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Abstract

The deep drawing process is one of the most complex
forming processes, as several problems related to the plastic
instability of the material to be deep drawn are notably neck-
ing, rupture and tearing. However, the parameters of the
deep drawing process can cause these phenomena as well
as the geometry of the deep drawn part. Particularly, a mate-
rial having the formability for such a deep drawing operation
remains the desired solution in this process. In this sense,
the aim of this work is to investigate a problem of plastic
instability of the material through a characterisation and
modelling of the anisotropy of DD14 hot-rolled steel sheet
intended for deep drawing prismatic cups, using the Hill48
criterion. In addition, FEM analysis of the die radius influ-
ence on the occurrence of lateral and corner ruptures on
deep drawn parts is carried out in numerical simulation.
For this, an 3D simulation of the stamping operation is elab-
orated by finite element calculation code Abaqus/CAE
Explicite®. Following an incremental approach and from
the numerical results, the areas most subjected to plastic
strain and that represent a high thinning are located. Thus,
the degree of influence of the die radius on the evolution of
plastic strain is determined. Furthermore, finite element
analysis helps us to predict the material behaviour during
plastic deformation as a function of this parameter. As a
result, the optimum die radius levels which represent the
best distribution of plastic strain and improve product qual-
ity, are the highest.

INTRODUCTION

The characterisation of the material is an essential phase,
to identify the materials mechanical characteristics, because
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Kljuéne reci

- karakterizacija

« anizotropija

+ duboko izvlaéenje

« radijus matrice

« numericka simulacija

« MKE (metoda konaénih elemenata)

lzvod

Proces dubokog izvlacenja je jedan od najslozenijih
procesa oblikovanja, jer se pojavljuju nekoliko problema
vezanih za plasticnu nestabilnost materijala koji se duboko
izvlaci, narocito suzavanje, pucanje i cepanje. Medutim, para-
metri procesa dubokog izvlacenja mogu uzrokovati ovu
pojavu, kao i geometrija duboko izvucenog dela. Posebno,
materijal koji ima plasticnost za takvu operaciju dubokog
izvlacenja ostaje pozeljno resenje u ovom procesu. U tom
smislu, cilj ovog rada je da istrazi problem plasticne nesta-
bilnosti materijala kroz karakterizaciju i modeliranje anizo-
tropije toplo valjanog celicnog lima DD14 namenjenog za
duboko izviacenje prizmaticnih casa, koriste¢i Kriterijum
Hill48. Pored toga, sprovedena je MKE analiza uticaja radi-
jusa matrice na pojavu bocnih i ugaonih prslina na duboko
izvucenim delovima u numerickoj simulaciji. Za to je izrade-
na 3D simulacija operacije izvlacenja pomocu koda za pro-
racun konacnim elementima Abaqus/CAE Explicite®. Pratedi
inkrementalni pristup i na osnovu numerickih rezultata, loci-
rane su oblasti najvise izlozene plasticnoj deformaciji i koje
predstavljaju veliko stanjivanje. Tako je odreden stepen
uticaja radijusa matrice na evoluciju plasticne deformacije.
Stavise, analiza konacnim elementima nam pomaze da pred-
vidimo ponasSanje materijala tokom plasticne deformacije u
funkciji ovog parametra. Kao rezultat, optimalni nivoi radi-
Jjusa matrice, koji predstavijaju najbolju raspodelu plasticne
deformacije i poboljsavaju kvalitet proizvoda, su najvisi.

it allows us to control its industrial exploitation and its
choice for a given deep drawing operation. Furthermore, the
characterisation of metal sheets anisotropy requires tensile
specimens taken in different directions with respect to the
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rolling direction. However, success of the deep drawing
operation requires first and foremost a material with high
formability as well as the adjustment of other process param-
eters, including punch speed, blank holder pressure, punch
radius and die radius. On another scale, numerical simulation
and modelling of the deep drawing process is currently
useful, it takes its place as an essential aid before any deci-
sion on the construction of tools or the introduction of
process parameters. With the forming process simulation,
we can identify the problems and propose solutions.

Several current and past studies related to material charac-
terisation, process parameters, and simulation of deep draw-
ing have been carried out. In this regard, Yi et al. /1/ studied
the formability of two magnesium alloy sheets AZ31 and
ZE10 where their deep drawing behaviour is comparatively
evaluated, the anisotropy is characterised by a uniaxial
tensile test. Bouchaala et al. /2/ studied anisotropic behav-
iour of aluminium-lithium alloy sheets by numerical approach
and its influence on the deep drawing of a cylindrical cup, a
practical method is used to define the thickness distribution
during the forming operation. Ben Othmen et al. /3/ studied
the influence of constitutive models on the simulation of
reverse deep drawing of a cylindrical cup, the material prop-
erties are identified using uniaxial tensile tests on specimens
taken at 0°, 45°, and 90° with respect to rolling direction.
Then, the experimental results such as the distribution of
major strain in the stamping and the evolution of punching-
displacement force are explored. Simulations are carried
out using Abaqus/Explicit® software and compared with the
experimental data. Garcia et al. /4/ presented an exper-
imental characterisation of the mechanical behaviour of EK4
deep drawing steel. The experimental procedure includes
spectrometry, metallography, tensile tests, and hardness
measurements. Anisotropy modelling is based on the Hill48
criterion, and the adequacy of the proposed methodology is
evaluated by simulation. Padmanabhan et al. /5/ investigated
by numerical evaluation, the anisotropy effect and rolling
direction orientation on the forming behaviour of welded
blanks made of DCO06 mild steel and DP600 dual-phase
steel. Yue et al. /6/ studied a ductile damage model used to
simulate the occurrence of ruptures in low carbon steel.
Uniaxial tensile and deep drawing tests are performed on
low carbon steel sheet. The proposed model is implemented
using Abaqus/Explicit software with VUMAT material rou-
tine and validated through FEM simulations. Also, other
research shows the importance of the die radius and its influ-
ence on the quality of the deep drawn product. Notably,
Gowtham et al. /7/ studied the factors influencing a deep
drawing process and analysed the process by varying die
radius and keeping constant friction, punch radius, and blank
thickness.

The die radius is studied using finite element analysis,
and results show that reducing the die radius increases the
deep drawing forces and causes quality problems. Jain et al.
/8/ studied by experiments and numerical predictions the
limit drawing ratios (LDR) and other axisymmetric deep
drawing characteristics of AA5754-O and AA6111-T4
automotive aluminium sheet materials as a function of the
die radius. Ozek et al. /9/ studied the effect of different die

INTEGRITET | VEK KONSTRUKCIJA
Vol. 25, br.1 (2025), str. 135-140

136

and punch radius on the drawing limit ratio of DIN EN
10130-91 sheet metal. The experiments show that the draw-
ing limit ratio increases with increasing punch and die radius.
Colgan et al. /10/ investigated by combining experimental
and finite element analysis (FEA) the most important factors
influencing a deep drawing process. The results seem to be
that the punch and die radius have the greatest effect on the
thickness of deep drawn steel. Hamza et al. /11/ studied by
numerical simulation the influence of deep drawing param-
eters, notably, punch speed, blank holder force, die radius
and friction, on plastic strain evolution during DCO4 steel
sheet forming.

Sedmak et al. /12/ investigated by numerical simulation
using FEM to evaluate the structural integrity of lap welded
joints in ammonia transport tanks, focusing on the influence
of weld geometry on stress distribution and fatigue perfor-
mance. Durdevié et al. /13/ studied by numerical investiga-
tion the mechanical behaviour of critical structural compo-
nents in container terminals using advanced finite element
analysis (FEM) and analysed stress and strain distributions
in key structural elements to evaluate structural integrity
under operational loading conditions. Radojkovi¢ et al. /14/
investigated the stress concentration phenomena in isotropic
plates containing rectangular openings subjected to biaxial
tensile loading through analytical and numerical approaches.
Analysis included stress distribution patterns around rectan-
gular cutouts and determined stress concentration factors
for various geometric configurations. Alnagasa et al. /15/
studied by combining numerical modelling with theoretical
validation a comprehensive stress analysis of spherical LPG
(propane-butane) storage tanks under operational and ex-
treme loading conditions, evaluated and the stress distribu-
tions in spherical pressure vessels and critical regions under
combined loading scenarios. Nguyen et al. /16/ studied by
theoretical-numerical investigation of stress concentration
phenomena in piezoelectric cylindrical shells using a non-
classical elasticity approach, addressing electromechanical
coupling effects often overlooked in conventional analyses,
establishing governing equations for axisymmetric cylindri-
cal shells. Camagi¢ et al. /17/ studied using experimental-
numerical investigation the degradation of fracture toughness
in welded joints under combined thermal and temporal aging
conditions, providing critical insights for structural integrity
assessment, quantifying temperature-time dependency on
plane strain fracture toughness and crack propagation behav-
iour. Banks-Sills et al. /18/ studied how cracks grow between
different materials, looking at both elastic and plastic defor-
mation cases, using stress intensity factors and J-integral
methods respectively. Maheshwari et al. /19/ investigated the
elastic-plastic transition in a functionally graded orthotropic
rotating disk with exponentially varying thickness and den-
sity, using an analytical model to determine stress distribu-
tion and deformation during the transition from elastic to
plastic behaviour under high rotational speeds.

The aim of this study is to investigate a plastic instability
problem recorded on a deep drawn product in a company's
forming workshop during the deep drawing DD14 hot-rolled
steel sheets. Firstly, a characterisation of the sheet material
is carried out by uniaxial tensile tests on specimens taken in
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three directions 0°, 45°, and 90° with respect to the rolling
direction of the sheet, in order to determine the material's
mechanical properties and to evaluate its plastic anisotropy.
A numerical simulation model identical to the experimental
one is developed by finite element calculation code Abaqus/
CAE®. In addition, the material anisotropic behaviour is
modelled by Hill48 criterion and implemented in the mate-
rial properties in numerical simulation. An experimental
design is proposed to predict the effects of die radius on
plastic deformation during the forming operation and its
influence on the evolution of deep drawn product fracture.
Also, the logical variation of die radius levels leads us to
the optimum choice with acceptable strain distribution with-
out any problems of sheet rupture or tearing. Finally, a FEA
of the results is carried out, from which the optimal levels
of die radius are chosen to achieve deep drawing operation
with good tooling efficiency and better product quality.

METHODOLOGY

The encountered problem is the presence of lateral tears
and front ruptures on deep drawn parts at the end of the
DD14 hot-rolled sheet forming operation, as shown below.

Figure 1. Lateral tear and frontal rupture on DD14 steel sheet deep
drawn parts.

Material mechanical properties answer to the European
standard EN 10111, Table 1.

Table 1. Mechanical properties of DD14 steel.

Nuances Re (MPa) Rm (MPa) A90 (%)
EN 10111 min-max min-max Min
DD14 220-280 320-370 >33

To characterise the material's anisotropy, uniaxial tensile
tests are carried out on specimens taken in three directions
(0°, 45° and 90°) with respect to the sheet's rolling direction

g #
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Figure 2. Uniaxial tensile test specimen: a) geometry; b) test
specimens.

(Fig. 2b). Tests are carried out according to NF EN 10002-1
standard on Zwick/Roell Z050 uniaxial tensile testing machine
at room temperature, at a speed of 50 mm/min. Figure 2a
presents the specimen geometry.

Anisotropy modelling and numerical simulation

Anisotropy is taken into account in numerical simulation
using Hill48 criterion, /20/. According to this criterion, the
classical elasticity function is the most important and most
frequently used to account for the plastic anisotropy of
metallic materials, Eq.(1), /21/.
2f =F(0yy —0,)? +G(0y — 0 )* +H (O —0yy ) +

+2Lo%, +2Mo% +2Nog, =1. (1)

It is necessary to determine the anisotropy coefficients of
the Hill48 criterion, respectively, F, G, H, L, M and N /22/,
and anisotropy ratio which specifies the anisotropy of the
material in the finite element calculation code Abacus, /23,
24/. The anisotropy coefficient (r) is defined by the ratio of
transverse strains, Eq.(2):

b
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The simulation model of the forming operation is carried
out in 3D on the finite element calculation code Abaqus/
CAE, Fig. 3. The blank is created with a thickness t =1 mm.
Introduced material mechanical properties are obtained by
experimental characterisation through module (Property).
Furthermore, anisotropy is identified by the implementation
of Hill48 criterion constants. Interactions between the die-
blank, blank holder-blank, and punch-blank are defined by
a friction coefficient f = 0.05. The blank holder pressure is

~— _ 1280
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Figure 3. Deep drawing simulation model: a) geometry and initial
conditions; and b) mesh.

BHP = 10.7 MPa, and punch penetration is 25 mm. Finally,
we launch the calculation after meshing the assembly using
the (mesh) module. The visualisation module allows us to
visualise the results.

RESULTS AND DISCUSSION

The stress-strain tensile curve shows a tensile hook known
by Piobert-Liders phenomenon, translated by a heterogene-
ous elastoplastic transition (Fig. 4). A Luders band can be
noticed with a lower stress than the upper stress in the yield
point elongation. Also, by defining a high yield strength
Ren and a low yield strength Rei, corresponding to the band
(Table 2).

0 0.1 02 0.3 04
True strain

Figure 4. Rational tensile curves for three directions 0°, 45°, and
90° at v = 50 mm/min.

The mechanical characteristics obtained through uniaxial
tensile tests are summarised in Table 2.

Table 2. Mechanical properties of DD14 steel.

o A Ren ReL Rm
OC) | o6y | (mPa) | (mPa) | mpa) | " | K| T
0 | 322 ] 286.30 | 285.60 | 354.83 | 0.26 | 655.76 | 1.14
45 | 328 | 27341 | 250.47 | 340.56 | 0.24 | 608.32 | 0.7
90 | 35 | 262.06 | 250.40 | 331.78 | 0.26 | 617.26 | 0.82

The comparison of the deep drawn part obtained by
numerical simulation with that obtained experimentally is
therefore possible, based on the location of the area most
subject to plastic strain (Fig. 5). Plastic instability appears
on the deep drawn part simulated with BHF = 10 MPa.
Figure 5a represents a lateral plastic instability obtained by
simulation with D, = 40 mm, corresponding to that of the
experimental (Fig. 1a) generating strain value of 48 %. As
well, Fig. 5b shows the rupture located at the deep drawn
frontal corner, corresponding to that of the experimental
(Fig. 1b) of simulated deep drawn with D, = 60 mm, gener-
ating strain values 40 %.
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PE, PE11
(Avg: 75%)

PE, PE11
(Awg: 75%)
b) +4.076e-01

K.

Figure 5. Localisation of plastic instability in numerical
simulation: a) lateral; and b) frontal corner.

Numerical simulation results lead us to deepen the anal-
ysis through the study of die radius influence on this plastic
instability evolution. For this, an experimental plan is chosen
in order to examine the plastic strain distribution within the
deep drawn material as a function of four levels of die
radius (D). The maximum plastic strain as a function of
four levels of die radius is summarised in Table 3.

Table 3. Numerical results of maximum plastic strain as a function

of die radius.
N° D¢ (mm) PEmax (%)
1 30 55.87
2 40 48.88
3 50 42.65
4 60 40.54

First, we represent the trend of maximum plastic strain
as a function of the die radius, Fig. 6.

60
55 AN
9 \
=50
o
£ \
m 45 \\
(=9
40
35 . : : :
30 40 50 60
Dr [mm]

Figure 6. Maximum plastic strain as a function of die radius.

The trend shows that the lowest die radius level generates
the greatest plastic strain, compared with all other levels 40,
50, and 60 mm. The results show that plastic strain decreases
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with increasing die radius. Secondly, by examining the plas-
tic strain distribution as a function of die radius following a
node path which passes through the lateral rupture and the
deep drawn bottom frontal corners, as shown in Fig. 7.

60

Flang | Wall Bottom
0 —r—r—r—rTr T T T T T T T T T
—n =N M =1 QMmO
(o Iy I o BN o T o T A M LT LY T X S BN B w i s’ S R '
AT OBWSATECESAT O NSA T
————— Clel cl ol en e

Nodes path

=4=Dr=30 =—#=Dr=60

Y
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Figure 7. Distribution of plastic strain as a function of two
extreme levels of the matrix radius.

The greatest difference in plastic strain recorded between
the extreme chosen die radius levels is 15.3 %, at the deep
drawn front corners, where maximum strain reaches 40.5 %
of radius 60 mm, and 55.8 % for 30 mm. In observation,
where to locate peak 1 on the curve and the stamping (Fig.
7), the plastic strain is quite large due to intense friction
between the sheet and die radius during the forming opera-
tion, leading to poor metal flow and progressive thinning in
this area, resulting lateral tearing of the deep drawn part.
However, a maximum plastic strain is recorded at the deep
drawn corners where peak 2 is located, because it is a propa-
gation of the plastic strain of those at peak 1. Moreover, the
plastic strain is often great at deep drawn corners, at the
intersection of three constructive planes, respectively the
frontal, side, and bottom.

CONCLUSIONS

The characterisation of the material by uniaxial tensile
test from specimens taken in three directions 0°, 45°, and
90° with respect to the rolling direction of the sheet, helps
us identify the material properties and precisely evaluate the
hot-rolled steel sheet DD14 anisotropy. Furthermore, the
anisotropic behaviour of the material is successfully mod-
elled and implemented in the finite element calculation code
Abaqus/CAE®, thanks to the Hill48 plastic anisotropy crite-
rion. The originality of this work emerged through the results
of the numerical simulation model which highlights a perfect
localisation of plastic instability areas, similar to those rec-
orded on the component’s deep drawn parts. The results of
the tests, planned according to the four levels of die radius,
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have helped us to successfully determine the influence of die
radius on plastic strain evolution. On another scale, the finite
element method allows us to numerically analyse the phe-
nomenon of plastic instability within the deep drawn part,
following a chosen node's path, sufficiently informing us
about the probable scenarios of plastic strain evolution
according to each chosen level of the die radius.

The characterisation of the material is an essential phase
and the choice of the modelling criterion of its anisotropic
behaviour plays a primordial role, in order to succeed in an
in-depth experimental and/or numerical simulation investi-
gation with scientific, logical results and effective solutions
in the deep drawing process.

The numerical simulation model is identical to the exper-
imental one, implicitly and explicitly which helped us to
achieve the desired objectives through simulation. Thus, the
experimental design allows us to designate the optimal levels
of die radius in order to perform the forming operation with
the lowest levels of deformation and avoid the phenomenon
of plastic instability.

As a result, the highest values of plastic strain are gener-
ated by the low level of die radius. However, the increase in
die radius decreases the plastic strain during the forming.
According to the planning of this investigation, the best
results are obtained with the high level of die radius D, =
60 mm.

To generalise the case in terms of plastic strain and carry
out a deep drawing operation with all caution, the optimum
is to choose the largest possible die radius. On the other
hand, the adjustment and accuracy of other parameters, as
well as the adequate choice of the material, are necessary.
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