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Abstract

Forming limit curves are used as a parameter in finite element analysis to control the
material's level of formability. In this research, forming limit diagram (FLD) of
SS304L sheet was obtained by ABAQUSfinite element software. In practice, the
experimental determination of a forming limit curve is a very time-consuming
procedure which requires special and expensive equipment. Forming limit diagram
(FLD) is derived by the simulation of Erichsen test (out-of-plane stretching test)
using hemispherical punch. There are few studies on the prediction of necking time,
which is obtained by the application of Pepelnjak algorithm and ductile fracture
criterion. In order for the validation, the numerical result of forming limit diagram
(FLD) was compared with the experimental and analytical results and a good
correlation was observed. Forming limit stress diagram (FLSD) and MSFLD were
determined by plotting the principal in-plane stress and FLD corresponding to the
onset of necking localization, respectively. Effect of the thickness of the sheet on
forming limit curves was investigated and the results showed that increased
thickness of the sheet led to raised level of the FLD and MSFLD; but, FLSD did not
change considerably.

1. Introduction

metals: forming limit diagram (FLD); forming
limit stress diagram (FLSD); Muschenborn-

Main mechanisms can cause the fracture of a
ductile metal are necking, growth and
coalescence of voids; and shear fracture due to
shear band localization. Necking is main
parameter in metal forming operation. The
formability limit of sheet metal is obtained by
the initiation of the local neck that leads to
fracture. ABAQUSapplies four criteria for
determining of formability limit of sheet
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Sonne forming limit diagram (MSFLD); and
Marciniak-Kuczynski (M-K) criteria.

The forming limit diagram (FLD) as an
essential tool is applied to predict the onset of
necking in sheet metal forming operations.
Limit strains is the maximum strains which
were in sheet metals before the onset of
necking. A FLD is a plot of the forming limit
strains in the space of principal (in-plane)
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strains. In the discussion that follows major and
minor limit strains refer to the maximum and
minimum values of the in-plane principal limit
strains, respectively. The major limit strain is
usually represented on the vertical axis and the
minor strain on the horizontal axis, as
illustrated in Fig. 1. The damage initiation
criterion for the FLD is defined as the ratio of
the current major principal strain at any
elements, ¢ to the major limit strain on the

major >
FLD evaluated at the current values of the
minor principal strain, g For example, for

the deformation state given by point A in Fig. 1
the damage initiation criterion is evaluated as:

AH
D=—ro 1
BH (D

minor *

//B

H I

Fig. 1. Forming limit diagram (FLD).

Forming limit diagrams (FLDs) depend greatly
on strain path. So, major changes are observed
by converting the deformation mode (e.g.
equibiaxial loading followed by uniaxial tensile
strain). Therefore, the FLD damage does not
have good performance when the strain path is
nonlinear. In this condition, ABAQUSsoftware
proposes two damage initiation criteria:
forming limit stress diagram (FLSD) criterion,
Muschenborn-Sonne forming limit diagram
(MSFLD) criterion; using these criteria, the
dependency of limit strains on load path is
decreased.

An FLSD is the stress counterpart of the FLD,
with the major and minor principal in-plane
stresses corresponding to the onset of necking
localization plotted on the vertical and
horizontal axes, respectively. The damage
initiation criterion for the FLSD is defined as
the ratio of the current major principal stress,
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c to the major stress on the FLSD

major
evaluated in the current values of minor
stress, o ;.. -
Muschenborn and Sonne (1975) proposed a
method for predicting the influence of the
deformation path on the forming limits of sheet
metals on the basis of the equivalent plastic
strain, assuming that the forming limit curve
represents the sum of the highest attainable
equivalent plastic strains. The criterion of
necking instability of sheet metals used in
ABAQUSwas based on these assumptions for
any deformation path. So, the Muschenborn-
Sonne criterion changed the original forming
limit curve (without pre-deformation effects)
from the space of major versus minor strains to

. . . —pl
the space of equivalent plastic strain, ¢ , versus

ratio of principal strain, = miner (Fig. 2).

major

o

Fig. 2. Muschenborn-Sonne's forming limit diagram
(MSFLD).

According to the MSFLD criterion, the onset of
localized necking occurs when the sequence of

deformation states in the & — « diagram
intersects the forming limit curve. It is shown
that both FLD and MSFLD give identical
results for linear deformation paths. But, for
arbitrary loading, the MSFLD predicts the onset
of necking by including the effects of the
history of deformation as accumulated
equivalent plastic strain. Necking instability
also occurs if the sequence of deformation

states in the & — a diagram intersects the limit
curve due to a sudden change in the straining
direction. This situation is illustrated in Fig. 3.
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Fig. 3. Onset of necking by changing the straining
direction in the MSFLD curve.

Several researchers have attempted to predict
the forming limit diagrams, which was
introduced by Keeler and Backofen (1964) for
the first time to the fracture limits of sheet
metals [1]. Wu et al. investigated the
dependence of forming limit stress diagrams
(FLSDs) on strain path and found that FLSD
was independent from strain path [2].
Stoughton explained forming limit for both
proportional and non-proportional loadings
from a single criterion based on the stress state
and validated it by the strain path history [3,4].
Stoughton and Zhu reviewed several theoretical
models of sheet metal forming instability to
change the strain space of FLD to stress space
by assuming the isotropic hardening of yield
surface [5]. Yoshida et al. studied the forming
limit of aluminum AA5154-O tube under
combined axial loads and internal pressure
experimentally. They found that the path-
dependence of forming limit curve vanished
when translated into stress space [6]. Kuwabara
et al. also presented the anisotropic plastic
deformation behavior of aluminum alloy tubes
by a servo-controlled testing machine under the
isotropic hardening assumption for both linear
and combined stress paths and observed that the
isotropic hardening assumption was valid for
both linear and combined stress paths [7].
Ahmadi et al. investigated the effect of work-
hardening exponent and plastic strain ratio on
forming limit diagrams (FLDs). They
concluded that, by increasing the value of work-
hardening exponent, values of FLD were
increased [8]. Ganjiani and Assempour focused
on the prediction of the forming limit diagram
based on the M-K theory. The results were
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compared with the experimental data in other
papers [9]. Assempour et al. studied the effect
of strain path on the shape and level of FLSD
by applying the M-K model and showed that
the FLD was more sensitive to the strain path
effect than FLSD [10]. Dariani et al.
investigated the effect of forming speed on the
formability of 6061-T6 aluminum alloy and
AISI 1045 steel sheet, both numerically and
experimentally. They found considerable results
in formability at high velocity forming from
experimental data [11]. Assempour et al.
examined the normal stress on formability sheet
metal. So, they found FLD based on M-K
model by modifying the stress state and
observed that the compressive normal stress
became higher in FLD [12]. Hashemi and
Abrinia studied the effect of through-thickness
normal stress on the extended stress-based FLC
[13]. Mamusi et al. presented a novel numerical
method by three necking criteria to predict the
FLDs of Tailor-Welded blanks. All three
criteria had identical results [14]. Panich et al.
presented experimental and numerical analyses
of forming limit diagram (FLD) and forming
limit stress diagram (FLSD) for two advanced
high strength steel (AHSS) sheets, grade DP780
and TRIP780. There was a correlation between
analytical calculations and experimental results;
the stress-based forming limit curves were more
accurate than the strain-based forming limit
curves [15].

Pepelnjak et al. presented a method for
calculating the FLD using numerical simulation
by ABAQUSprogram. They predicted the FLD
using Marciniak testing procedure and
determined the critical areas, in which the onset
of necking occurred. The thickness strain, first
and second derivation of thickness strain, was
also analyzed as a function of time for these
areas [16].

Ozturk and Lee predicted the forming limit
diagram (FLD) of sheet metal by applying
ductile fracture criteria and comparison with
experimental and analytical curves [17]. Takuda
et al. focused on limit strains in the biaxial
stretching of aluminum alloy sheets by
combining the finite element simulation and
ductile fracture criterion for various strain
paths. They observed s good agreement
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between numerical results and experimental
data [18].

According to the above research, few studies
have investigated and predicted necking time
using ductile fracture criteria. In this paper,
necking time was predicted by ductile fracture
criteria in ABAQUSsoftware and then forming
limit curves (FLD, FLSD, MSFLD) of steel
304L were determined. The experimental and
analytical results by Ozturk and Lee [17] were
used to confirm the validity of the numerical
method.

2. Ductile fracture criterion

The purpose of this study was to predict the
necking time by combining finite element
simulation with ductile fracture criteria. So, the
necking time can be predicted by substituting
stress and strain values by the ductile fracture
criteria. Some criteria have been proposed to
show the effect of deformation history.
Cockcroft and Latham [19] proposed a fracture
criterion for ductile material. , based on which,
the fracture occurred when

[ 0 de=C, )

where o, 1s maximum normal stress, gris
fracture strain, and C, is material constant.

Brozzo et al. [20] modified Cockcroft and

Latham's criterion by considering the effect of

hydrostatic stress, o, , to accurately predict the

fracture of sheet metal.

[ 2% gec, G)
0 3(6 4k "0y,)

C,is material constant. Clift et al. [21]

proposed a fracture criterion based on energy
criteria or plastic work as follows:

j:“ o de=C, 4)

where o and C, are equivalent stress and
material constant, respectively. The equivalent
strain and equivalent stress can be introduced
by assuming plastic incompressibility and
neglecting elastic strain in Eq. (5) and Eq. (6).
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&= /%(H(Haz)sl )

o=ke' (6)
3. Numerical analysis

In this research, simulations of Erichsen test
were carried out using the general finite
element ABAQUSprogram for specifying
forming limit curves.

3. 1. Geometry and mechanical properties of
the shells

The sheets used in this work were SS304L with
two thicknesses (t=0.81 and 1.4mm). The
specimens with different dimensions were used
within the same tooling for forming, as shown
in Figs. 4 and 5.

To determine the mechanical properties of
sheets, simple tension test was performed
according to ASTMES standard test [23] by a
servo hydraulic INSTRON 8802 machine (Fig.
6). The obtained results are shown in Fig. 7. In
this study, the isotropy was considered and the
von Misses yield criterion is used. The yield
stress of SS304L was determined by drawing
0.2% line. Strain hardening coefficient (n) and
strength coefficient (k) at o=ke" were

by plottinglogo-loge. Table 1 shows the

mechanical properties of SS304L obtained from
the experimental tests.
Plastic strain can be specified by Eq. (7).

o
. (M)
pl ‘real E

The material constants of ductile fracture
criterion were evaluated by stress-strain curve
obtained from tension test. For tension test, the
values of Cockroft and Latham, Brozzo et al,
and Clift et al. were calculated by

=9

3
equal to C,, C,, and C, , respectively. In this

research, the values ofC,, C,, and C, were
309.104, 0.37, and 315.96 MPa, respectively.

substituting o,,=o, , o,=2; these values were
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Fig. 5. Out-of-plane stretching test (Erichsen test) [22].
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Fig. 6. Tension test by a servo hydraulic INSTRON
8802 machine.
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3. 2. Element formulation of sheet

For this analysis, the nonlinear element S4R,
which is a four-node element, was used. For the
sake of symmetry, half of the specimen was
modeled and, as moving from the edge to the
sheet center, size of the element became smaller

(Fig. 8).

Fig. 8. A sample of FEM mesh.
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Fig. 7. Stress-strain curve of tension test for SS304L specimen.
Table 1. Mechanical properties of SS304L.
Strain strength
Modulus Yield stress Ultimate stress Poisson’s ) ] density
= ) hardening coefficient
elasticity (GPa) (MPa) (MPa) ratio ) (kg/m"3)
coefficient (MPa)
202.495 513.01 768.41 0.3 0.213 1277.909 7833
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3. 3. Loading and boundary conditions

Loading is applied in two steps. In the first step,
punch, sheet, and lower rigid die are fixed and
blankholder moves down and deforms the sheet
into the drawbead to prevent surfaces from
slipping. The sheet is completely adhered to the
blanholder and die. In the next step, rigid die,
sheet, and blankholder stay fixed and the punch
starts to move up until the given displacements
are achieved. The punch

moves up to deform the sheet at the speed of 50
mm/min.

3. 4. Contact

The surface-to-surface contact formulations are
considered for this case. Interaction defines the
die and balnkholder as the master surface with
sheet as the slave surface. In addition, penalty
contact formulation is tested to permit

some relative motion of the surfaces (an elastic
slip) with the fiction coefficient of 0.16.

3. 5. Analytical process

In this research, a dynamic simulation was used
and necking time was obtained by applying
Pepelnjak algorithm [16] based on Marciniak-
Kuzinsky method. The presented paper
introduced the methodology of spatial
identification of the necking of critical nodes of
the FEM model and determined their
corresponding maximum and minimum strains.
The nodes with minimal thickness were
selected to obtain their thinning as a function of
forming simulation time. First and second
derivations of thinning for the selected nodes
were calculated. The node at which the
maximum of the second derivation of thinning
first appeared (at minimal time) was assumed as
the critical node where the onset of necking
started. For example, the thinning along with
the first and second derivation of thinning of
sample 7, at critical node as a function of time
is shown in Fig. 9. The location of the critical
node of sheet metal is given in Fig. 10.

In order to determine the accurate time of
necking using ductile fracture criteria, the
values of ductile fracture criteria (D) were

Prediction of forming limit . . .
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computed, as shown in Figs. 11-13. Necking
occurred when the values of ductile fracture
criteria were higher than the one determined
from tensile test. Necking line position was at
the point where the value of ductile fracture
criteria was equal to the material constant
obtained from tension test. So, according to
Figs. 11-13, the value of ductile fracture criteria
increased with increasing time to the moment
that a point was placed on the upper necking
line for first time. At this time, necking
occurred.

Time
0 T T
0.6 0.9
505 1
= Necking point
I
w1
177)
o
2 -1.5 A
2
=2 -
'2-5 = (a)
0 Time
wn -1 4
£
T 21
=
L
S22
o
.% 5
EE
i
3
- -5
a
&
6 4
(b)
25 -
15 -
5 Time //\
5 1 0.25 05 0.75 vy

second derivation of thickness

(c)

Fig. 9. a) Thickness strain as a function of time, b)
First derivation of thickness strain as a function of
time, ¢) Second derivation of thickness strain as a
function of time.
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Fig. 10. Minimum principal strain contour of sheet in Abaqus.
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Fig. 11. Values of Cockroft and Latham's criterion
versus time at critical node.
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Fig. 12. Values of Brozzo et al.'s criteria versus
time at critical node.

The necking times based on the ductile fracture
criteria were computed for the time period of 1
second and listed in Table 2. There was good
correlation between the times of necking for
different ductile fracture criteria.
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Fig. 13. Values of Clift et al.'s criteria versus time at
critical node.

4. Confirming numerical
experimental and analytical data

results by

In order for the validation, the numerical results
were compared with the experimental and
analytical results proposed by Ozturk and Lee
[17]. The material properties of sheet metal in
[17] are summarized in Table 3. FLD of the
numerical results was compared with the
experimental and analytical results in Fig. 14.
The numerical data at the left side of the FLD
predicted larger maximum strain than the
experimental results; but, they were very close
to the analytical curve. Shape of

the curve on the right side of the FLD was in
accordance to the experimental curve.
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5. Results of numerical analysis

The limit strains were determined by selecting
critical node and specifying necking time for all
the samples. Forming limit diagram (FLD) of
SS304L sheet metal is shown in Fig. 15. The
onset of the localized necking occurred when
the strain state intersected the forming limit
diagram.

FLSD curve, by plotting the major principal in-
plane stress versus the minor principal-in plane
stress at necking time for all the samples, is
shown

in Fig. 16. Also, according to Fig. 17, the
MSFLD curve represented the equivalent
plastic strain from Eq. (5) versus ratio of
principal strain at

the damage initiation of SS304L sheet metal for
all the samples. As said in the previous
sections, the MSFLD representation took into
account of the effects of the history of
deformation through the use of the accumulated
equivalent plastic strain.

The M-K criterion can accurately capture the
effects of nonlinear strain paths; however, it is
computationally expensive, especially if large
numbers of imperfection orientations are
introduced. It has been verified that the results
obtained by the MSFLD criterion are similar to
those obtained using the M-K criterion, but
with much reduced computational expense.

0.75 ~

Major strain

-©- Experimental
—= Analytical
—— Numerical 015 +

-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3
Minor strain
Fig. 14. Comparing numerical results with the

results proposed by Ozturk and Lee [17].
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Fig. 15. FLD curve of SS304L sheet metal with
0.81mm thickness.
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Fig. 16. FLSD curve of SS304L sheet metal with
0.8 Imm thickness.

5. 1. Effect of shell thickness on FLD, FLSD,
and MSFLD

In this section, sheet metal of SS304L with 0.81
and 1.4mm thickness was simulated in Abaqus.
Some papers have shown the considerable
effect of thickness on the sheet formability [24];
others have said that the FLDs differ slightly if
micro-structure does not vary by changing
thickness in the manufacturing process [25]. As
mentioned in [24], for thin sheets, there is no
significant difference in FLD by varying
thickness; but, it is not true for thick sheets. As
shown in Figs. 18-19, when the sheet thickness
increased, the FLD and MSFLD curves were
placed at a higher level; so, formability was
improved. But, according to Fig. 20, increasing
the shell thickness was not effective for the
FLSD curve. Generally, the limit strains were
sensitive to thickness, whereas the limit stresses
were not.
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Table 2. Necking time based on ductile fracture criteria at critical node.

Number of sample

1 2 3 4 5 6 7 8

Necking time based on Cockroft and Latham criteria

045 06 065 07 055 055 055 0.55

Necking time based on Brozzo et al. criteria

045 06 065 0.7 0.5 055 055 0.55

Necking time based on Clift et al. criteria

045 06 065 07 055 055 055 0.55

Table 3. Mechanical properties of sheet metal in [17].

Modulus Yield stress  Ultimate stress Poisson’ratio Strain hardening strength density
elasticity (GPa) (Mpa) (MPa) coefficient coefficient (MPa) (kg/m"3)
200 174 288.33 0.202 480.43 7833
Equivalent Equivalent 105
.\Plﬁiﬁ/no-ﬁ- / plastic strain [
‘ /
¢ *
04 -
0.2 -
@ thickness=1.4mm
M thickness=0.81mm
0.25 -0.2 -0.15 0.1 -0.05 0 0.05 r T T T T & J

a

Fig. 17. MSFLD curve of SS304L sheet metal with
0.81mm thickness.
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Fig. 18. FLD curve of SS304L sheet metal with two
thicknesses.
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Fig. 19. MSFLD curve of SS304L sheet metal with
two thicknesses.
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Fig. 20. FLSD curve of SS304L sheet metal with
two thicknesses.
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6. Conclusions

In this paper, Erichsen test (out-of-plane
stretching test) of SS304L sheet metal was
simulated by ABAQUSsoftware. Based on the
results, the following conclusions were made:

e According to Pepelnjak algorithm,
localized necking time was determined by
obtaining thinning or thickness
deformation as a function of time and
calculating the first and second derivations
of thinning for critical node. Due to the
fast local change of sheet thickness at the
necking point, the thickness strain leaping
changed its value. Also, based on ductile
fracture criteria, the value of ductile
fracture criteria increased with increasing
time and necking occurred when the value
of ductile fracture criteria was larger than
the one obtained from tension test. The
prediction time of necking for three ductile
fracture criteria was fairly the same. Also,
there was a good agreement between
necking times; the ones determined by
applying ductile fracture criteria and the
one evaluated by Pepelnjak algorithm.

e  The forming limit diagram (FLD) of finite
element ABAQUSsoftware was compared
with the experimental and analytical
results. On the left side of the FLD, the
numerical results were closer to the
analytical data, while on the right side, the
results of simulation were in agreement
with the experimental data. Generally, the
difference between numerical,
experimental, and analytical results was
not significantly large.

e Level of the FLD and MSFLD curve
increased with increasing sheet thickness,
whereas there was no change in the FLSD
curve. So, by changing the sheet thickness,
the maximum limit strains were increased
considerably; but, the limit stresses were
not sensitive to the variation of sheet
thickness.
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