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Abstract
Stamping is a metal forming process which aims to manufacture shaped parts from flat sheets. The automotive industry has used
this manufacturing process in large scale, thereby requiring development of numerical tools with objective of time and cost
reduction. Use of ever thinner sheets has prompt study of forming mechanisms, in special ductile failure. This work is inserted
within this framework, in which a numerical methodology to study ductile failure in stamping processes is proposed. Emphasis is
placed on a strategy to determine an optimum forming speed based on assessment of failure onset. The technique was applied to a
dual phase DP 600 steel. Strain paths in predefined directions were adopted to approach ductile failure onset and evolution. A
forming limit curve determined experimentally in a previous work was used as failure criterion. The results indicate an optimum
punch speed which allows maximum speed without failure onset.

Keywords DP 600 forming . Speed simulation . Failure criteria

1 Introduction and objectives

In recent decades, the increasing competition and demand for
safer, cheaper, and less polluting cars have required invest-
ments from automotive manufacturers, steel companies, and
the scientific community in searching for new types of steel.
Such research effort led to significant increase in use of ad-
vanced high strength steels in vehicles.

The automotive industry has promoted huge advances in
the metallurgical evolution of steels over the years. It suffices
to remember that the first cars were basically square due to the
inadequate stampability of ferritic-perlitic steel sheets; a

consequence not only of the incipient metallurgical science of
the time, but also of the limitations of the industrial processes of
refining and forming. However, the pressure upon the automo-
tive industry for reduction of prices and improvement in auto-
mobile design forced steel manufacturers to develop new tech-
nologies in order to produce high stampability steels.

The main objective of this sector has been to offer ever more
innovative materials, as well as production and assembly tech-
niques focused on obtaining an increasingly high level of con-
fidence and an increasing reduction of vehicle weight, as
discussed byAndrade et al. [1], De Cooman [2], andGrajcar [3].

At least three decades ago, the new steels—which emerged
to meet the need for better formability—were classified within
a single family, known as advanced high strength steels
(AHSS). The increase of mechanical strength achieved with
those steels almost inevitably led to reduction of its total elon-
gation, that is, its stampability. However, the use of adequate
microstructures allows minimizing the ductility loss.

The first specific development on dual phase (DP) steels
appeared in the late 1970s [4]. One of the resources available
to simultaneously maximize ductility and mechanical strength
of steels consists of the use of microstructures more complex
than ferritic or ferritic-perlitic microstructures, which are usu-
ally present in common low-carbon alloys.

In the study of fracture mechanisms in metallic materials, a
good tool that has been used to establish the forming limit of
the material—determined in laboratory scale—is the forming
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limit diagram (FLD). Such relation makes possible to con-
clude whether the material and process are adequate to man-
ufacture an individual component. The FLD is an important
tool to develop the application of a given product [5]. This
concept, based on experimental measurements, was first in-
troduced by Keeler [6] for the positive values of the minimum
principal strain in the sheet plane, which was later extended by
Goodwin [7] and Woodthorpe et al. [8] to the strain domain
between uniaxial traction and biaxial stretching states.

In order to describe the plastic strain mechanism in steels
and predict failure onset in those materials, models have been
studied since the 1960s. However, there is no single model
that can be considered for all forming processes and any ma-
terials. The existing models can be applied to specific charac-
teristics or properties such as decrease of strength, void nucle-
ation, and evolution of discontinuities.

Mechanical defects in a finished product indicate that the
choice of forming parameters was not proper. The individual
and interactive effects of forming depth, direction and speed,
lubrication, and other tooling and process parameters were not
evaluated correctly to achieve conformity of the final product.

The experimental methods used to determine the behavior
of a single material type—regarding conformity—produce
satisfactory results. However, the time required to perform
the necessary experiments is high. Numerical simulations
may help to obtain faster results with similar reliability of
experimental methods. This study intends to contribute in
the choice of methods and preferential forming directions of
metallic materials aiming at optimizing those forming pro-
cesses. This work proposes a methodology which optimizes
the stamping speed using a technique based on an interest
interval comprising two initial speeds. For this purpose, it is
necessary to use a computational model to simulate the
forming processes able to evaluate fracture criteria for AHSS
steels.

Regarding application of the continuum damage mechan-
ics theory to forming processes, Lemaitre [9] presents a
coupled model of isotropic plastic damage based on a contin-
uous damage variable, which, in turn, is based on the “effec-
tive stress” concept. Damage is a nonlinear function of the
equivalent plastic strain and is also greatly affected by the
stress triaxiality. The continuum damage mechanics theory is
based on the irreversible thermodynamic processes. The in-
crease in mechanical degradation of the material is associated
to the dissipated energy and can be represented by the damage
variable, which is considered a state function in the thermo-
dynamic equations. The damage identification for various
metals is carried out through measurement of changes in the
elasticity modulus induced by the micro-failures.

The model presented by Elgueta and Cortés [10] uses a
methodology that simulates the evolution of the mechanical
damage through the finite-element method. The authors pres-
ent a numerical example that shows deformed regions more

susceptible to micro-crack growth and, consequently, to fail-
ure when subjected to predominantly tractive stresses.
Initially, regions with higher damage are located near the cen-
ter line of the contact with the matrix. As metal forming in-
creases, regions of larger damage move inside of the formed
material. The presented methodology simulates damage evo-
lution in processes involving elastoplastic deformation. In this
approach, damage evolution is the mechanism that precedes
failure. In other words, the damage increment—as defined in
the model—is responsible for the onset of macroscopic
failure.

Validation of some numerical models used in the simula-
tion of stamping processes by finite elements was performed
by comparing with experimental results, such as the works by
Li et al. [11] and Wang et al. [12]. Although those authors
focus their analyses mainly on numerical models for simulat-
ing stamping processes, important conclusions can be reached
regarding the analysis and prediction of material fracture.
Another relevant aspect is the use of advanced high strength
steels in the aforementioned studies.

Wang et al. [12] developed a study for determining a crit-
ical limit of blank diameter (Limiting Drawing Ratio-LDR)
for stamping. The DP600, DP800, and DP1000 are some of
the steels analyzed by the authors. A comparative assessment
of the test samples was performed and a failure classification
was established and named “necking crack” and “shear
crack.” According to the authors, the critical diameter limit
for the stamping blanks corresponds to a material formability
indicator from which the maximum sample diameter that can
be safely stamped onto a flangeless cup. In this case, a latitu-
dinal striction was perceived for DP600 steel, whereas for
DP800 and DP1000 steels, latitudinal and longitudinal
strictions were detected. Thus, the authors classify the failure
mode of the tested DP steels as shear with a limited localized
necking.

Therefore, the analysis of the shear failure mode in
stamping operations becomes essential to evaluate real form-
ability conditions of high strength steels, as reported by Li
et al. [11]. In the study conducted by those authors, the local-
ized necking corresponds to the failure mode predominant in
the steel sheets used in the industry. With the advent of the
advanced high strength steels (AHSS), with smaller ductility,
the fracture mode of the material was characterized by shear-
ing, which, according to Li et al. [11], is not predicted by the
forming limiting curve (FLC). The authors conclude that the
forming limiting curve does not in fact allow the solution in
regions where shearing fracture occurs, as a result of the fold-
ing produced during drawing, and this is an important forming
characteristic of the advanced high strength steels. It is notice-
able that the authors developed a study aiming at a better
understanding of the origin of the shearing fracture and at
predicting its occurrence with a higher precision in advanced
high strength steels.
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A comparative study of some existing failure criteria for
metallic materials was reported by Venugopal et al. [13]. In this
work, ten failure criteria were modeled for five different mate-
rials. The simulations, based on equations corresponding to
each criterion, were compared to experimental results. The sim-
ulation was performed by finite elements and presents model-
ing details such as mesh refinement, chemical composition of
materials, mechanical properties, and variables used in the fail-
ure criterion equations. The authors indicate that none of the
criteria presented good results in all simulations. However, de-
pending on the specimen geometry and material, some criteria
present good results when comparing to experimental data by
presenting differences smaller than 2%. Finally, Venugopal
et al. [13] conclude that the failure criterion based on the max-
imum principal stress provides the best damage prediction
when compared to theories based on the distortion energy.

According to Moreira et al. [14], the maximum plastic
strain before localized necking is very important in sheet
forming. The FLC is defined in the axes of the maximum
and minimum principal strains obtained on the sheet plane.
The curve established through linear strain trajectories re-
mains constant during the deformation process.

When determining the FLC, it is common to simulate stress
states from biaxial forming to uniaxial tensile stress condition
through adequately prepared specimens. Networks of tangen-
tial or intertwined circles or squares are printed on the speci-
mens with strictly determined dimensions. The Nakazima
stamping test, described in Nakazima et al. [15], uses rectan-
gular sheets with varying widths. Meshes or circular grids are
printed on the specimens and, after forming, the deformed
grids are measured to verify the stampability of the material.

The methodology of the present work aims to computation-
ally investigate the failure mechanisms of DP600 steel. For
that purpose, a computational model was developed to simu-
late and evaluate the forming parameters at material failure.
The model was implemented through a computational code
using the software ABAQUS® and obtained through a post-
processing of the results.

2 Methodology

The experimental data obtained by Chemim Filho et al. [16]
and Tigrinho et al. [17] were used in conjunction with the
present computational model. The authors approached frac-
ture of the DP 600 steel through variation of the blank-
holder load for different forming stress and strain states.
Figure 1 shows the FLC curve of the DP 600 steel determined
by the Nakazima test [15].

Failure is assessed by the relation between the major and
minor strains, ε1 and ε2, shown in Fig. 1 for the DP 600 steel
obtained experimentally by Tigrinho et al. [17]. The tooling
configuration was also used in simulations. The numerical

simulation of the sheet forming operation makes possible to
evaluate the evolution of the minor and major strains at dif-
ferent stages of the deformation process. Failure is assumed
when the strain path in the ε1–ε2 space reaches the FLC shown
in Fig. 1. It is relevant to mention that the von Mises material
associated with an elastoplastic formulation was adopted to
model the deforming sheet. Rigid die and die-sheet contact
without lubrication were also used in the simulations. A finite
element mesh using quadrilateral elements with standard inte-
gration were used in the ABAQUS® program.

The punch stroke used in the simulations was set to 40mm.
Initially, the stamping speed used was 4 mm/s for a DP 600
sheet measuring 200 × 200 mm and 1.5 mm thick. The unsat-
isfactory values of such conditions caused a catastrophic break
of the specimen (Fig. 2a) and, by considering that the stop
criterion is the amplitude of the punch displacement, the need
for optimizing the stamping speed becomes clear. Therefore,
the aim is to use an optimization method to find the ideal
speed for this forming process. The optimum speed would
lead to a successful forming operation (no material failure)
using the minimum stamping time.

The strategy to determine the ideal forming speed is based
on the bisection optimization method. This strategy reduces
the search interval iteratively according to the following
stages:

1. Define the initial search interval by selecting two punch
speeds which prompt rupture “R” (high speed–upper lim-
it) and no rupture “NR” (low speed–lower limit).

2. Compute the mean punch speed from values set in stage 1.
3. Simulate the forming operation for the mean punch speed,

followed by assessment of the specimen (rupture/no
rupture).

4. If the previous simulation prompts rupture, set the new
speed “R” as the upper limit of the search interval.
Otherwise, if the new speed results in no rupture, set the
new speed “NR” as the lower limit of the search interval.

Fig. 1 DP 600 steel forming limit curve obtained by using the Nakazima
stamping test [17]
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5. Compute the mean punch speed of the new search
interval.

6. Simulate the forming operation for the speed calculated in
stage 5, followed by assessment of the specimen (rupture/
no rupture).

7. Return to stage 4 and repeat the procedure until the con-
vergence index is smaller than 1.0%.

The second punch speed selected to establish the search
interval was 1 mm/s (stage 1). This punch speed is low, in
industrial terms, for sheet forming. This speed was adopted
based on the experimental study by Tigrinho et al. [17]. The
same 40 mm of punch stroke was used in all simulations.
Figure 2b shows the simulation result for such condition. It
is important to point out that, for a forming speed of 1 mm/s,
there is no indication of rupture by the simulation. Using the
optimization method described above, after eight iterations the
value of 1.1758mm/s was obtained as an optimal result for the
forming speed (Fig. 2c).

Table 1 presents the evolution of the optimization process
to obtain the ideal forming speed. Noticeably, the initial search
interval comprises punch speeds 1 and 4mm/s (initial interval:
stage 1), whilst the first intermediate speed is 2.5 mm/s (stage
2). The next iterative steps evaluates whether failure takes
place or not in order to select the new search interval. In
Table 1, “R” and “NR” mean rupture and no rupture, respec-
tively. Convergence is evaluated by the relative difference
between the previous and current punch speed, d = |u(k + 1)–
u(k)|/u(k + 1) × 100 [%], in which u is the punch speed, k is the
iteration step, and u(0) = 1.0 mm/s (lower limit of the initial
interval). Convergence is assumed when the relative differ-
ence is d ≤ 1.0% (stage 7).

Therefore, this study shows that, when compared to exper-
imental adjustments of the process, after a few iterative steps
requiring small computational time, it is possible to determine
the ideal stamping speed. In order to accomplish the task, the
software requires the material parameters and geometrical da-
ta, such as die, punch, and sheet dimensions.

The strategy proposed in the present study has great poten-
tial to save time in the process preparation and helps to achieve
better productivity levels compliant with the quality require-
ments through the conformity of the final product.

Fig. 2 Simulation results for a a 4 mm/s, b 1 mm/s, and c 1.1758 mm/s
punch speed

Table 1 Evolution of the iterative process: punch speed [mm/
s] × rupture/non-rupture

Simulation
step

Punch speed
[mm/s]

Rupture/
non-
rupture

Convergence
index d [%]

Initial search
interval

4.0 (upper limit) R –
1.0 (lower limit) NR

#1 2.5000 R 60.000

#2 1.7500 R 42.857

#3 1.3750 R 27.273

#4 1.1875 R 15.789

#5 1.0938 NR 8.571

#6 1.1406 NR 4.110

#7 1.1641 NR 2.013

#8 1.1758 NR 0.997
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3 Material characterization

In order to ascertain a proper classification of the steel adopted
in the present study, a chemical analysis of the material, met-
allography, and tensile tests was performed. As reference, the
corresponding data provided by the manufacturer and also by
other works are also presented. The main characterization re-
sults of the material used in the simulation are presented in
Tables 2 and 3.

The tension tests performed with specimens removed
at 0°, 45°, and 90° in relation to the sheet rolling direc-
tion provide information regarding the mechanical prop-
erties of the material, such as the yield strength (YS),
ultimate strength (US), and elongation (e). These proper-
ties characterize the material in relation to its maximum
strength limit, (US), maximum stresses attained at the
end of elastic deformation and plastic strain onset,
(YS), and maximum elongation (e) of the material up
to catastrophic fracture.

4 Numerical simulation

This section discusses evolution of the strains at selected lo-
cations with the objective of a better understanding of the
failure process. The strains analyzed in the present study are
calculated by the differences between the size of the elements
(before and after forming) of the simulated mesh at 0°, 45°,
and 90° in relation to the sheet rolling direction and along the
sheet thickness.

The region selected for the analysis is parallel to the
main crack (Fig. 3) in order to follow the crack evolution
in its direction of propagation. Noticeably, the selected el-
ements are those adjacent to the main crack, but not part of
it, i.e., immediately next to the rupture site. The analyzed
points consist of 20 elements of the simulated mesh, for
which an absolute measure of the logarithmic strain (OL) is
computed in all four directions described in the previous
paragraph.

Table 2 Chemical composition of DP 600 steel

Chemical composition of DP600 steel (mass parts in %)

Laboratory test, this work

C Si Mn P S Al Cr Nb Zr Ti Ni Mo Cu

0.086 0.053 1.739 0.027 0.007 0.031 0.048 0.028 0.006 0.004 0.029 0.226 0.0094

Provided by the manufacturer

C Si Mn P S Al Cr Nb V Ti Ni Mo N

0.07 0.01 1.66 0.019 0.005 0.043 0.03 0.015 < 0.005 < 0.005 0.02 0.16 0.0058

Kim et al. [18]

C Si Mn P S Al Cr Nb V Ti Ni Mo Cu

0.092 0.123 1.7 0.016 0.001

Uthaisangsuk et al. [19]

C Si Mn P S Al Cr Nb V Ti Ni Mo Cu

0.072 0.246 1.58 0.015 0.001 0.031 0.053 0.010

Farabi et al. [20]

C Si Mn P S Al Cr Nb V Ti Ni Mo Cu

0.09 0.36 1.84 0.005 0.05 0.02 0.01 0.03

Table 3 Comparison of mechanical properties of DP 600 steel

Mechanical properties of DP600 steel

Properties YS (MPa) US (MPa) e (%)

Tensile tests, this work 410 640 28.5

Provided by the manufacturer 385 621 23.9

DP600; Huh et al. [21] 422 632 26.9

DP590; Kim et al. [18] 380 619 28.2

DP600; Wang et al. [12] 412 676 27.0
Fig. 3 Analyzed area focusing on the strain parallel to the crack
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It is also relevant to mention that, in cases which the punch
speed is smaller than the critical value required for material
failure, the analyzed elements were chosen by calculating the
medium points of locations at which rupture took place in
previous analyses. The elements are identified by numbers
which represent their corresponding positions in the simulated
mesh. Thus, the point is located very close to the possible
rupture site, if elongated to the amplitude in the simulation.

The strains of the elements next to the crack (Fig. 3) are
shown in Fig. 4a–d. In those figures, evolution of the logarith-
mic strains are presented for each component, i.e., (Fig. 4a) in
the rolling direction, (Fig. 4b) perpendicular to rolling, (Fig.
4c) at 45° in relation to the rolling direction, and (Fig. 4d)
along the sheet thickness.

The cases portrayed in Fig. 4a–d include the maximum
(4.0 and 2.5 mm/s), minimum (1.0 and 1.0938 mm/s), and
optimal (1.1758 mm/s) punch speeds. It can be observed
in Fig. 4a–d that higher speeds lead to larger strains or
strains with larger variations in all directions (0°, 90°, and
45°) and along the sheet thickness. The optimal speed
(1.1758 mm/s) is characterized by intermediate values of
the strain components with more uniform and smoother
behavior than those which prompted material failure.
Therefore, the results show that, as the punch speed in-
creases, strains also increase, eventually causing failure
onset (criterion given by the FLC presented in Fig. 1),
which in turn leads to larger variations in all directions.

4.1 Results and discussions

Experimental procedures aiming at validating the simula-
tion results, mainly the variation of the stamping depth
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Fig. 4 Strain parallel to the main crack a in the sheet rolling direction, b at 90° in relation to sheet rolling direction, c at 45° in relation to sheet rolling
direction, and d in sheet thickness

Table 4 Parameters of the experimental procedure

Parameter Value/characteristics

Material DP 600 steel

Blank 200 × 200 mm

Thickness 1.5 mm

Mesh size 4 mm

Punch diameter 65 mm

Blank-holder diameter 165 mm

Blank-holder pressure 50 bar

Lubrication No

Table 5 Results of the
experimental procedure Sample Speed [mm/s] Depth [mm]

1 4.0000 24.8

2 2.5000 25.2

3 1.1758 26.1

4 1.0000 25.6
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with respect to the forming speed, were performed. The
forming depth was constant for all simulations, in order to
comply with the stop and evaluation criterion of the final
results of the conformed sheets in the case study at issue.
That is, having the forming parameters adjusted to the
same values of the simulation, the comparison of the re-
sults presented the same referential for the evaluation of
uniformity (or the lack of), in the strain evolution due to
the variation of speed.

Table 4 presents the blank and tooling characteristics, as
well as the forming parameters used in the experimental
procedure.

The results of the experimental procedure, performed
for four speeds, can be verified in Table 5. Those speeds
were chosen because they reproduce the simulation with
variation between extremes, i.e., the highest speeds (4.0
and 2.5 mm/s) in comparison against the lowest speed
(1.0 mm/s) and the optimal speed suggested by the pres-
ent methodology (1.1758 mm/s). The choice of those
speeds was based on the simulated values within the
upper and lower limits.

5 Conclusions and final remarks

The present methodology proved to be effective by pre-
senting a faster and reliable solution (regarding actual
experiments) for the optimization of forming procedures
of metallic sheets with respect to material failure.
Optimization of the forming time by determining the
ideal forming speed was presented. The proposed tech-
nique finds the maximum possible stamping speed with-
out failure onset. The methodology prompted a high con-
vergence rate, approximating the optimum punch speed
with few iterations. The optimization method requires
material data, as well as the characteristics of the process
and tooling. The methodology has a great potential to
gain in productivity with greater reliability in the final
result of the final product, i.e., it is able to save time in
the process preparation and helps to achieve better pro-
ductivity levels. The simulations show that lower
forming speeds make possible to achieve greater forming
depths, whereas higher stamping speeds may cause
abrupt and premature rupture. Furthermore, the results
show that strains in all analyzed elements are more uni-
formly distributed when forming takes place at lower
strain rates. Finally, the numerical results presented good
approximation to those obtained by experiments, for
which larger forming depth were associated with lower
speeds, even with a procedure that presented a small
amplitude, regarding depth, when compared to the deep
drawing performed in the industry worldwide.
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