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This work aims to experimentally study the deep drawability of DD14 hot-rolled
steel sheets and to optimize numerically the material formability. The material
anisotropy was confirmed by metallographic analysis of the material and tensile
tests on specimens taken in three orientations with respect to the sheet rolling
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1. Introduction

The forming processes make it possible to manufacture complex mechanical parts such as
vehicle body components, household appliances, kitchen utensils and many others. The
deep drawing being one of these processes is characterized by the plastic deformation of a
sheet in order to obtain the desired shape. To do this, a stamping operation requires three
main tools: the die, the blank holder and the punch. The blank is the sheet metal to be
formed, positioned and held by the blank holder pressure. The forming operation is
ensured by the action of the punch, which sinks into the blank until it matches the shape
of the die. This action is carried out under penetration pressure at a certain speed to give
the sheet the desired geometric shape. This process, difficult to master, depends on
numerous criteria linked to the geometry of the finished product, the nature of the material
and the working conditions.

The plastic instability of materials is one of the main causes of necking and mechanical
fracture phenomena. This phenomenon is more increased in the case of deep drawing,
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where it results in thinning and/or wrinkling of deep-drawn metal sheets. The anisotropy
and friction of the material in the deep drawing device make the problem linked to its
forming more complex. Several investigations have been carried out in this area. One of the
difficulties of plastic instability is the material sensitivity to the Piobert-Liiders
phenomenon, which manifests in the appearance of persistent sliding bands during the
elastoplastic deformation. In the presence of this phenomenon, the tensile test curves
show heterogeneity of the strain and a discontinuity of the elastic limit. We then witness
two values of this property, higher and lower [1]. This discontinuity of Re is more marked
in mild steel and cast iron, in reason to the presence of small quantities of carbon or
nitrogen [2].

It appears that the more random the distribution of carbides and more their forms are
spheroidal, the more likely it is that the Piobert effect occurs. At large grain sizes, €L
becomes very small and the Liiders deformation bands disappear. However, other
undesirable surface roughness makes the orange peel phenomenon appear. During sheet
metal forming, differently oriented grains have the ability to deform independently,
generating the formation of bands on the surface. Larger the grains more apparent the
effect [3]. This phenomenon is undesirable for deep-drawing steel sheets because the
deformation bands it causes are prominent on the surface after the sheets are deep-drawn

[4].

The formation of the Piobert-Liiders phenomenon in ferritic mild steel has been the subject
of several researches. In this context, Maziere et al. [5] studied by experimental and
numerical analysis the Liiders phenomenon in low-carbon ferritic steel under simple shear
load. Wenman and Chard-Tuckey [6] studied the Liiders deformation in ferritic steel
tensile specimens by modeling and experimental material characterization and found
some differences between the model responses when the level of plastic strain was lower
than the Liiders strain presented by the material. Mao and Liao [7] studied the effects of
ferrite grain size, pearlite volume fraction and pearlite interlamellar spacing on flow
behavior. The study was carried out by modeling the elongation of the liiders bands and
hardening behaviors of two-phase ferrite-pearlite steels under tension. Further
investigations into this phenomenon have been carried out by the finite element method
[8-9].

Keeler [10] introduced the forming limit diagrams. These were constructed empirically to
describe the deformation states known as the Keller-Goodwin curve, these curves show
combinations of major and minor strains, from which a much-localized area of thinning or
necking becomes visible on the sheet metal surface. Boudeau and Gelin [11] studied the
influence of macroscopic and microscopic properties on the necking of metal sheets. Doege
and EI-Dsoki [12] Investigated by experimental and numerical simulation the initiation
and propagation of cracks during the deep drawing process of X5 Cr Ni 18 9 steel. They
were able to identify two different types of cracks which can lead to material failure. Jain
etal. [13] determined experimentally the forming limit curve at necking and fracture, using
a ductile fracture criterion to predict the fracture limit of aluminum sheets for automobiles.

The sensitivity of material plastic instability to the forming process parameters is also the
subject of other studies. Where Kardan et al. [14] studied experimentally and by finite
element method the influence of deep drawing parameters on the residual stresses
evolution. Hamza et al. [15] studied by numerical simulation the deep drawing parameter's
effect on the plastic strain evolution in the metal sheet during the forming operation.
Habeeb et al. [16] studied how the Single-Point incremental forming process parameters
impact the blank surface roughness. Rabia et al. [17] investigated how PVD coatings,
lubrication conditions, and operating parameters impact tribological behavior, forming
forces, and energy consumption when deep drawing is performed. An innovative test rig
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will be utilized to record force-time variations, frictional interactions, and energy
consumption under various conditions, such as lubrication and non-lubrication.

The blank material must be suitable for the deep drawing operation; Torkar et al. [18]
determined the effect of the cementite particle/ferrite matrix interface on microcrack
formation and its influence on the drawability of low-carbon steel. Some authors have
proposed criteria and models as solutions to certain metal-forming problems. Ma etal. [19]
proposed a ductile fracture criterion in order to predict the forming limit curve at fracture.
Also, Butuc et al. [20] presented an experimental validation of a new prediction model of
the forming limit curve under linear and complex deformation paths. Matin et al. [21]
proposed a method for calculating the stress field corresponding to the local necking. The
proposed method is designed to circumvent traditional difficulties associated with
detecting and measuring strains at local necking regions of a forming limit in aluminum
alloys. Stoughton and Yoon [22] determined the forming limit curve based on the stress-
strain fields and discussed the parameters of the non-linear deformation. Several studies
have been carried out to evaluate and analyze the formability of metal sheets. Li et al. [23]
developed an analytical approach for predicting the forming limit with a non-linear strain
path after pre-strained in uniaxial and biaxial tension for Aluminum alloy sheets. Kumar
[24] studied the formability of different sheet materials, taking into account different
parameters such as thickness, hardening coefficient and normal anisotropy. Aghaie-Khafri
and Mahmudi [25] presented an analytical method to predict the forming limit curve of
two aluminum alloys, with a theoretical and experimental analysis of the biaxial strain
limit. Based on strains and stresses, Paul [26] contributed to the theoretical analysis of
several instability criteria to construct a strain and stress-based forming limit diagrams,
Including the diffuse bifurcation analysis, the neck formation of through-thickness and the
shear stress-based criteria onset of through-thickness necking. Paul, in review works,
explains why HER (Hole Expansion Ratio) is currently an essential topic of engineering
research [27], summarizes the factors affecting FLC comprehensively to help in decision-
making in material selection and process design [28] and investigate how different tensile
pre-straining methods affect the high cycle fatigue, low cycle fatigue, and notch fatigue
performance of automotive grade dual phase steels. [29].
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Fig. 1. Schematic representation of forming limit diagram (FLD) [26, 28, 29]

Often, the process technology varies according to the desired goal. The parameters
affecting the formability of sheets are numerous and include among others: pressure,
speed, thickness of the sheet, lubrication, or even the initial state of the material and the
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thermal or mechanical treatment it has undergone. Furthermore, the output responses
depend largely on the combination of the parameters between them and the resulting
interactions. However, industrial deep drawing operations are based on the constancy of
working conditions and parameters. Thus, in a technical-economic concern, the present
work aims to study by experimental approach the influence of the blank holder pressure
on the damages of the deep drawn parts of DD14 steel sheets and by numerical simulation
the forming operation speed and the BHP amplitude on the material plastic instability,
using an explicit finite element model from Abaqus/CAE software. The aim is to identify
the optimum levels of process parameters that minimize the risk of necking and fracture
during plastic instability of deep-drawn metal sheets. The anisotropy of the material was
demonstrated from uniaxial traction tests carried out on specimens taken in three
different directions. The FLC plots served as a fundamental tool for formability
optimization. Finally, the practical execution and simulation of the deep drawing test made
it possible to locate areas with high plastic instability.

2. Experimental Method

2.1. Material

The material studied is a mild steel grade DD14 complying with European standard EN
10111. The choice of this material is motivated by its large-scale use in the company's
workshop GEMELEC El Kouif Tebessa, Algeria. The chemical composition mainly consists
of 0.08%C, 0.35%Mn and 0.03%Si. The material is delivered in the hot-rolled, pickled and
oiled state and has the mechanical properties given in Table 1.

Table 1. Tensile properties of DD14 steel

EN 10111 Mechanical characteristics
Re Rm A90
DD14 (MPa) (MPa) %
220-280 320-370 >33

The microstructure was revealed by surface chemical attack with Nital-based reagent, on
previously coated and polished samples. Metallographic observation is made by a Nikon
Eclipse LV100OND Microscope, with a magnification of 100x. revealed a ferritic
microstructure hardened on the surface with different sizes of grains more or less
elongated in the rolling direction (RD) likewise certain carbides (C) and sulfide inclusions
(S) appeared at the grain boundaries (Fig. 2).

Gy TN S TR
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2.2. Tensile Test

In order to highlight the material's anisotropy and its influence on mechanical behavior,
uniaxial tensile tests were carried out on specimens taken in three directions (0°, 45° and
90°) with respect to the sheet's rolling direction (Fig. 3-a). The tests are carried out
according to standard NF EN 10002-1 on a Zwick/Roell Z050 uniaxial tensile machine at
room temperature, with a speed of 100 mm/min. Fig. 3-b shows the specimen geometry.

[90°]

125

RD[0°]
—_—

b)
Fig. 3. Uniaxial tensile test specimen NF EN 10002, Sampling and geometry

Furthermore, the material's consolidation is supposed to obey Holloman's hardening law
Eq (1) [30]. Thus, the hardening exponent (n) and the strength coefficient (K) of this law
were estimated from the rational tensile curves.

oy, = Ke" 1)
Where: &r and oy are true strain and true stress respectively.
2.3. Deep Drawing Test

The test was conducted industrially. Before submitting to the metal forming, a grid was
drawn on the blank to be deep-drawn allowing the major and minor strains to be
measured, to visualize their paths and to locate the most subjected areas to plastic strain
for each test. In order to avoid unnecessary superposition and cluttering of experimental
points on the FLC curve, squares of dimensions 50x50 mm? were chosen according to
blank size and deep-drawn part geometry (Fig. 4).

Fig. 4. Grid drawn on the blank
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The tests were conducted with two main parameters, namely: die pressure (DP) and blank
holder pressure (BHP). The forming action is obtained from the simultaneous
displacement of the die and the blank holder, between them is held the blank, towards
fixed punch on the press table. However, the blank holder pressure is the variable
parameter in the tests.

2.4. Modelling and Numerical Simulation

The material studied is characterized by anisotropic elastoplastic behavior. Anisotropy
was taken into account in the numerical simulation through the Hill48 criterion [31]. This
criterion states that the classical elastic function is the most important and frequently used
method for metallic materials plastic anisotropy détermination. A rectangular Cartesian
stress component can be used to express this extension of the isotropic Von Mises function,
as follows Eq (2) [32]:

2f = F(0yy — 0;2)* + G(0y7 — Oxx)? + H(0yx — 0yy)* + 2L0y,,% +
2Mo,, % + ZNU,O,2 =1 (2)

Where F, G, H, L, M and N are the Hill anisotropy coefficients, which can be expressed as
follows Eq (3) [33]:
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Where R11, R22, R33 and R12 are the Hill anisotropy ratios that specify the material in the
Abaqus FEM software.

These parameters can be expressed as follows in Eq (4) [33-34]:

Ri1 =Ri3=Ry3 =1
_ |reo(ro+1)
RZZ N ‘\] 79(T90+1)
_ |reo(ro+1)
R33 - ‘\] (r90+70) (4)
R _ 3T90(T0+1)
1z~ (2145+1) (190 +70)
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In the thin sheet metal forming process, the plane stress state is generally predominant.
Consequently, only the four coefficients: F, G, H and N can be retained. These factors can be
determined empirically from a monotonic tensile test following various sampling
directions Eq (5) [35].

— To

T 190(1470)
_ 1

- 1+7y

To

(1o+790) (2745+1)

N = 2190(1+719)

Where ro, rss and roo are the values of the anisotropy coefficient (r) according to the
directions, 0°, 45° and 90° with respect to the rolling direction respectively.

The anisotropy coefficient (r) is defined by the ratio of transverse strains Eq (6) [36]:

lni
& b
r=2=_%o (6)
€3 In—
to

Where €2 and €3 are the strains in the width (bo) and thickness (to) directions, respectively.

The stamping operation was simulated as performed industrially in the GEMELEC unit
workshop. All experimental conditions were respected. The numerical deep drawing
simulation model is run in 3D using Abaqus/CAE software. Fig. 5 shows the configuration
of the forming tools and the blank. The geometry and mesh of the model are presented in
the longitudinal section plane.

e . o= 1282‘

" ,,77\\,‘2“'1‘:/‘7
a) b)
Fig. 5. Forming tools and blank, a) Drawing and b) Meshing

The boundary conditions for the simulation model have been derived from the different
operations of the deep drawing manufacturing range (Fig. 6). The forming action is
obtained by the die and the blank holder moving where between which the blank is
maintained, compared to the fixed punch on the machine table. The die action takes place
under controlled pressure until it reaches its final position once displaced 25mm.
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9
Fig. 6. Deep drawing manufacturing range; a) Initial position, b) Blank set-up, c) Die
action and application of BHP and d) Final position after 25 mm stroke

3. Results and Discussion
3.2. Tensile Test

Fig. 7 shows the true stress-true strain curve for the uniaxial tensile test. The sampling
direction does not affect the material's behavior, as the curves show the same trends in
both elastic and plastic deformation domains with presence of the Piobet-Liiders
phenomenon. The slopes of the linear part of the three specimens seem to be confused,
although Table 2 shows that tensile properties are weakest in the rolling direction and
stiffness in terms of Young's modulus is highest when the material is tested in the 45°
direction.

500 -
450 -
400 -
350
300 -
250 -
200 -

True stress [MPa]

150

90°

0 0.05 0.1 0.15 0.2 0.25 0.3

True strain

Fig. 7. Influence of sampling direction on true stress-true strain curves
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This seems to be due to the material's low anisotropy (r4s=0.8) in this direction. Rolling the
sheet did not change the material's ability to undergo strain-hardening, whose coefficient
(n=0.24) remained constant regardless of the direction in which the specimen was taken,
Table 2.

However, for all three samples tested, the curves show a discontinuity of Re, which
explains the material's sensitivity to the Piobet-Liiders phenomenon and consequently the
appearance of two elastic limits (Ren and Reir). The rolling direction is the most
advantageous for this property and even offers the best tensile strength (Rm) without
sensitively affecting the material's elongation at fracture (Agt(corr). = 0.31%). The
transverse direction (90°) is the least favorable for all tensile properties. The curve relating
to this sampling direction shows the widest elastoplastic transition range and a more
marked instability phenomenon (Necking) on the tensile specimen.

Table 2. Mechanical properties of DD14 steel

Direction E Ren ReL Rm Agt(corr.) . I K
(GPa) (MPa) (MPa) (MPa) % (MPa)
0° 136,83 281,56 275,13 347,83 0.31 1,10 0.24 622,28
45° 148,88 275,35 260,36 344,99 0.32 083 0.24 620.17
90° 126,23 257,79 248,50 333,67 0.32 1,11 0.24 594.48

3.2. Deep Drawing Test
3.2.1 Influence of Blank Holder Pressure

The evaluation of deformations was done by optical tracking. The observation made it
possible to locate areas of necking or fractures, as well as the path of major and minor
strains of each grid square. The measured values make it possible to plot the material's
forming limit curve (FLC) (see section 3.2.2).

Fig. 8 shows an example of the deformation of the most solicited squares, in this case, the
bottom front corners of the deep drawn part. The orientation of the grid lines enables us
to determine the strain path and locate areas at risk of plastic instability. Under the deep
drawing conditions shown in Fig. 8-a, the deformation path of the grid is indicated by the
arrows oriented towards the front corners of the deep drawn part where the fracture is
likely to occur.

These observations confirm those of Ref. [37], which show that due to excess material
and/or alarge difference between the corners, fractures initiate in the lower corners of the
rectangular deep drawn part and then propagate diagonally.

b)

Fig. 8. Morphology of deep drawn parts under conditions; a) DP = 14 MPa, BHP = 10
MPa and b) DP = 14 MPa, BHP = 7 MPa

The extent of damage can be reduced or even spared if the deep drawing conditions are
mastered. Figure 8-b shows that reducing the blank holder pressure gives a deep drawn
part without necking and without fracture. However, this low pressure causes a slight
increase in the wrinkle size which can affect the choice of the finished product quality.
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Nevertheless, the phenomenon of wrinkling is not considered a reason for product
rejection for the company. It is still necessary to optimize the deep drawing parameters to
successfully complete the operation with the best quality.

3.2.2 Forming Limit Curve (FLC)

The FLC is a key result for judging sheet metal formability, both experimentally and in
numerical simulation of the deep drawing process. The technique for plotting the FLC
curve is inspired by Hecker's method of determining the limiting deformations; the
simplicity of this method has led to its widespread use [38]. Therefore, for reasons of
reducing the measures, only the most stressed squares and where the fracture could take
place are taken into account (Fig. 9). For each numbered square, it is possible to locate and
measure the deformations [39-41].

&
Fig. 9. Measuring method of grid deformations

For better precision and to minimize random measurement errors, the dimensions of the
deformed squares are evaluated relatively. To do this, the four sides (a', a", b, b") of the
deformed square are measured individually. The final dimensions (a and b) to be retained
are measured between the centers of opposite sides two by two. The major and minor
engineering strains are calculated as follows Egs. (7)-(8) for evaluating the true major and
true minor strains by Eq (9) [28].

a—ag

e = (7)
b—b
g2 =In(1+eyy) 9)

The graphic representation of the true strains in a reference frame (€1,€2) makes it possible
to trace the FLC (Fig. 10).

10
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Fig. 10. Experimental strains distribution during deep drawing of DD14 steel

It emerges from the analysis of this FLC curve that the limit points of strains (36, 3, 16, 2c
and 7c) are those of the squares located at the deep drawn part bottom corners (2c and 7c)
or at the edge of that (36, 16). In return, the majority of the squares were located in the
uniaxial traction zone and some of them (25, 40, 32 and 33) located in the deep drawn part
wall were deformed in the wrinkle form. Some grid elements traced on the sheet have
undergone biaxial expansion (4c, 5c, 6¢, 7, 8, 9) or insufficient traction (3c). The squares
measured at the corners (1c, 2¢, 7c and 8c) having suffered the fracture, are closest to the
deep drawn part bottom where the sheet metal is more solicited to the balanced expansion,
caused by the punch corner.

Some experimental points on the FLC curve were superimposed, which translates to the
existence of deformation symmetry in areas equidistant from a midline between the
frontal corners of the deep drawn part (Figure 8). The pairs of squares having undergone
the same deformation during forming operation are located either on the front wall of the
deep drawn part (3-6), (4-5), (18-23), (20-21) and (28-29) or on the corner of the latter,
like pairs (1c-8c) and (2c-7c), with the exception of their minor strains which create a
slight lack of symmetry. Generally, it was found that symmetry affects only 29.16% of the
formed area, suggesting unstable elastoplastic behavior of the material during the deep
drawing and that the tooling of the operation needs fine-tuning.

3.2.3 Modeling and Numerical Simulation

The anisotropy parameters (F, G, H, N) of the Hill 48 criterion and the anisotropy ratios
(R11, R22, R33, R12, R13 and R23) are calculated from Egs. (3)-(4). The obtained values
in Table 3 are directly injected into the finite element calculation code Abaqus/CAE for
numerical simulation of the deep drawing process.

Table 3. Anisotropic parameters for DD14 steel

Hill48 anisotropy coefficients Anisotropy ratios
F G H N R11|R13|R23 R22 R33 R12
0,468 0,475 0,524 1,260 1 1,003 1,029 1,091

11
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A numerical simulation carried out under lubrication conditions with a coefficient of
friction f=0.05 and pressures DP= 14 MPa, BHP= 10 MPa provided a result almost identical
to that of the experimental procedure (Fig. 11). Indeed, it can be seen that the major strain
of the most solicited area is located at the front corners of the deep drawn part bottom.

Fig. 11. Representation of deep-drawn, a) Experimental, b) Numerical simulation

For a deeper comparative analysis, the selected nodes for strain measurement were
chosen in the same way as the experimental procedure (Fig. 12). The results of major and
minor plastic strains measured at each node by the finite element code Abaqus/ CAE
(PE22, PE11), allowed us to determine the true FLC curve according to Eq (9). Where PE11
is plastic strain component following the x-axis and PE22 is plastic strain component
following the y-axis.

a1
|

Fig. 12. Path of nodes concerned by the analysis

To adapt the operation time to the amplitude of the forming load, the simulation of the
deep drawing operation was carried out by combining the "Step" module with "Load-
Amplitude" in the finite element calculation code Abaqus/CAE. The numerical simulation
took place in several scenarios, playing on the amplitude of the forming load and the
execution time of the deep drawing operation. The best scenario results from a simulation
conducted with DP=14 MPa and BHP=10 MPa (Fig. 13).

12
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Fig. 13. Numerical simulation strains distribution during deep drawing of DD14 steel

Considering the maximum points for each deformation mode of the simulation FLC,
respectively the uniaxial, planar and equi-biaxial modes, allowed us to determine the

experimental-simulation comparative FLC curve.

The optimal FLC thus deduced shows the same trend as that obtained from the
experimental test, though the material's formability range has expanded by 2% and 5% in
terms of major and minor strains simultaneously (Fig. 14).

09
v

th

Major strain g,

<

015 -01 005 0 005 01 015 02
Minor strain &,

+ Experimental = Simulation

Fig. 14. Forming limit curve of DD14 steel

However, it should be noted that an adequate correlation between the amplitude of the
forming load and the operation time enables the sheet to better adapt to equi-biaxial strain
modes, according to the final geometry of the deep drawn part. These two factors are
essential for optimizing formability. Numerical simulation, for its part, has shown that
longer forming operation time can lead to uniform strain distribution in the sheet metal as

a function of the applied load.

13



Hamza et al. / Research on Engineering Structures & Materials x(x) (xxxx) xx-xx

Comparatively with other results obtained in other similar studies, the punch corner or
radius has a great influence on the damage of the deep drawn square parts. Where Fuh-
Kuo et al. [42] studied the effect of punch radius in square-deep drawn parts. According to
the findings, a larger punch radius enables a uniform material flow under the punch profile
at corners, which delays the occurrence of fractures. Ravindra et al. [43] Confirmed, the
punch-die corner region of a square cup has a smoother flow of material with an increase
in the punch or die profile radius. As a result, the maximum width of the flange earring is
decreased. Bouchaila et al. [44] concluded that in the deep drawing process, the die
shoulder radius and punch nose radius play a major role in force distribution and material
flow during the forming operation, and so on...

4., Conclusions

Plastic instability is manifested by a localization of plastic strain and is characterized by a
weakening of the specimen section, leading to the fracture during the material forming.
This study aims to better localize the phenomenon of plastic instability and reduce its
undesirable effect during the deep drawing of DD14 steel sheets for a given geometry of
deep-drawn parts. The following conclusions can be brought.

e The uniaxial tensile test provided a curve characterized by a discontinuity at the
elastoplastic transition (Re), confirming the material's sensitivity to the Piobert-
Liders phenomenon. This phenomenon is more pronounced on specimens taken in
the transverse direction (90°) compared to that of rolling.

e Hecker's method, more than being simple, allows us to accurately translate each
strain measurement of grid squares into a well-identified experimental point in the
FLC curve.

e The CLF of the material in the studied area shows the strain distribution, such that
in the majority of cases, the strain cloud is in uniaxial and plane traction.
Particularly, the located points in equi-biaxial deformation mode in the curve are
the measured squares at the corners of the deep drawn part.

e The areas at a major risk of plastic instability were identified at the front corners of
the deep drawn part bottom. Forming with low blank holder pressure leads to the
appearance of wrinkles and makes it difficult for the material to flow. In return, high
pressure causes fracture which begins in the sharp corners at the deep drawn part
bottom where the diffuse necking is located at the end of the operation.

e Numerical simulation provided an FLC in good agreement with that deduced from
the experimental test, through which the formability was optimized.

e Numerical simulation under various scenarios involving anisotropy, operation time
and forming load amplitude has enabled us to predict the deformation modes
experienced by the sheet to be deep drawn, risk areas to fracture and consequently
to get a deep drawing optimal model.

This study could be extended to take into account all these factors, such as mechanical
material behavior, punch corner radius, punch-die clearance, tool surface finish, friction
and non-uniform blank thickness distribution, through a complete experimental test
design to better surround the problem of plastic instability and make the deep drawing
operation more successful.
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Nomenclature
o Agt(corn). Total elongation for higher traction force
o Ao Elongation at break in 90° direction (%)
e K Strength coefficient
e n Hardening coefficient
e T Anisotropy coefficient
e Re Yield strength (MPa)
e Ren Upper yield strength (MPa)
e Re. Lower yield strength (MPa)
e Rm Tensile strength (MPa)
e BHP Blank holder pressure (MPa)
e DP Die pressure (MPa)
* oy True stress (MPa)
o & True strain (%)
o & Major strain (%)
e & Minor strain (%)
e PE11 Plastic strain component following x-axis
e PE22 Plastic strain component following y-axis
Abbreviations
e FLC Forming Limit Curve
e FEM Finite Element Method
e BHP Blank Holder Pressure
e DP Die Pressure
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