measurement of the
restraining and uplift forces, which impacts the experimental
results in terms of causing high variability.

Y.T. Keum et al. [14], based on the model previously
developed by Stoughton [11], developed an analytical
model capable of combining different drawbead geome-
tries. The basic concept of the model is that when two
drawbeads are placed one after the other, the restraining
and uplift forces of each individual drawbead can be con-
sidered a sum. For example, they described the combina-
tion of a step and a circular drawbead, adding the forces
exerted by the surfaces, which are in the lateral area of the
drawbead punch, arguing that those surfaces were also
generating reaction forces that must be considered. This
had not been previously taken into account and as will be
proved later is of great importance for the prediction of
uplift forces. Y.T. Keum et al. compared the restraining
results of his model with experimental results obtained by
Kim and Choi [15]. They found a positive agreement in
terms of restraining force and material strains, although no
comparison with experimental data was made in the case of
the uplift forces.

Yang et al. [16] also developed a 2D numerical model for
the prediction of uplift forces carrying out an experimental
measurement of uplift forces in parallel. When comparing
the results, they found very similar results for the numerical
and experimental results. It must be stated, however, that as in
the work of Kim et al. [17] they used spacers that prevented a
complete closure of the drawbead.

Firat [18], as Y.T. Keum et al. previously did, modified the
model proposed by Stoughton [11] with the purpose of con-
sidering the flow direction of the material with respect to its
rolling direction. He compared the results with the experimen-
tal results obtained by Green [19]. It must be noted that Green
used spacers in his experimental setup, which avoided the
complete closure of the drawbead. The gap left between the
sheet and the tools was 0.4mm. When comparing the results,
Firat found a difference of up to 38% in the case of the
restraining force for high-strength steels. No comparison was
made for uplift forces.

Moon et al. [20] modified the drawbead model developed
by Y.T. Keum et al. [14] including an anisotropic yielding
criterion developed by Barlat [21] and the kinematic harden-
ing model developed by Chaboche [22]. They analysed dif-
ferent drawbead geometries and compared the results of the
analytical model with numerical results obtained in the same
research work through a 2D numerical model. They found
differences of up to 5% in the case of the restraining forces

and up to 17% in the case of the uplift force. No comparison
was made with experimental results.

The previous studies focused on predicting the uplift and
restraining forces and used analytical and/or numerical models
to do so. However, and as pointed out by Xu et al. [23],
numerical modelization is also a powerful tool for understand-
ing the material behaviour within the drawbead. Following
this idea, some works are found in which numerical
modelization is used to better understand the interaction of
the material with the drawbead. Choi et al. [24] used a numer-
ical model to analyse the evolution of the uplift force during
the drawbead closure. They found 40% of the uplift force to be
generated during the last 0.5 mm of'the closure. Kim et al. [17]
also developed a numerical model and found the same uplift
force trend during the drawbead closure. Furthermore, they
also carried out experimental tests in order to compare the
numerical and experimental results. Even if they left a 0.1-
mm gap in the experimental tests, they observed the same
uplift force trend with a large increment in the last tenths of
millimetres. When they compared the numerical results and
the experimental results, they found the predicted numerical
results to be much higher than the experimental results actu-
ally measured.

A very interesting analysis using numerical methods was
carried out by Larsson et al. [25]. Larsson developed a numer-
ical model using shell elements for a round drawbead. The
particularity of this numerical model is that Larsson divided
the upper portion of the drawbead into two sub-bodies. The
first sub-body encompassed the drawbead punch, and the sec-
ond sub-body was composed of the horizontal surfaces on the
lateral side of the punch. Larsson discovered in the numerical
results that the uplift force was mainly governed by these
lateral surfaces, which generated up to 90% of the total uplift
force.

Larsson’s conclusion, together with the uplift force evolu-
tion observed in both the numerical and experimental results
described above, indicates that previous experimental setups
failed to represent the real conditions of industrial drawbeads.
Nine setups in his experimental tests in 1978 and 1982 used
cylindrical rolls rather than flat surfaces. A perfect closure of
the drawbead was thus not achieved. Later and as described
previously, Yellup and Painter [26], Maker et al. [10], Kim
et al. [17], Yang et al. [16], Green [19] and Firat [18] also
carried out uplift force experimental measurements, but in
all of the cases, a gap between the sheet and the horizontal
surfaces on the lateral side of the punch was left. The assertion
can therefore be made that no experimental results can be
found in the literature that measure uplift forces fairly.

Hence, the main objective of this work is to develop a
reliable and realistic drawbead tester in order to be able to
accurately measure uplift as well as restraining forces in
drawbeads. For this purpose, an experimental drawbead tester
capable of adequately reproducing the existing forces in an
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industrial drawbead is developed. Next, a variety of steels of
different resistances are tested in order to obtain the uplift and
restraining forces produced by several bead heights.
Mechanical and tribological properties of the steels are also
characterized and clearly presented in the paper. All of these
results will serve as a database with which to correctly evalu-
ate the accuracy of actual and future drawbead numerical and
equivalent models. In parallel with the experimental proce-
dure, a better understanding of drawbead closing phenomena
is also achieved by means of a 2D numerical model. The main
purpose of this model is to identify variables with the greatest
effect on uplift force. Beyond previous research that analyses
only certain variables, the present work holistically examines
the impact of material properties, the contact behaviour be-
tween the sheet and the drawbead and the geometry of the
drawbead on the uplift force. Surprisingly minor geometrical
deviations in the drawbead nominal geometry are found to
have a large impact on the uplift force. This finding has never
been reported previously and may be the reason for the large
discrepancies between the predictions of current analytical
models and the real uplift forces observed in the industry.

2 Materials and methodology
2.1 Mechanical characterization

To determine the mechanical properties of the steels investi-
gated in this study, uniaxial tensile tests were conducted in
accordance with ASTM E8-04 standards with a constant strain
rate of 6 x 10 * s™'. The selected materials cover a wide range
of the steels used in deep drawing automotive components
from a mild steel of approximately 150 MPa of yield strength
up to an ultra-highstrength steel of approximately 700 MPa of
yield strength. The experimentally obtained stress-strain
curves of the investigated steels are depicted in Fig. 1.
Moreover, Lankford coefficients were calculated from
standard tensile tests at 0, 45 and 90° to the rolling direction
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Fig. 1 Tensile test curves in rolling direction of the six steels studied
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using GOM Aramis DIC system. Table 1 depicts the main
mechanical properties achieved in the tensile tests.

2.2 Tribological characterization

Triantafyllidis et al. [27] already pointed out that the definition
of the contact between the sheet and the drawbead tools is a
key factor in correctly predicting drawbead forces. Lee et al.
[28] observed a 15% increase in the restraining force due to an
increase of 0.05 in the value of the coefficient of friction.
Moreover, Sriram et al. [29] observed the contact pressure
distribution in a round drawbead to lie within a range of 1 to
15 MPa, aside from very localized contact points, at which
500 MPa of contact pressures was observed.

In light of statements affirming that the contact pressure
influences the coefficient of friction [7], strip drawing tests
were conducted at different contact pressures. In order to rep-
resent industrial die surface conditions, the tools in contact
with the sheets were machined and polished thereafter in ac-
cordance with die manufacturer standards. A hardened 1.2379
steel commonly used to make die tools was utilized to fabri-
cate the tools. The tool properties are summarized in Table 2.

Figure 2 presents the coefficient of friction measured for
each of the steels at different contact pressures.

A similar behaviour can be observed for all of the materials
studied. Each of the materials demonstrates a decrement ten-
dency for the coefficient of friction value as the contact pres-
sure increases. This decrement of the coefficient of friction is
the result of the flattening of the asperities that the sheet sur-
face suffers when the contact pressure is increased moving the
tribo-system from a boundary lubrication state to a mixed
lubrication state. This finding aligns with previous results,
such as those provided by Sigvant et al. [30].

2.3 Characterization of drawbead forces

An experimental setup that fairly reproduces the geometry of
industrial round drawbeads was manufactured. Figure 3 sche-
matically presents the geometry of the drawbead. The main
geometrical variables that define the drawbead are the punch
radius, the punch height, the female width and the entrance
and exit radius of the female.

The punch radius and entrance and exit radius of the female
were kept constant for all of the experiments. The values se-
lected for these variables, based on industry standards, are
5 mm for the punch radius and 3 mm for both the entrance
and exit radius of the female. In the case of the female width,
again in line with industry standards, the value was modified
according to the thickness of the material to be tested. Thus,
the female width (w) is calculated as w= 2 *R + 3* t, where R
is the value of the punch radius and t refers to the thickness of
the material (see Table 1). Finally, the height of the punch was
increased from 2 to Smm. Table 3 presents the test conditions
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Table 1 Summary of the main

mechanical properties obtained Material DX54D HSLA180 ZstE380 DP600 DP780 FF1050
from the standard tensile tests
Thickness (mm) 0.60 0.64 1.35 1.51 1.49 1.57
Young modulus E (GPa) 206 200 208 197 198 194
Yield strength (MPa) 151 151 353 393 540 687
UTS (MPa) 308 304 452 622 893 1047
Elongation at Rm Ag,, (%) 23 25 16 16 10 10
10 (-) 1.9 2.0 0.7 0.8 0.7 0.8
45 (-) 1.8 1.7 1.1 0.9 0.9 0.9
90 (-) 1.6 2.4 0.9 1.1 0.9 1.0

for each material (refer to Fig. 3 for a description of the
dimensions). Specimens 30 mm in width and 400 mm in
length were precut. Before conducting the test, the edges were
manually polished in order to avoid edge cracks that could
interrupt the experiments and/or degrade the tools.

The drawbead is composed of two parts, a lower part con-
taining the female and an upper part comprised of the punch
and the horizontal lateral surfaces. Both the upper part and the
lower part were designed in a modular way with the aim of
using inserts to modify the different dimensions of the
drawbead in accordance with Table 3. In the upper part, the
height of the drawbead punch can be modified with the intro-
duction of calibrated blocks. In the lower part, the groove
width can also be varied with the implementation of inserts.

The lower part of the tool remains static and is attached to
the bench of a 100-kN Instron compression machine. The
upper part, which is mobile, is attached to the crossbar of the
compression machine. Both parts of the tooling are guided
together by four columns and special ball guiding systems.
The use of ball guiding ensures an accurate relative position-
ing of the female and punch as well as the absorption of lateral
forces that could introduce noise in the measurement of the
vertical force. The compression machine is used as the actua-
tor to perform the vertical displacement and to close the
drawbead punch in the female. A linear SKF electric actuator
is responsible for pulling the material through the drawbead.
The measurement of the uplift force is carried out by means of
the compression machine 100-kN load sensor. For the
restraining force, a 10-kN load sensor was introduced in the
axis of the linear electric actuator. Figure 4 depicts a 3D rep-
resentation of the drawbead tooling developed.

A two-step characterization procedure was carried out.
Initially, closing tests were conducted to measure the uplift

Table 2 Surface properties of the tools used in the strip drawing test
Material R, (um) Surface finishing Hardness (HRc)
1.2379 0.4 Manual polishing 60

force. These tests were performed by commanding the com-
pression machine crossbar at a predefined velocity of 100mm/
min in the drawbead closing direction. In the closing step, the
displacement was recorded by a LVDT sensor attached to the
upper plate of the tool where the punch is attached.
Simultaneously, the signal of the compression machine load
cell was obtained. As the drawbead closed, the force recorded
in the compression machine’s load sensor increased progres-
sively until reaching a point at which a sudden force increment
took place (see Fig. 6). The sudden force increment was pro-
duced as a result of the impact that takes place when the
drawbead completely closes. To better identify the change in
the force slope that represents the exact value of the uplift
force, kissing-blocks were added at the laterals of the speci-
men so as to provide a higher rigidity at the closing point. The
kissing-blocks, pre-cut squares of the same material in order to
guarantee the same thickness as the specimen, significantly
increased the change in the force slope at the drawbead perfect
closure. Their implementation thus facilitated identification of
the instant at which the complete drawbead closure occurred.
Figure 5 shows the area where the kissing-blocks are placed
more clearly.

Figure 6 depicts an uplift force curve obtained in a closing
test. It can be observed that the force initially increased slowly.
However, as the closure point was approached, the force slope
increases, especially during the last twenty hundredths of 1
mm. When reaching the closure point, the force curve sudden-
ly changes to a vertical slope, which indicates that the relative
distance between the drawbead punch and the female no lon-
ger changes. In fact, due to the impact, even a slight backward
motion can be observed, as the upper plate underwent a small
degree of tilt.

Once the uplift force was identified, the restraining force
was also measured. Restraining tests were carried out for this
purpose with the same experimental setup. The restraining
tests were divided into the 3 phases as shown in Fig. 7.

1. Phase 1: First, the drawbead was closed. In this phase,

the compression machine was commanded to reach the
uplift force measured in the closing tests.
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Fig. 2 Strip drawing test results at different contact pressures for (a) DX54D, (b) HSLA 180, (c) ZStE380, (d) DP600, (¢) DP780 and (f) Fortiform1050

2. Phase 2: After the force stabilization, which took several

The compression machine crossbar was commanded to

seconds, an opening of five hundredths of 1 mm was
induced. This procedure ensured that when the specimen
was pulled out of the drawbead, the horizontal surfaces at
the lateral of the drawbead did not block the specimen.

Phase 3: Finally, the linear actuator pulled the specimen
out of the drawbead at a predefined velocity of 10 mm/s.

Punch radius

U I Punch height (H)
—_— N

maintain the position previously reached. During this
phase, both force signals were recorded. The signal ob-
tained from the horizontal axis corresponds to the
restraining force. The signal obtained from the vertical
axis, i.e. from the compression machine load cell, corre-
sponds to the uplift force necessary to keep the drawbead

(R=5 mm)

}
Entrance and exit
radius (r=3 mm)

/P

Female

N width (w) R

Fig. 3 Graphic representation of the main dimensions of the drawbeads

tested
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Table 3 Drawbead dimensions for each of the materials tested
Material Punch height, H (mm) Groove width, w (mm)
DX54D 2-3-4-5 11.8

HSLA180 4-5 11.8

ZStE380 2-3-4 14.5

DP600 2-3-4 14.5

DP780 2-3-4-5 14.5

Fortiform1050 2-34 14.5
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° Four guiding columns

° Coupling of upper plate to compression machine

Fig. 4 Depiction of the drawbead tooling

closed during the sheet flow. It must be noted that, de-
pending on the drawbead geometry, the initial uplift force
necessary to close the drawbead and the uplift force nec-
essary to maintain this position during the sheet flow may
not be the same. The present work focuses on the first
force, the so-called uplift force for drawbead complete
closure, as presented in Fig. 8.

Figure 8 shows both forces during a restraining test. In the
case of the uplift force, the value initially achieved is the uplift
force predefined by the user that was calculated in the closing
tests. Next, the uplift force decreased when the machine
moved up five hundredths of 1 mm. Finally, the uplift force
during the sheet flow was recorded, as was the restraining
force. It can be observed that no restraining force was mea-
sured until the specimen was pulled through the drawbead.

Drawbead |

female Kissing

blocks

Fig. 5 Setup of the kissing-blocks on the drawbead test tool to measure
the uplift force

1800
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\
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0.0 0.5 1.0 15 2.0 25 3.0 3.5
Displacement (mm)

Fig. 6 Evolution of the uplift force as tools close. The arrow indicates the
moment of complete closure, in which the force increases sharply

Note again that the analysis carried out in the present study
focuses on the initial uplift force generated to close the
drawbead.

3 Numerical modelling
3.1 Numerical model definition

As mentioned in Section 1, many researchers focused their
efforts on developing a better understanding of the material’s
behaviour while flowing through the drawbead. However,
previous research generally did not analyse the closing phase
ofthe drawbead. The present research thus focused on gaining
insight into the phenomena taking place during the drawbead
closing phase.

With this aim, a 2D numerical model was developed. For
this purpose, the geometry of the drawbead was modelled as
depicted in Fig. 9. The tool is composed of two main rigid
bodies, a lower body representing the drawbead female and an
upper body representing the drawbead punch and the lateral
flat surfaces. This upper body was sub-divided into two sub-
bodies: the punch and the flat surfaces on the lateral side of the
punch. The main reason for this sub-division was to enable the
analysis of the contribution of the punch and the lateral sur-
faces to the uplift force. Both the lower body and the two
upper bodies were modelled as solid rigid surfaces. The last
component of the 2D numerical model was the sheet, which
was defined as a deformable body. The sheet was comprised
of a mesh of quadrilateral “plane strain” elements of 4 nodes
and reduced integration designated as CPE4R in Abaqus.
Eleven elements were defined in the thickness direction
(therefore 11 integration points through thickness), a number
adequate for obtaining accurate results [31]. The sheet was
therefore composed of 11 elements in the thickness direction,
with each element having a height of 0.135 mm. A total of
14,762 elements make up the sheet.

Concerning the boundary conditions, the lower body,
drawbead female, was fixed, while the upper body, punch
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Fig. 7 Graphic presentation of the different stages of the drawbead restraining test

together with the lateral surfaces, moved down until reaching
the complete closure. The complete closure was reached when
the distance between the horizontal surfaces lateral to the
punch and the horizontal surfaces of the drawbead female
was equal to the thickness of the sheet. As in the experimental
tests, the entrance and exit radius of the drawbead female had
a value of 3 mm, while the punch radius had a value of 5 mm.

In order to use a representative case for this numerical
analysis, a 3-mm punch height was defined, and a DP780
high-strength steel was implemented as the sheet material.
The hardening of the material was defined by the Combined
Swift-Hockett Sherby model [32]. The parameters that fit the
behaviour of the material measured in the previously men-
tioned tensile tests are presented in Table 4. An anisotropic
Hill48 yield criterion was used.

In terms of tribological conditions, based on the results
obtained in the tribological characterization, a pressure-
dependent coefficient of friction was defined. The results ob-
tained from the strip drawing test at different contact pressures
for DP780 were utilized for this purpose (see Fig. 2).

3.2 Numerical sensitivity analysis

A sensitivity analysis that took advantage of the previously
mentioned numerical model was conducted in order to better
evaluate the model parameters’ influence on the uplift force.

Opening of  Pulling of

The sensitivity analysis covers three different major aspects
that play an important role in the definition of the model: the
mechanical properties of the sheet material, the contact be-
tween the sheet and tool and the geometry of the tools.
Table 5 presents the parameters evaluated and their respective
defined values.

For each parameter, a baseline value representing the real
behaviour during the experimental tests, and a variation for
this value, was defined. A brief explanation of the criteria
considered in defining the variations follows. In terms of ma-
terial properties, six different parameters were evaluated. The
real Young modulus of the material measured in the tensile
tests carried out is 198 GPa. Various previous works, such as
Pavlina et al. [33], proved that the elastic modulus decreases
with accumulated plastic strain. Xue et al. [34] observed a
reduction of up to 24% of elastic modulus for the material
DP780 with an accumulated plastic strain of 6%. The defor-
mations at the drawbead are higher than this accumulated
plastic strain, and a reduction of 24% for the elastic modulus
was suggested in the present work. The variation value pro-
posed for the elastic modulus was thus 150 GPa. The second
material parameter that was analysed is the yield strength of
the material. The supplying standard tolerance applied for the
yield strength is 10% of the baseline value, or 540 MPa for the
DP780 material analysed in the present work. The variation
value proposed thus amounted to 594 MPa (in this case, the
true stress-true strain curve was shifted up without modifying
the material’s hardening behaviour). With regard to the iso-
tropic hardening of the material, the hardening law was mod-
ified by changing the « value in the Combined Swift-Hockett
Sherby model. The baseline value of a was 0.25, which usu-
ally fits the behaviour of such materials as DP780 well. The
variation value defined in the present work for @ value was 1,
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Fig. 8 Evolution of uplift and restraining forces during a drawbead
restraining test
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Table 4 Parameters used to

define the isotropic hardening of Material 0 (MPa) o; (MPa) Osar (MPa) a P a ) m
the material using the Swift-
Hockett Sherby model DP780 1174 551 1071 12.5 0.853 0.250 0.001 0.072

indicating that the material was saturated rapidly and therefore
showed lower values of hardening.

Concerning the kinematic hardening of the material, previ-
ous work, such as that of Lee et al. [28], showed the effect of
this material property on the restraining forces. The work re-
vealed differences of up to 25% in the restraining force when
moving from an isotropic behaviour to a kinematic behaviour.
However, no previous work evaluated the impact of the ma-
terial’s kinematic behaviour on the uplift force. For this pur-
pose, a Chaboche kinematic hardening model was implement-
ed in the model. The parameters of the Chaboche kinematic
model were taken from [35], who conducted a tension-
compression test on DP780 steel and identified parameters
that better fit the behaviour of the material. The parameters
are given in Table 6.

With regard to anisotropy, DP780 is a moderately low an-
isotropic material. In order to evaluate the impact of this phe-
nomenon, values of DX54D (see Table 1) were thus artificial-
ly introduced into the DP780 material model. In this way, the
difference between both cases was studied. Finally, variation
in the thickness of the sheet was also evaluated. Industry ref-
erences were considered yet again, and a variation of 4% in
thickness was proposed. Consequently, the baseline value for
the thickness amounted to 1.49 mm, while the variated value
in the thickness was 1.55 mm. In terms of tribological behav-
iour, the uplift force using the real coefficient of friction pre-
sented in Fig. 2 and frictionless behaviour was compared.

The last aspect that was analysed was the geometrical def-
inition of the drawbead. Commonly, an ideal perfect geometry
is used in the numerical model definition. In reality, however,
geometrical errors may exist that can affect the drawbead’s
response. The main purpose of the analysis in terms of geo-
metrical definition was to evaluate the impact of such geomet-
rical errors on the uplift force predicted by the numerical mod-
el. As a result, seven different variations were proposed in the
geometrical definition of the drawbead. The first four vari-
ables refer to the dimensions of the drawbead. A variation of
10% for the inlet/outlet radius, the punch radius and the punch
height was proposed. As for the female width, a variation of
0.5 mm was proposed. Another aspect that was taken into
account encompasses potential deviations in the different sur-
faces making up the drawbead. During the machining and
final polishing of the areas adjacent to the drawbead, geomet-
rical errors may occur; as a result, the surfaces adjacent to the
drawbead punch may not be completely parallel to one anoth-
er. Furthermore, elastic deformations of the tools during the
drawbead closure phase can also have an impact on the final
geometry of the surfaces. In order to analyse this effect, three
different misalignments were generated, as represented in Fig.
10.

Dashed lines in Fig. 10 represent the geometry of the mis-
alignments proposed. The deviation of point O’ for the three
misalignments is 0.1 mm, and only one of the sides of the
drawbead was misaligned. It must also be mentioned that the

Table 5 Parameters and their
values considered during the
sensitivity analysis

Parameter under consideration

Defined values

Baseline/variation

Material parameter Young modulus (GPa) 198/150

Yield strength (MPa) 540/594

Isotropic hardening Normal/low

Kinematic hardening Nolyes

Yield criteria Isotropic/anisotropic

Thickness (mm) 1.49/1.55
Contact parameter Coefficient of friction (contact pressure)/0
Geometric parameter Female width (mm) 14.5/14.0

Inlet/outlet radius (mm) 3/3.3

Punch radius (mm) 5/5.5

Punch height (mm) 3/3.3

Dimensional variation I
Dimensional variation 1T

Dimensional variation II1

No/asymmetric closure type I
No/asymmetric closure type I
No/parallel deviation
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Table 6 Parameters that
Sun and Wagoner found 0o G G v 0 B
for the material DP780

454 17062 517 72 163 16

geometrical misalignment has been overscaled in the graphic
representation in order to give the reader a better understand-
ing of the proposed deviations. The angle between the theo-
retical surface and the tilted surface was 0.2° for both asym-
metric closure type I and asymmetric closure type II. In the
case of the parallel deviation misalignment, the distance
remained constant and amounted to 0.1 mm.

4 Results and discussion

Tables 7 and 8 show the experimental results obtained using
the experimental drawbead tester developed in this work. Not
all the different punch heights have been used for each mate-
rial. DX54D and DP780 have been considered representative
materials for mild steels and high-strength steels and all the
drawbead punch heights have been analysed. In parallel, since
HSLA180 is a drawing steel, punch heights of 4 mm and
5 mm have been analysed. For the rest of the materials, and
because they are high-strength and ultra-high-strength steels,

Fig. 10 Graphic representation
using dashed lines of the
geometrical deviations generated
in the drawbeads. Asymmetric

Table 7  Experimental uplift force results
Material Uplift force (N/mm)
Punch height (mm)
2 3 4 5
DX54D 257+18 33.6+3.1 421+43 520+42
HSLA180 - e 61.7+27 742416
ZStE380 184.5+11.7 2223+9.1 367.7+4.1 -
DP600 339.1 £11.6 359.5+16.3 594.9+16.9 --—-
DP780 447.0+£383 586.6+62.1 709.8+50.9 831.0+21.3

Fortiform1050 581.3 +12.8 800.0 +£38.8 961.5+88.6 -----

punch heights of 2 mm, 3 mm and 4 mm have been analysed.
Although the research work focuses on the comprehension of
the drawbead closure and the uplift force generated,
restraining forces are given as complementary information
for the readers.

The obtained results are in agreement with what was ex-
pected. As the height of the punch increases, both the
restraining and the uplift force increase. Moreover, the higher
the resistance or thickness of the material is, the greater the
uplift and restraining forces are. When comparing the uplift
and the restraining forces, it can be observed that higher punch

closure type I (a), asymmetric

closure type II (b) and parallel
deviation (¢)
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Table 8 Experimental restraining force results

Material Restraining force (N/mm)

Punch height (mm)

2 3 4 5
DX54D 312+£09 362+04 432+0.5 502+14
HSLA180  — 592+14  656+0.7
ZStE380 161.2+3.7 197.6+3.6 2408+44 ——
DP600 243.4+51 308.7+49 3719+53 -
DP780 2589+7.0 3905+88 -—— =
Fortiform1050 387.9+9.5 -— = —

heights require very similar uplift and restraining forces.
However, when the height of the punch is reduced, the ratio
between the uplift force and the restraining force increases, so
more force is necessary to close the drawbead than the
restraining force that the drawbead applies to the sheet.
When analysing each of the punch heights separately, it can
be observed that when the strength of the material increases,
the ratio between the uplift force and the restraining force
decreases. For example, the ratio between the uplift and
restraining forces in the case of DX54D steel and a punch
height of 2 mm is 1.21. The ratio in the case of the
Fortiform1050 for the same punch height is 0.66.

Another aspect that can be observed in the experimental
results is the higher standard deviation observed in the uplift
force when compared to the restraining force. Five tests have
been carried out for each of the configurations and types of
test. In the case of the uplift force, the average standard devi-
ation when considering all the different punch heights and
materials is 5.71%. On the other hand, the average standard
deviation for the restraining force when considering all the
different punch heights and materials is 1.98%. No trend has
been observed concerning the standard deviation when
analysing the different punch heights or material strengths.
However, it can be concluded that it is more difficult to
achieve a high level of repeatability in the uplift force exper-
imental tests. The main reason for this lower level of repeat-
ability is the sharp change in the uplift force that occurs during
the complete closure of the drawbead.

Furthermore, the capacity of the numerical model ex-
plained in the previous section to determine the uplift force
has been evaluated. Figure 11 shows the comparison between
the numerical and experimental results of the DP780 with the
different punch height conditions that have been studied. It
can be appreciated that the numerical results predict at a high
level of accuracy the evolution of the force along the closing
of the drawbead. Only relevant differences are found at the
final closure of the drawbead. As mentioned in Section 1, this
was already observed by Kim et al. [17], who showed that the

2200
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- --Numerical model - H=3 mm
2000 Numerical model - H=4 mm
1800 |°" Numerical model - H=5 mm

e Experimental - H=2 mm
+ Experimental - H=3 mm
1600 4 Experimental - H=4 mm
1400 = Experimental - H=5 mm
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3
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w
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200

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 S5
Displacement (mm)

Fig. 11 Evolution of the closing force for the different punch heights of
the DP780

numerical results deviate from the experimental results in the
last hundredths of a millimetre before the complete closure of
the tools. Nevertheless, the accuracy of the developed numer-
ical model has been validated, as it is able to reliably repro-
duce the closing force evolution in positive agreement with
the experimental results. Another aspect that must be
highlighted, and that was also mentioned by Kim et al., is that
the numerical predicted uplift forces are much higher than the
experimental measured uplift forces.

Because the numerical predictions for a perfect closing are
much higher than the experimental results, a sensitivity anal-
ysis has been carried out to understand the reason for these
differences. Figure 12 shows the results of the sensitivity anal-
ysis (variables defined in Table 5) where the effect of the
selected parameters on the uplift force is quantified.

It can be observed that in terms of material properties, yield
strength and material thickness have the greatest effect on the
uplift force. The force increment is almost lineal with respect
to the yield strength and more pronounced in the case of the
thickness (a thickness increment of 4% results in a force in-
crement of 16%). With regard to the friction modelization,
almost no differences have been observed when changing
the friction parameter from frictionless to pressure-
dependent friction. Even though the bibliographic references
pointed out that this parameter is very important in terms of
restraining force, no influence has been found with respect to
the uplift force (in agreement with Triantafyllidis et al. [27]).
Finally, from the point of view of the geometry of the
drawbead, the misalignments generated in the flat surfaces
that lie in the lateral area of the punch have the greatest impact
on the uplift force. Although the misalignment has been gen-
erated in only one of the sides, an uplift force reduction of up
to 22% has been observed in two of the cases. This large
reduction is observed in both cases where the misalignment
is in the area close to the punch (asymmetric closure type II
and parallel deviation misalignment). On the other hand, no
significant force reduction has been observed when the
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misalignment is far from the drawbead punch (asymmetric
closure type I).

It can therefore be concluded that minimum deviations
from an ideal geometry can result in significant differences
in the uplift force results. In this regard, it can be stated that
the differences between the numerical predictions and the ex-
perimental measurements lie in the lack of assurance of per-
fect contact between the surfaces during the final closure of
the tool. This is a key factor to consider when attempting to
predict industrial forces because, due to the tool elastic defor-
mations that are produced during closing and the geometrical
deviations that the tool may have after its machining and hand
polishing, an important difference between numerical and ex-
perimental results can be found in terms of uplift force. It must
also be taken into consideration that in order to achieve an
homogeneous contact between the tool surfaces and to coun-
teract the elastic deformation, the different components of
industrial stamping tools are generally manually spotted dur-
ing their initial try-out phase [8]. This way the geometrical
deviations between the different contact surfaces are very
much reduced which in fact can give as a result an evolution
of the uplift forces during the try-out phase. For this reason,
and as pointed out in Section 5, the development of analytical
models able to predict the evolution of force over the
drawbead closure becomes crucial.

The conclusions of the sensitivity analysis show that the
flat surfaces on the lateral side of the punch have an important
effect on the final uplift force when closing the drawbead.
Taking advantage of the numerical model, a new analysis
has been carried out. The model has been run using baseline
values for all parameters and the force evolution along the
closing of the tools has been measured. The force evolution
is represented in Fig. 13. As observed, at the beginning of the
closure, the force is localized on the punch surface. However,
at the end of the closure, the force increment is produced on
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the flat surfaces, dominating the total uplift force. In this case,
the force produced in these surfaces is 86.5% of the total uplift
force, which agrees well with the results obtained by Larsson
et al. [25]. Moreover, in agreement with previous research
[17], it can be observed that there is a relevant force increment
in the last twenty hundredths of millimetres before complete
closure, which uniquely affects the flat surfaces of the
drawbead. This result is also in agreement with the observa-
tions made in the sensitivity analysis, where the flat surfaces
on the lateral side of the punch were misaligned by 0.1 mm.
With the importance of the flat surface alignment in mind
and assuming the difficulty of experimentally reproducing a
perfect closure of the drawbead, an analysis for identifying the
closing distance at which the numerical predictions match the
experimental results has been carried out. In this case, in ad-
dition to the DP780 steel that was used in the sensitivity anal-
yses, DX54D steel has also been considered in order to cover a
wider range of mechanical properties and material thick-
nesses. Figure 14 shows the results for DX54D mild steel

2000

......... Male - "Flat Surfaces"

1600 ---Male - "Punch"

—Total uplift force

1200

Force (N)

800

400

0

0.0 0.5 1.0 15 2.0

Displacement (mm)

3.0

Fig. 13 Evolution of'the forces generated in the tools along the drawbead
closing (punch height of 3 mm and material DP780)
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Fig. 14 Comparison of numerical and experimental uplift forces
(numerical force at 0.2 mm from the perfect closing)

and for DP780 high-strength steel. The numerical closing dis-
tance at which the numerical and experimental force differ-
ence is at a minimum is 0.2 mm for both materials. The aver-
age error for DX54D material is 5.2% with a maximum error
of 9.8% at a drawbead height of 5 mm. In the case of the
DP780 material, the average error is 1.7% with a maximum
error of 4.3% for a drawbead height of 5 mm.

5 Conclusions

The present work has analysed the force required to close the
drawbead and has found that almost 90% of the required force
is generated at the flat surfaces on the lateral side of the punch.
The results substantially agree with previous research that
determined that the uplift force was mainly governed by these
surfaces.

The importance of the geometrical definition of these flat
surfaces in the uplift forces has also been analysed, demon-
strating that a misalignment of 0.1 mm in one side results in a
force reduction of up to 22%. For this reason, it is also con-
cluded that the lack of flat surfaces in experimental setups,
such as the one proposed by Nine [4], or the measurement
of the uplift force at a certain distance to a perfect closure,

such as in the experiments carried out by previous authors
mentioned on the state of the art review, is the main reason
for the underestimation of the uplift forces occurring in previ-
ous studies. Concerning the mechanical modelization of the
material, it was found that the yield stress of the material is the
most influencing material parameter in the uplift force. And
finally, concerning the tribological modelization, it was found
that the coefficient of friction does not have an impact in the
calculation of the uplift force.

Considering previous conclusions, a new drawbead tester
has been developed with the appropriate configuration includ-
ing the flat surfaces on the lateral side of the drawbead punch.
Furthermore, the measurement of the uplift force has been
carried out without leaving any distance to perfect closure.
Six different materials have been evaluated under different
drawbead configurations and a database of uplift and
restraining forces has been generated. The goal of the authors
is to provide the academic community with reliable experi-
mental data to be used as a database in order to improve
current analytical models or develop new analytical models
to be used as equivalent drawbead models.

The impact of the flat surfaces on the uplift force and the
difficulty of generating perfect geometrical surfaces in real
experimental setups together explain the differences between
the experimental and numerical results obtained in the re-
search work. The authors have found that the numerical pre-
dictions of the uplift force at 0.2mm of the perfect closure
match well with the obtained experimental results.
Differences for the materials analysed are lower than 5%.

The final conclusion is that, considering the real industrial
non-ideal conditions, new analytical models, in contrast to
current analytical solutions, should be able to predict the evo-
lution of the uplift force over the drawbead closure. This way,
after an initial learning phase, each user should be able to
determine at which distance to perfect closure the analytical
model accurately predicts the uplift force for his/her applica-
tion. This solution is more flexible and allows the analytical
model to fit the necessities of different users with different
working procedures. The research group is already working
on this solution and the development of a semi-analytical up-
lift force prediction model is currently underway.
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