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Abstract This paper presents the numerical simulation of
an industrial multi-step deep drawing process. A large
strain finite element formulation including a hyperelastic
elastoplastic constitutive model and a contact-friction law
is used to this end where the steel sheet material parameters
considered in the analysis are previously derived through a
characterization procedure of its mechanical response. The
numerical predictions of the final shape and thickness dis-
tribution of the blank are compared and discussed with
available experimental values measured at the end of three
successive drawing steps. In addition, a plastic work-based
damage index is used to assess failure occurrence during
the process. The damage values computed at the end of the

>4 Diego Celentano
dcelentano @ing.puc.cl

Matias Pacheco
matias.pacheco @usach.cl

Claudio Garcia-Herrera
claudio.garcia@usach.cl

Julio Méndez
julio.mendezop@usach.cl

Fernando Flores
fflores@efn.uncor.edu

Departamento de Ingenieria Mecanica, Universidad de Santiago de
Chile (USACH), Av. Bernardo O’Higgins, 3363 Santiago de
Chile, Chile

Departamento de Ingenieria Mecénica y Metaltirgica, Pontificia
Universidad Catdlica de Chile, Av. Vicuiia Mackenna, 4860 Santiago
de Chile, Chile

Departamento de Estructuras, Universidad Nacional de Cérdoba,
Casilla de Correo 916, 5000 Cordoba, Argentina

drawing process are found to be lower than that corre-
sponding to rupture in the tensile test, considered here as
the threshold of failure, confirming, as observed experi-
mentally, that neither fracture nor necking is developed in
the blank during the whole drawing process. Finally, the
possibility to carry out a reduced two-step drawing pro-
cess, obtained by merging the second and third steps of
the three-step process, is precluded since the damage cri-
terion predicts in this case excessively large values that
indicate that failure may occur in specific zones of the
sheet.

Keywords Multi-step deep drawing - Simulation of industrial
problems - Material characterization - Damage estimation

Introduction

There exist nowadays many products that are manufactured
by sheet metal forming. Specifically, those obtained via the
deep drawing process play an important role in the automotive
and food industries, among others. One of the most relevant
aspects involved in the analysis of this kind of problem is the
need to achieve an adequate knowledge of the mechanical
behaviour of the sheet material since complex phenomena
(e.g., finite strain plasticity, hardening effects, damage, texture
development, defect formation, etc.) take place during its de-
formation. Other important features of the process are the
correct estimations of both the contact conditions between
the blank and the different tools and, in multi-step drawing
operations, the stresses and strains that develop in previous
stages.

A great variety of models have been proposed during the
last decades to describe the material behavior during sheet
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forming (see e.g. [1] for a recent review on this subject).
However, the anisotropic Hill-48 criterion [2] is still nowa-
days, due its prediction capabilities and simplicity, one of
the most widely used models to this end [3]. In recent years,
this model has been successfully applied to the numerical
simulation of industrial deep drawing processes [4].
Moreover, the stress—strain paths computed in this context
are the basis of several ductile damage criteria aimed at esti-
mating the occurrence of failure of the blank [5-7]. Although
the final aim of these analyses is the further control and/or
optimization of the process, a procedure that needs to be car-
ried out in advance is the full experimental validation of the
results provided by the simulation. This is usually a hard task
owing to the inherent difficulties associated with the measure-
ments of the different variables present in the problem.

This paper presents the modeling and the corresponding
experimental validation of an industrial multi-step sheet
metal forming process consisting in the deep drawing of
a steel clutch lid of a commercial washing machine. The
soundness of this component at the end of its forming is
crucial due to the dynamic nature of the loads that will act
on it during its service life. The galvanized steel used for
this component is commercially known as A-G90. Firstly,
the characterization of the mechanical behavior of this ma-
terial is carried out by means of the tensile test conducted
according to the standard specifications. The experimental-
ly derived elastic and plastic parameters are the basic data
for the constitutive model adopted to describe the material
response during its deformation. To this end, a hyperelastic
elastoplastic law written in terms of Hencky stress and
strain measures under the plane stress condition is consid-
ered. Hollomon-type hardening and normal anisotropy
(along the sheet thickness) effects are both accounted for
through the Hill-48 associate yield function. In addition, a
plastic work-based damage index is also considered where
the value corresponding to rupture in the tensile test is
adopted here as the threshold of failure. The material con-
stitutive model and characterization are respectively pre-
sented in “Material constitutive model” and “Material
characterization sections”. Afterwards, this model is con-
sidered for the simulation of the above mentioned industri-
al application. A large strain shell formulation discretized
within the context of the finite element method via thin
three-noded triangles with only translational degrees of
freedom is used for this purpose [8]. The mechanical inter-
actions between the sheet and the different tools (punch,
blankholder and die) are taken into account through a
Coulomb-type contact-friction law. Although the good per-
formance of this formulation has been extensively checked
in different well-known benchmark problems [8—10] and,
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more recently, it has been experimentally validated in lab-
oratory tests and single-step industrial applications [4], the
main objective of this work is to assess and validate its
numerical response in the analysis of a more complex in-
dustrial application such as the present multi-steep deep
drawing process. The results obtained in this study are
described and discussed in “Industrial application” section.

Table1 Material constitutive model: basic equations and nomenclature

Basic equations

* Hyperelastic stress—strain law: T=C:(e—¢’) (plane stress condition is
assumed)

« Hencky deformation tensor: e=LIn(A)L

» Evolution of the plastic contribution of e: 7 = )\g—g (associate plasticity
is considered)

* Anisotropic Hill-48 yield function: o = 0%1 + 0'%2—2—@(7110'22 +

1+R
2(1+2R) o2
12

14+R

« Isotropic strain hardening (Hollomon-type) function: C¥ = A?
@+)"

* Damage criterion: D = Jiyﬁdé" <D/ = J(E)/Edép

Nomenclature

* F: deformation gradient tensor

« U: right stretch tensor U (U*=F"F)

* A=[),], L: eigenvalues and eigenvectors of U, respectively (a=1,2,3)

« ”: transpose symbol

« T: Hencky stress tensor

* C: plane stress isotropic elastic constitutive tensor

« \: increment of the plastic consistency parameter (computed, as usual,
from the consistency condition F=0 )

« 0: Cauchy stress tensor; o is computed from T according to the following
transformations:

1) T =LT L (rotated T)

2In(Aa /A5
2)[Si]pe = Ai [T.],, and [SL]W = % [SL] g (rotated S)

3) $=LS; L” (Second Piola-Kirchhoff stress)
4o=L (F)FSF’

2(1+2R)
1+R

« 5: Equivalent von Mises stress (F =0} + 032—%011022+
2
(€)= 0)

« R: average Lankford’s coefficient

* AP, nP: hardening parameters

« & effective plastic deformation (its rate is computed as ¢” = /2/3¢é7 : é7)
»

* &: assumed initial value of & such that o, = A” (E‘g)n

* 0,: yield strength (it defines the initial elastic domain)

« D: damage index with D/ being its threshold of failure

« & effective plastic deformation at rupture in the tensile test
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Fig. 1 Tensile specimen (dimensions in mm)

The experimental validation is focused on the thickness
and damage profiles along two representative lines of the
sheet attained at the end of three successive drawing steps.
The damage values computed at the end of the drawing
process confirm the experimental observation that neither
fracture nor necking is developed in the blank during the
whole drawing process. Moreover, the damage criterion is
used to discard the possibility to reduce the number of
drawing steps needed to achieve the same final deformed
part since excessively large damage values are predicted in
specific zones of the sheet. Finally, the conclusions are
presented in “Conclusions” section.

Material constitutive model

An associate elastoplastic constitutive model under the
plane stress condition is adopted in this work to describe

300 " : r .
250 ég‘i ﬁ%; A
= |4
«» 200f, .
o |
»
o 190f
£
o 100}
£
(o))
T 50t + Exper?mental 0°
« Experimental 45°
0 _ - Experimental 9_0" _
0 0.1 0.2 0.3 0.4 0.5 0.6

Engineering strain

Fig. 2 Tensile test: average engineering stress—strain curves of A-G90
steel for specimens oriented at 0, 45 and 90° with respect to the rolling
direction

L

the sheet material behavior. As usual, the sheet is consid-
ered as a thin shell with a curvilinear local coordinate
system over its middle surface at which the stress and
strains are referred to. Table 1 summarizes the basic equa-
tions of this model [8]: the hyperelastic stress—strain law,
the evolution of the plastic deformation, the anisotropic
yield criterion, the isotropic hardening function and the
damage criterion.

It is seen that the so-called Hencky deformation tensor
is chosen here as the main kinematic state variable since
it is an objective (Lagrangian) strain measure and consti-
tutes, in addition, a natural extension of the unidimen-
sional logarithmic strain. Note that the strain related to
the sheet thickness variation is simply e;=In(#/%,), where
t/ty is the thickness ratio between the deformed and ini-
tial configurations. This ratio is computed assuming an
isochoric behavior disregarding the expansion/contraction
due to the Poisson effect. The other two eigenvalues of
U define the principal (in-plane) stretches in the shell
surface. In this context, an additive elastic—plastic de-
composition of the Hencky strain is assumed based on
the fact that the elastic strains are usually small in com-
parison with plastic strains in most steel deep drawing
processes.

Fig. 3 Geometric configuration of the broken tensile sample
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Table 2 Average original and

final dimensions of the A-G90 Original ~ Final 0° Final 45° Final 90° Finalmean Ratio (Final
steel tensile samples Mean/Original)
Extensometer length (mm)  50.00 75.71 74.36 74.36 74.81 1.50
Thickness (mm) 1.50 0.96 0.88 0.96 0.93 0.62
Width (mm) 12.50 7.45 7.85 743 7.58 0.61
Transversal area (mm?) 18.75 7.18 6.68 7.15 7.07 0.38

Moreover, as already mentioned, it has been long rec-
ognized that the use of the associate rate independent
plasticity theory including the classical anisotropic Hill-
48 yield criterion is a useful framework to simulate sheet
responses subjected to deep drawing operations. Although
the further assumption of planar isotropy (or normal an-
isotropy) appreciably simplifies the formulation, this situ-
ation was found to be approximately fulfilled in many
sheet forming applications. In this context, the yield func-
tion is written in terms of the Cauchy stress tensor o. The
elastic—plastic constitutive equations are integrated
resorting to a backward-Euler predictor-corrector scheme
that normally converges in 1 or 2 iterations due to the
small time steps used in the analysis. The condition
033=0 is satisfied directly by the plane-stress elastic con-
stitutive relation between the elastic components of the
logarithmic strain and the Kirchhoff stresses. The trans-
formations that allow the computation of o from the
Hencky stress tensor T are also detailed in Table 1.
More details about this model can be found in [8].

In addition, a plastic work-based damage criterion ex-
tensively used in different forming processes [11] is
adopted in the present analysis to evaluate the possibility
of fracture development during the whole deformation
stages of the blank.

As described below, the yield strength o,, together with
the hardening parameters A” and n”, the average
Lankford’s coefficient R and the damage threshold of fail-
ure D/ are all obtained from experimental data measured
during tensile testing.

Material characterization
Tensile test

An experimental procedure aimed at characterizing the
mechanical behaviour of the A-G90 steel, which is the
drawing material used in the industrial application to be
described in “Industrial application” section, is firstly per-
formed through the tensile test. This electro-galvanized
steel has appropriate mechanical and surface properties
that make it extremely suitable for metal forming applica-
tions: wide range of formability, same weldability as hot/
cold rolled material, excellent paintability, good corrosion
resistance, anti-fingerprint and surface conductivity [12].
The tensile test is carried out in this work according to
the standard specifications [13, 14]. Figure 1 shows the
sample geometric configuration employed for the tests.
The distance between the two markers denotes the initial
extensometer length taken as 50 mm in this case. The
respective initial values for the width and thickness in
the working zone are wy=12.5 mm and #,=1.5 mm. The
specimens have been cut along three different orientations
(0, 45 and 90°) with respect to the rolling direction of the
sheet during its manufacturing process. A nearly gradual
reduction in width is considered in order to trigger the
necking development that has to take place approximately
at the middle of the extensometer length. This tapered
profile fits the usual standards since the difference be-
tween the adopted maximum and minimum width values
existing in the extensometer length is lower than 1 %.

Table 3 Parameters obtained
from the tensile test applied to A-

G90 steel samples

0° 45° 90° Average Range (£)
Young’s modulus (MPa) 136.19 158.58 147.32 147.36 14.90
Yield strength (MPa) 162.26 172.88 168.38 167.84 5.10
Maximum load (kN) 533 5.47 5.23 5.34 0.11
Maximum strength (MPa) 284.07 291.55 279.01 284.88 5.80

@ Springer



Int J Mater Form (2017) 10:15-27

19

Considering a load cell speed of 2.5 mm/min, 15 sam-
ples (5 for each orientation) were tested. The average en-
gineering stress—strain curves associated with the three ori-
entations are plotted in Fig. 2. The uniformity of the mate-
rial is reflected in the remarkable low dispersion found in
the measurements for each orientation. As usual, the engi-
neering stress is defined as P/A,, where P is the axial load
and A, is the initial transversal area defined as Ay=wqt,.
The engineering strain or elongation is defined as (L—L;)/
Lo with L and L being the current and initial extensometer
lengths, respectively. At the beginning of the deformation
process, the material behaves elastically. Once the yield
strength is reached, plastic hardening takes place and the
load increases up to a maximum value that holds approxi-
mately constant within a large elongation interval (20 to
34 %). As it is well known, the load decreases for higher
levels of deformation since the effect of the reduction of
the transversal area at the necking zone is stronger than that
of the hardening mechanism. The geometric configuration
of the broken sample shown in Fig. 3 exhibits a highly
localized (ductile) necking. Table 2 summarizes the aver-
age original and final dimensions of the samples while
some parameters obtained from the test measurements are
presented in Table 3.

Hardening parameters

According to [15], the derivation of the hardening param-
eters A” and n” involves the consideration of an alterna-
tive stress—strain relationship written in terms of an equiv-
alent stress o.,=fpP/A and an equivalent strain ¢,,=0.,/
E+ep where fp(ep)<1 is an assumed known correction

—400

©

o

=3

» 300

[72]

o

®

+< 200}

g

g —Correlation

2 100} + Experimental 0° 1

e x Experimental 45°
0 _* Experimental 90°

0 0.1 0.2 03
Equivalent strain

Fig. 4 Tensile test: mean equivalent stress vs. equivalent deformation

Table4 Lankford’s coefficients and earing index of A-G90 galvanized
steel

R R R — AR
o 45 90 7
Average 2.05 1.56 227 1.86 0.60
Range (+) 0.19 0.03 0.22 - -

factor [16] applied to the mean true axial stress P/A, A
is the current transversal area at the necking zone (A=wt,
where w and ¢ are the current width and thickness, respec-
tively), E is the Young’s modulus and ep=1In(Ay/A) is the
true (logarithmic) deformation. As can be seen, w and ¢
are the additional variables to be measured. It should be
mentioned that prior to the onset of necking the condition

fz=1 holds (i.e., the condition fz<1 only accounts for the

triaxial stress distribution that occurs after the necking
formation). Therefore, as proposed in [17], a simplified
approach consisting in plotting a o.,—¢., curve with the
available experimental data within the deformation range
that exhibits uniaxial stress distribution (0-35 % for this
material) ensures a reasonably accurate material character-
ization. It should be mentioned that this simple procedure
to derive the hardening parameters is justified on the basis
that, as reported in [18-20], such factor not only depends
on the shape of the cross section of the sample (e.g.,
cilyndrical or rectangular) but also on the material to be
tested making, therefore, its use difficult in the character-
ization procedure. Figure 4 shows the experimental data
for the o,,—¢., relationship together with the potential

correlation o,y = A?(g,,)" derived from them via the ap-

plication of a classical least-squares technique. The

resulting hardening parameters are: A”=578.27 MPa and
P

n =0.375.

Lankford’s coefficient

The measurement of the average Lankford’s coefficient R
accounting for the normal anisotropy of the sheet has been
carried out according to the standard specification [21].
The expression recommended to calculate this parameter,
defined as the ratio between the width and thickness defor-
mations for sheets samples oriented at 0, 45 and 90° with
respect to the direction of rolling, is Ry 45.90=In(w/wq)/
In(/ywo/Iw). In this context, the average Lankford’s coeffi-
cient is given by R = (Ry + 2R45 + Roo) /4. The specimen
dimensions were measured within the elongation range
10-25 % in order to minimize the experimental errors
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Fig. 5 Multi-step deep drawing Initial step
industrial application: full
manufacturing sequence of ten
steps

— 220 —

l- 250 -

associated with the estimation of R. The assumption of
planar isotropy can be assessed by the so-called earing
index defined as AR=(Ry—2R45+Ro9¢)/4. The Lankford’s
coefficients and earing index obtained for the A-G90 steel
are summarized in Table 4. As can be seen, the relatively
high value of R found for this steel makes it suitable for
deep drawing operations. Moreover, the corresponding rel-
atively small value of AR indicates that it exhibits a low
planar anisotropy and, therefore, this fact justifies the use
of the simplified yield criterion already presented in
“Material constitutive model” section.

Damage index

The damage threshold of failure D is computed with the
expression given in Table 1 from the equivalent stress and
strains histories obtained via a numerical simulation of the
tensile test (using the same numerical formulation and ma-
terial properties as those detailed in “Numerical simulation
of a three-step process” section) up to the instant of rup-
ture, i.e., & iln(Ao/Af)=0.92. The resulting value is: D=
527 MPa. As discussed in “Results and validation” and
“Numerical simulation of a two-step process” sections,
damage occurrence is estimated by comparing this value

with the maximum damage index developed during the
different deformation stages of the forming process.

Industrial application
General description

The modeling and experimental validation of a multi-step
deep drawing industrial process aimed at manufacturing a
clutch lid of a commercial washing machine [22] is pre-
sented in this section. The material used for this compo-
nent is the A-G90 steel. As shown in Fig. 5, the full
manufacturing sequence to obtain the final product con-
sists of ten steps which can be divided into two different
stages: the first one corresponding to steps 1, 2 and 3
where the greatest sheet deformations take place, and the
second stage encompassing steps 4 to 10 in which a small
drawing and a bending at the base together with a series
of holes and inner cuts are performed. The multi-step
press automatically selects the necessary tools for each
step during the whole sequence.

The complex geometry of the finished part can clearly
be appreciated in Fig. 6 where the need of using a multi-
step operation is apparent in this case. The initial

Fig. 6 Multi-step deep drawing a i

industrial application: a initial -

geometry of the sheet (with a i .,1

regular 10 mmx> 10 mm Il |G

checkered grid drawn on its e

surface) and b final product o [
3
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Fig.7 Multi-step deep drawing industrial application: experimental geometric configurations at the end of the a first, b second and ¢ third steps studied

in this work

geometry of the sheet, which fits within a rectangle of
250 mmx*220 mm, is 1.5 mm thick. A regular 10 mmx
10 mm checkered grid is drawn on its surface in order to
track the in-plane sheet deformation pattern along the
drawing process.

The present study focuses on the analysis of steps 1 to
3 of the full manufacturing sequence (i.e., the first stage
mentioned above) because the deep drawings induced in
these steps are the most critical in terms of failure occur-
rence. Steps 4 to 10 involve stamping, folding and cut-
ting. Although stamping and folding could be simulated
with the present model, this analysis was not carried out
since these secondary forming stages were experimental-
ly observed to not produce failure in the part. On the
other hand, the simulation of cutting is not possible with
the current model since a damage criterion coupled with
an element removal technique should be implemented to
this end.

The experimental geometric configurations at the end
of the first, second and third drawing steps specifically
studied here are shown in Fig. 7. The first step consists
of the following operations: the lubricated steel sheet
(blank) is placed on the blankholder, the die goes down
and tightens the sheet against the blankholder, the punch

Table 5 Material properties of A-G90 galvanized steel used in the
simulation of the multi-step deep drawing industrial application

Young’s modulus (GPa) 147.36
Poisson’s ratio 0.32
Yield strength o, (MPa) 167.84
Hardening coefficient A” (MPa) 578.27
Hardening exponent n” 0.375
Average Lankford’s coefficient R 1.86
Density (kg/m®) 7850
Damage threshold of failure (MPa) D 527

moves up until the desired form is achieved and, finally,
the toolkit is stopped and withdrawn. A similar procedure
is repeated for the second and third steps. Figure 7 clearly
shows the large amount of deformation that occurs during
the different forming steps. In particular, different defor-
mation patterns can be appreciated at the end of the first
step: slight biaxial extension at the bottom zone of the
primary cup and high stretching at the sheet wall. The
punch action for the second and third steps is mainly
devoted to the forming of the secondary cup where the
associated grid deformation is very similar to that obtain-
ed for the primary cup at the end of the first step.

Numerical simulation of a three-step process

The simulation of the mechanical response of the steel
sheet during the first three drawing steps is carried out
via a specific numerical explicit formulation defined in
the context of the finite element method in which the
sheet is discretized to this end using a simple thin
(Kirchhoff-Love) shell three-noded triangle with only
translational degrees of freedom (further details can be
found in [8—10]). This element is able to deal with non-
linear kinematics (i.e., large strains and/or displacements)
while the material behaviour is assumed to be governed
by the hyperelastic constitutive model described in
“Material constitutive model” section. The sheet material
parameters used in the simulation of this multi-step pro-
cess are those obtained from the A-G90 steel characteri-
zation detailed in “Material characterization” section; they
are summarized in Table 5.

The finite element mesh used for the simulation of the
first step of the process together with the punch and die
dimensions are both depicted in Fig. 8. Due to symmetry,
only one half of the geometric model is considered. As
already mentioned, the blank is discretized with nearly
14000 triangular shell elements while the different tools
are only meshed with surface elements on their contours

@ Springer
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Fig. 8 Multi-step deep drawing
industrial application: a finite
element mesh used for the
simulation of the first step and b
punch and die dimensions (in
mm)

Fig. 9 Multi-step deep drawing
industrial application: a finite
element mesh used for the
simulation of the second step and
b punch and die dimensions (in
mm)
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Fig. 10 Multi-step deep drawing
industrial application: a finite
element mesh used for the
simulation of the third step and b
punch and die dimensions (in
mm)

Fig. 11 Multi-step deep drawing
industrial application: a
experimental and b simulated
sheet final geometric
configuration at the end of the
first step

Fig. 12 Multi-step deep drawing
industrial application: average
experimental and computed
thickness ratio profiles along a
line AB and b line CD (see

Fig. 6a) at the end of the first step
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Fig. 13 Multi-step deep drawing
industrial application: a
experimental and b simulated
sheet final geometric
configuration at the end of the
second step

since they are assumed to be rigid. The punch and die
finite element meshes corresponding to the second and
third steps are respectively depicted in Figs. 9 and 10.
For these two steps, the initial geometry of the sheet cor-
responds to that attained at the end of the previous step.
Similarly, the initial stress and strain distributions are as-
sumed to be those computed in the precedent analyses.
Moreover, the same blankholder is employed in the three
steps. It should be noted that all these meshes were se-
lected on the basis that they provided nearly the same
results as those obtained with finer discretizations.

The mechanical interactions between the sheet and the
different tools are described via a penalty-based contact
model in which the friction effects are assumed to be
governed by the Coulomb law. A constant friction coef-
ficient of 0.14 is used throughout the analysis since the
same lubrication conditions were considered at every
contact surface during the three forming steps where, in
addition, a constant blankholder force of 17.8 kN is
assumed.

It is worth noting that the low strain rate conditions
under which the material parameters have been obtained
(see “Material characterization” section) were also exper-
imentally fulfilled in the three forming steps studied here
where a constant punch speed of 0.1 m/s was adopted.
Moreover, the numerical integration of the constitutive
law along the thickness of the sheet is performed in five
layers.

The pseudo static solution was computed without mass-
scaling and a maximum punch velocity of 2.1 m/s. The com-
putational cost of the analysis is 2 h on a PC with a processor
17-4790 under Windows 7 OS. This time is quite low com-
pared with the time necessary to prepare the data and analyze
the results.

Finally, no significant springback was experimentally ob-
served (the strength-to-modulus ratio is relatively low for this
material) and, hence, this effect is not considered in the
simulations.

Results and validation

The experimental and numerical results obtained at the
end of each drawing step encompass both the sheet final
geometric configuration and the thickness ratio profiles
along two representative lines (see Fig. 6a). The experi-
mental plotted values correspond to the average of three
measurements whose maximum standard deviations are
0.01 and 0.03 mm for lines AB and CD, respectively.
They are separately presented, discussed and validated
below.

The results corresponding to the first drawing step
are shown in Figs. 11 and 12. A qualitative good agree-
ment between the experimental and simulated final con-
figuration of the part can be appreciated in Fig. 11. The
computed thickness ratio profiles plotted in Fig. 12 also
exhibit an overall reasonable fitting with the respective

Fig. 14 Multi-step deep drawing a b
industrial application: average 1.6 - - 1.6 - -
experimental and computed _S|mU|jat'°n _S|mU|_at'°n
thickness ratio profiles along a ol4 ¢+ Experimental o14 ¢+ Experimental
line AB and b line CD (see © 1.2) © 12
Fig. 6a) at the end of the second @ a8
step g 1 2 1
X X
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Fig. 15 Multi-step deep drawing
industrial application: a
experimental and b simulated
sheet final geometric
configuration at the end of the
third step

experimental measurements. Two different sheet re-
sponses can be identified in these curves. First, a thin-
ning occurs at the central region of the sheet where the
primary cup forms. Due to the cylindrical symmetry of
the punch, a nearly uniform thickness reduction is most-
ly found along both lines. However, a more pronounced
thickness deformation can be observed in a small part
of line CD owing to the initial geometry of the sheet.
Second, as a result of the hoop compressive straining
experienced by the material as it flows between the
blankholder and die, the thickness appreciably increases
on the periphery of the sheet. This zone, which remains
practically clamped during the whole forming sequence,
is eliminated by cutting in one of the steps of the sec-
ond stage of the multi-step process. Overall, this first
step induces a small biaxial stretching at the bottom of
the primary cup in addition with a large contraction at
the periphery of the sheet in contact with the
blankholder and die. This last deformation remains con-
stant during the full drawing sequence.

Figures 13 and 14 show experimental and computed
results at the end of the second drawing step. Once again,
the numerical predictions compare well with the experi-
mental measurements. In particular, a further thickness
reduction is found to take place in the vicinity of the
secondary cup while the rest of the blank does not exhibit
significant changes.

The experimental and predicted results attained at the end
of'the third step are presented in Figs. 15 and 16. It is seen that
the simulation adequately describes the final shape of the

secondary cup. Moreover, the thickness reduction profiles fol-
low the same trend as that observed for the second step, i.e. the
deformation is mainly localized in a narrow region where the
blank contacts the curved zones of the punch. As in the pre-
vious steps, a reasonably good experimental-numerical corre-
lation is achieved. In summary, for the second and third steps,
an increase of deformation exhibiting a nearly axisymmetric
pattern develops in the region where the secondary cup is
formed.

It is seen that the thickness in the central part of line
AB at the end of the second and third steps is difficult to
measure due to the curved geometry caused by deforma-
tion in this zone. Therefore, the associate errors in these
measurements are higher than those corresponding to flat
surfaces.

The thickness profiles previously shown in Figs. 12, 14 and
16 confirm the experimental observation that no severe neck-
ing is developed in the blank during the whole drawing. This
fact is also ratified by the computed damage index profiles at
the end of each drawing step along line AB depicted in
Fig. 17a—c. Although, as expected, the damage values increase
at the subsequent deformation stages, the maximum damage
value is lower than the threshold of failure, i.e., a sound part is
finally attained.

Numerical simulation of a two-step process
Finally, the possibility to carry out a reduced two-step drawing

process, obtained by merging the second and third steps of the
three-step process, is analyzed. To this end, the damage index

Fig. 16 Multi-step deep drawing a b
industrial application: average 1.6 - - 1.6 - -
experimental and computed _S'mUI_at'on _S'mUI_at'on
thickness ratio profiles along a ol4 + Experimental ol4 + Experimental
line AB and b line CD (see © 12 © 12
Fig. 6a) at the end of the third step @ a
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Fig. 17 Multi-step deep drawing a b
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profile along line AB at the end of the forming process is
computed and plotted in Fig. 17d. In this case, it is seen that
the damage criterion predicts excessively large values (i.e.,
D>D)) in specific zones of the sheet (at the zone in contact
with the perimeter of punch) and, thus, this is a clear indication
that the proposed step reduction is precluded.

Conclusions

The simulation and experimental validation of an industrial
steel multi-step deep drawing process has been presented. In
particular, this study focused on the main three drawing steps
of this application. To this end, an exhaustive material char-
acterization procedure has to be firstly conducted in order to
derive the elastic and plastic parameters involved in a specific
constitutive model adopted to describe the blank response
during its deformation. These data have been considered in
the integrated finite element analysis that has been subse-
quently carried out to simulate the three-step forming se-
quence of the present industrial process. Overall, a satisfactory
experimental validation of the numerical results was achieved.
Moreover, damage occurrence was predicted in a reduced
two-step forming operation. In summary, the good perfor-
mance of this modeling has proven that this powerful tool
may be used to attain a more optimal and controlled design
aimed at reducing the usually expensive trial-and-error
procedures.

@ Springer
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Limitations of the proposed methodology to be tackled in
future research include: modeling the planar anisotropy, use of
non-associate plasticity, consideration of texture evolution via
a polycrystalline plasticity approach and assessment of the
shell plane stress assumption of the shell element by compar-
ing its response with that provided by solid finite elements.
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