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of the batteries, which currently have Lithium as the main 
element, considered by Harlow as “white oil” [8]. Therefore, 
the class of electric as well as internal combustion vehicles 
presents challenges inherent to their production in synergy 
with society’s expectations. However, body weight reduc-
tion is sought after by both classes. To promote this, the 
steel industry has developed advanced high-strength steels 
(AHSS) that have a multiphase microstructure and, in some 
types, greater formability than conventional steels, such as 
high-strength low-alloy steel [1]. However, in order to meet 
these requirements, it is necessary to consider from manu-
facturing to recycling the material selected for the project, 
since each element of its chemical composition presents an 
energy expenditure for manufacture [1, 3].

AHSS are multiphase that can present more than one 
deformation mechanism [1, 3]. For example, Dual-phase 
(DP) steels exhibit a ferritic matrix, which is generally 
ductile, with a secondary phase of martensite in the form 
of islands, which presents high strength and low ductility, 
a condition that provides greater ductility and mechanical 
strength in the conformation when compared to conven-
tional steels [1–3, 5]. In DP steels the martensite secondary 
phase can vary from 10 to 40% of the total volume [9–12]. 

1 Introduction

The automotive industry has been presenting several modi-
fications in the materials used in vehicles production due to 
government regulations, high competition, consumer pref-
erences and financial market. In addition, these companies 
seek to reduce the cost of materials in synergy with more 
manufacturability, greater energy absorption during colli-
sion, less energy consumption and lower emission of green-
house gases in the lifecycle [1–5].

In addition to the challenges that internal combustion 
models face, companies that produce electric vehicles 
must face other types of requirements as popular adop-
tion increases [6, 7]. Among these, the reduction of elec-
trical consumption, greater autonomy of route through the 
improvement of the kinetic energy recovery system, effi-
ciency in the production and acquisition of the raw material 
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These steels may have bainite, retained austenite and pearlite 
in their microstructure. However, these last two phases are 
usually in small quantities and, consequently, do not change 
the mechanical properties of these steels significantly [13]. 
It is essential to know the properties and forming limits of 
AHSS as precisely as possible of practical conditions to 
reduce stamping problems [12, 14]. Furthermore, Abspoel 
et al. [15] and Banabic et al. [16] corroborate that the use of 
the forming limit curve (FLC) is an important and widely 
used tool to determine the sheets forming limits of steel that 
are used in automobiles.

The FLC was partially developed by Keeler [17], who 
described a strain map, relating the major and minor posi-
tive strains, which made it possible to determine the limits 
of sheet forming in the stretched state in a punch. Later, the 
curve was extended by Goodwin [18], who evaluated the 
minor negative strain, thus allowing the evaluation of deep 
drawing and uniaxial stress states. The FLC indicates the 
amount by which a material can be deformed to the point 
of fracture, with the combination of plane strain, uniaxial 
strain, and stretching states. The FLC has three deformation 
zones that must be analyzed before forming: the safe zone, 
where failure during forming is not expected; the critical 
zone, which the probability of necking is high; the failure 
zone, where there is an increased probability of sheet rup-
ture. The FLC is determined by measuring the deformations 
in the plane along predefined directions, followed by a data 
interpolation that allows to obtain the sheet forming lim-
its, to avoid necking. There are several studies that guide 
which circles or ellipses, depending on the type of defor-
mation state, which should be analyzed in relation to the 
fracture region. Gipiela et al. [19] measured the mesh on 
the opposite side of the crack, according to the numbered 
circles, indicating the material’s rupture limits. However, 
Hecker [20] measures the circles or ellipses on the rupture 
site, a condition that makes it possible to trace, in addition to 
the rupture deformations, necking and the values considered 
safe in conformation. Several methods have been developed 
for FLCs determination. Among the experimental tests, the 
Nakazima and Marciniak methods are more common for 
laboratory tests, which can be determined following the 
standards of ISO 12004-2 [21]. According to ISO 12004-2 
[22], the Nakazima test consists of a hemispherical punch 
that varies from 98 to 102 mm in diameter, a die with a 
radius in the range of 5 to 10 mm, blank holder with draw-
bead and the specimen. The Marciniak test, on the other 
hand, consists of a cylindrical punch, generally 100 mm in 
diameter with a 10 mm chamfer, a 20 mm radius die, a plate 

press with drawbead, a blank for the specimen and a carrier 
blank. In both tests, the specimens are used that are 190 to 
200 mm length, 0.3 to 4 mm thickness and different widths, 
in order to verify the flat, uniaxial, embedded and stretch-
ing states of deformation. The geometry of the specimen, 
for steel, can be circular or rectangular, have a notch with 
a radius between 20 and 30 mm and an axis length of 25 to 
50 mm.

Banabic et al. [16], in order to reduce the tribological 
effects between the punch and the sheet, developed a new 
experimental method based on the hydraulic expansion test, 
which allows the evaluation of strain states in metallic mate-
rials. Unlike the Nakazima and Marciniak test, in which the 
specimens are deformed by a punch, in the test by Banabic 
et al. [16] these are deformed by a hydraulic fluid, like the 
hydraulic expansion test but with the addition of a carrier 
blank between the fluid and the specimen. However, lim-
ited studies are performed without hydraulic pressure. This 
work aims make a new forming limit curve test based on 
Banabic Nakazima and Marciniak test. For that, numeri-
cal analysis was carried out with DP 600 steel studying the 
true major strain, thickness distribution and punch force vs. 
stroke profiles.

2 Materials and methods

The mechanical properties of the DP600 steel with 2 mm 
thickness used in this study, come from the experimen-
tal tests carried out by Chemin Filho [23]. However, in 
the numerical simulations that were performed in Abaqus 
Explicit, the friction between the tooling and the sheet was 
controlled, so it was not necessary to include lubricants in 
the Nakazima test and carrier blanks (CBs) in the adapted 
Banabic test, a condition that in practical experiments 
should be used to mitigate tribological effects.

2.1 Materials description

The tensile tests followed the NBR 6673 standard [21], in 
order to determine the stress-strain curve, strain hardening 
coefficient, anisotropy (R), elongation, yield strength, ten-
sile strength in the rolling directions of 0º, 45º and 90º of the 
DP 600 steel. Table 1 presents the mechanical properties and 
Fig. 1 the stress-strain curve of this steel.

The mechanical properties were entered in Abaqus in 
order to describe the elastic and plastic behavior of the mate-
rial. However, to represent the plastic anisotropic behavior 

Table 1 Steel DP 600 Mechanical properties [24]
Yield Strength (MPa) Tensile Strength (MPa) Elongation (%) Young modulus (GPa) Strain hardening coefficient R0 R45 R90
410 640 28.5 207 0.188 0.6739 1.0354 0.9977
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of the material, the Hill 48’s criteria was used. In addition, 
to simulate from the moment of necking to failure of the DP 
600 steel, the forming limit curve of DP600 steel was used 
as shown in Fig. 2.

2.2 Modified banabic model and development 
computational model

Although the tooling for both analyzed methods is the same 
as illustrated in Fig. 3, the specimen design is different. To 
compare the specimen of modified Banabic and Nakazima, 

Fig. 2 DP 600 steel forming limit 
curve [25]
 

Fig. 1 Strain stress curve rolling direction steel DP 600 [23]
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test. The specimen was developed in the simulations based 
on the test by Banabic et al. [16], which have two sym-
metrical holes, which, according to their diameter, allow 
measuring the limits of conformation of a deformation state 
predominant in the rupture region.

In the case of practical application in the laboratory 
(not part of this study) 5 specimen configurations with 3 
samples each are used, that allow measuring the limits of 
conformation for the conditions of deep drawing, uniaxial 
strain, plane strain, intermediate biaxial stretching, and 
equi-biaxial stretching. In addition, the carriers’ blanks are 
positioned below the specimen, similar to the Marciniak 
test, to improve the distribution of the force transmitted by 
the punch and have no holes with a circular section with an 
external diameter of 190 mm. The experimental tests were 
developed based on DIN EN ISO 12004-2 [22], i.e., the 
specimen is deformed until their rupture. The diameter of 
the etch circles must be between 1 and 2.5 times the speci-
men thickness. The carrier blank must be at least 80% the 
thickness of the specimen. For steels, the specimen were cut 
perpendicular to the rolling direction, the punch advance 
speed is 1.5 mm/s, the test temperature must be close to 
23ºC, the carrier blank cannot break before the specimen, 
the rupture site must be close to the top of the specimen, 
the strain measurements can be done by means of a camera, 
optical microscope or other measuring devices, such as a 
caliper.

Given the description of this adaptation and the definition 
of the properties of DP 600 steel in Abaqus, 2 different mod-
els were developed, in order to represent the practical condi-
tions, the first being to analyze the behavior of the material 
in the Nakazima test and the second the adapted Banabic. 

5 specimens were used for each method, which are shown 
in Figs. 4 and 5, respectively. To accommodate the Banabic 
specimens in the tooling, all dimensions of the Banabic 
specimen geometries were increased proportionally, based 
on the originals, in the range of 5 to 6% to round off the 
values to facilitate machining or cutting in future practical 
tests.

The Banabic method that was adapted in the present 
study is based on the experimental Nakazima and Banabic 

Fig. 4 Specimens used in the simulations

 

Fig. 3 Tool design used in the 
numerical simulations
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Each simulation consisted of 3 steps, with an explicit 
dynamic configuration. In the first step, for the blank holder 
to advance and apply a load of 200 kN. The second to trig-
ger the punch stroke. The third stop the punch stroke imme-
diately after the failure criterion, from Eq. 1, reaches a value 
equal to 1. The movement restrictions of the punch and the 
blank, were applied in the x and z directions and the die was 
clamped.

 
ωFLD =

ε1

εFLD
1

 (1)

3 Results and discussion

The strain profile data of each specimen are illustrated at the 
moment of rupture, which occurred when Eq. 1 of the FLD 
failure criterion, in the Abaqus reached the value of 1. In 
Fig. 7a-e, presents the thickness at failure together with the 
anisotropic behavior of the specimen (S) of the Nakazima 
methods. It shows that the fracture occurred in the regions 
between the die radius and pole punch. The same condition 
can be seen from Fig. 8a-e for the adapted Banabic method. 
As seen, the samples of Banabic modified method fractured 
in the region more close on the pole punch than Nakazima 
test.

Figure 9 shows the displacement as a function of the 
punching force of the stretching specimens resulting from 
the experimental tests carried out by Chemin Filho [23] for 
the blank holder force of 570 kN and the simulation carried 
out in Abaqus for S5 with 570 kN to validate the model. It is 

The relationship between force and punch displacement and 
for the comparison their respective strain profiles, thickness 
and true major strain were analyzed. In order to reduce the 
computational processing time, all the tooling was devel-
oped in shell mode, with the blank, punch and die as ana-
lytically rigid and the blank as deformable, the positioning 
of these elements are illustrated in Fig. 6. In all specimen of 
Nakazima and of adapted Banabic, S4R shell emelents with 
5 integration points were used through the thickness. The 
square-shaped mesh with a nodal distance of 1 mm with 
reduced integration by 4 points was used. For tribological 
conditions of contact between the bodies, the friction coef-
ficient was set at 0.12 which was verified after comparing 
the force-displacement curve with experiment.

Fig. 6 Tooling assembly configuration of the numerical analysis used 
in Abaqus

 

Fig. 5 Banabic modified test 
specimens used in the numerical 
simulation
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Therefore, for the Nakazima test, it was possible to ver-
ify that specimen, which has predominant uniaxial strain, 
fractured closer to the punch pole and presented greater 
true strain than S5, which has the stretching strain state 
as predominant, conditions already expected according to 
plasticity theory. On the other hand, specimens 2, 3 and 4, 
due to the presence of the states of plane, uniaxial strain 
and stretching simultaneously, are located in intermediate 
regions between specimen 1 and 5.

The S1 of the adapted Banabic method presented the 
greatest true strain peak closer to the punch pole than the 
sample 1 of Nakazima, being 0.44 and 0.33, respectively. 
Behavior that can be verified in Fig. 14, with both exhibit-
ing the state of uniaxial strain as predominant during the 
advance of the punch until rupture, a factor that is possi-
ble to verify due to the compressive forces in the region of 
smaller true strain and stress in the region of greater true 
strain,  facilitating the planar slip in this direction.

The S2 of both methods resulted in relatively similar 
strain profiles, as shown in Fig. 15. However, the peak of the 
modified Banabic method was higher, about 0.33, and closer 
to the punch pole than that of Nakazima. Unlike the S1 of 

noted that the profile matches closely with the experimental 
result.

Figures 10 and 11 show the punch stroke force rela-
tionship of the simulations performed for the Nakazima 
and adapted Banabic tests, respectively. It is noted that the 
adapted Banabic specimens, in general, present a higher 
maximum load for rupture and do not present proportion-
ality of maximum force increase in relation to the test 
sequence. The difference in displacement from the punch to 
rupture is smaller when compared to the Nakazima profiles. 
Therefore, under practical conditions, the machine used in 
the Nakazima test can be used for the modified Banabic 
method.

.
In Figs. 12 and 13 the strain profiles of the specimens 

used in the Nakazima and adapted Banabic tests simulations 
are presented, respectively. The profiles present the distri-
bution of the greatest true deformation in the sheet in rela-
tion to the die radius and the punch pole, that is, it indicates 
the true greatest strain in the region of the die radius, in the 
intermediate zone and in the punch pole.

Fig. 7 Thickness profile of simulated from Nakazima test (a) S1, (b) S2, (c) S3, (d) S4 and (e) S5
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Fig. 10 Nakazima specimens stroke force punch profiles

 

Fig. 9 Comparison of punch stroke-force of simulated S5 from Naka-
zima test with experimental test [23]

 

Fig. 8 Thickness profile of simulated from adapted Banabic test (a) S1, (b) S2, (c) S3, (d) S4 and (e) S5
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these methods, the S2 due to the presence of a smaller pro-
portion of uniaxial strain, with the emergence of the plane 
strain state, the maximum value of the greatest true strain 
tends to decrease.

As can be seen in Fig. 16, the strain profile of the S3 of 
the Nakazima method presented a true greatest strain peak 
of 0.325, which was higher when compared to the adapted 
Banabic, which resulted in 0.3, which predominantly pres-
ent the plane strain state. Unlike specimens S1 and S2, the 
highest strains of the specimens of Nakazima occurred 
closer to the punch pole between both.

The strain profiles of the S4 are illustrated in Fig. 17 
which present as predominant the states of plane strain and 

Fig. 15 Strain profile of specimens 2 of Nakazima and Banabic modi-
fied methods

 

Fig. 14 Strain profile of specimens 1 of Nakazima and Banabic modi-
fied methods

 

Fig. 13 Strain profiles of Banabic modified test specimen

 

Fig. 12 Strain profiles of Nakazima test specimens

 

Fig. 11 Banabic modified specimens stroke force punch profile
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the results were close to the experimental values   obtained 
by Chemin Filho at the time of model validation with S5. 
It was possible to verify that the specimens of the adapted 
Banabic test present better performance in DP 600 steels 
when compared to those used in the Nakazima method. 
This was due to their geometries providing greater strain, 
stress distribution and maximum strain values   closer to the 
punch pole in their specimens. The Banabic method that has 
been adapted by modifying the size of the specimens can 
follow the standards of DIN EN ISO 12004-2 during practi-
cal tests. However, experimental tests must be carried out 
and employ the conformation limits resulting from this test 
in practical utility applications in order to prove this condi-
tion. The preparation of specimens for the Banabic test is 
simpler than for the Nakazima test, when the DIN EN ISO 
12004-2 standard is followed. These geometries have more 
machinability since the ends do not have the need to pro-
duce notches on the sides, a condition that facilitates fixing, 
produces less distortion on the edges, consequently produc-
ing less work hardening and influencing the results.

Supplementary information The online version contains 
supplementary material available at https://doi.org/10.1007/s12008-
023-01218-7.
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