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Abstract

In order to identify experimental limit strains at fracture for metallic
sheets under in-plane biaxial loadings, a specific specimen shape has to be
defined. Ideally, the proposed geometry must lead to fracture at the speci-
men center whatever the strain path imposed by the experimental device. If
such condition is ensured, the whole strain paths ranging from equi-biaxial to
uniaxial could experimentally investigated. Based on literature review, four
in-plane cross specimen shapes have been selected owing to strong potential
to reach large strain and fracture in their central point. From finite element
simulations, the behavior of these different shapes is evaluated. Based on
these numerical results, a new shape is proposed and optimized for deter-
mining the forming limits at fracture of DP600 sheet metal with a thickness
of 2mm. The forming limit strains at fracture are identified by a time-
dependent method and the forming limit strains at necking are determined
by a position-dependent method. The experimental forming limit strains at
fracture of DP600 sheet metal are fitted by a forming line. Three ductile
fracture criteria are then calibrated with experimental points. The Oyane
criterion with two parameters gives the best prediction.
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1. Introduction

In the automotive industry, advanced high-strength steels (AHSS) are
adopted for vehicule safty and fuel economy. DP600 is a type of AHSS
steels with high strength, ductility and formability [1, 2]. The increasing
application of DP steels demands in-depth analysis of their forming behaviour
for optimal use [3]. In the forming process of sheet metals, forming limits
are generally defined by localized necking but not ductile fracture. Recently,
some researchers [4, 5] have proposed that ductile fracture can appear without
the occurrence of localized necking in traditional sheet metal forming process
or single point incremental forming process. The forming limit curve at
necking (FLCN) should be replaced by the forming limit curve at fracture
(FLCF) to describe failure of sheet metals [6, 7].

In previous studies [8, 9], different traditional tests (for example, single
tensile test, bulge test, Nakazima test and hemispherical dome test) are used
to construct FLCF. These tests require various specimen geometries if a wide
range of strain path has to be characterized. Depending on the test, results
can be affected by friction between tools and sample, and by sample bend-
ing. In the last few years, the in-plane biaxial tensile test with a dedicated
cruciform specimen has been proposed to identify forming limits at necking
under linear paths [10] and non-linear paths [11]. Recently, with the same
specimen shape, this test has also been used to determine the forming limits
at fracture [7]. As explained in this previous work, the test is interesting
to overcome the drawbacks of the conventional sheet formability tests for
determination of forming limits at fracture : no influence of bending, no fric-
tion and linear or non-linear strain paths with or without pre-strain can be
applied to the material. Nevertheless, investigations of necking or fracture
limits with the in-plane biaxial tensile test require the use of a complex spec-
imen shape. Indeed, the specimen geometry, usually a cross specimen, must
exhibits a fracture at the central point of the specimen to control the strain
path thanks to the displacement imposed on the two perpendicular axes. In
[7], an initial sheet thickness of 4mm is necessary to manufacture the cross
specimens since a notable thickness reduction is required in the specimen
central area to force fracture at the center point. Although specimens of
cruciform type have been investigated quite intensively, no standards exist
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when large deformations are required in the central zone [12]. In order to con-
trol the strain path and to reach fracture whatever the imposed strain path,
the specimen shape design must ensure both the maximum strain occurs
at the center point and reduce stress concentrations in peripheral regions.
Classically, three sensitive areas can be identified in the cruciform specimen
geometry: (i) the arms, (ii) the transition zone between two arms, and (iii)
the central zone [13].

For the design of arms, Prates et al. [14] used a tapered arm to lead
the strains to the central area of specimen for determining the constitutive
parameters. Tapered arms were also used by Abu-Farha et al. [15] for bi-
axial tests at elevated temperatures (up to 300 ◦C) and under quasi-static
conditions until facture. It was found that an increase of the tapered an-
gle, in conjunction with a smoothly varying thickness profile, shifts plastic
deformation closer to the central gauge area. Kuwabara et al. [16] adopted
a cruciform specimen with slots in the arms to investigate the work hard-
ening behavior of cold-rolled steel sheet. The seven slots in each arm were
made with laser. The authors considered that slots in arms were very effec-
tive in making the strain distribution in the gauge section almost uniform.
Kuwabara et al. [17] also used this cruciform specimen to study the steel
sheet yield locus and work hardening characteristics. The same approach
was adopted by Merklein et al. [18] with the definition of six slots in each
arm. However, the introduction of the slots results in a reduction of the arm
cross-section which becomes more compliant than the central section. As
a result, arms deform excessively under load and limit the amount of useful
strain in the central zone before failure. To overcome this problem, either the
thickness of the central zone should be reduced or multiple layers of the arm
should be stacked together so that the comparative rigidity of arms increase
[19].

For the transition zone between arms, Müller et al. [20] and Banabic et al.
[21] proposed notches to investigate the yield criterion. The results showed
that a large zone of homogeneous deformation with relatively high strain
(12% for the equivalent strain) before instability was obtained. Abbassi et al.
[22] have used a cruciform specimen with a large radius of notch to perform
an analysis of instability and fracture during complex loading by addressing
the influence of ductile damage evolution in necking process. Two different
cruciform specimens were compared by Makris et al. [23]: one specimen
with constant arm width and the other one with a spline corner fillet. The
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equibiaxial loading was considered for the comparison of two shapes. The
result of the numerical optimization showed that the second shape leads to
higher damage concentration in the center of cruciform specimen.

Considering the design of the central zone, Makinde et al. [24, 25] have
designed two different cruciform specimens: a circular central section with
reduced thickness for tests with small strains and a squared central section
with reduced thickness and slots in the arms to reach large strains. Tasan et
al. [26] considered that it is not possible to achieve the fracture in the central
region by only adjusting the in-plane geometry of the cruciform. Based on
finite element simulations, they identified three parameters to be optimized
(radius of central zone, final thickness, thickness profile of thinner zone) for
a strain localization in the center of the cruciform specimen. When a flat
thickness-reduced zone is adopted, the localization initiates at the corner
fillet of the thickness reduced zone, as observed in [27]. Lee et al. [28]
proposed a cruciform specimen to construct the first quadrant of FLD. The
central zone was reduced by two steps. The first reduction is a circle and the
second reduction is a square with rounded corner and with edges rotated by
45◦ relative to the axes of the arms. The results showed that the prediction
of FLD with the modified Cockcroft criterion meets well with experiments.
Zidane et al. [29] designed a cruciform specimen including a two-step thick-
ness reduction in the central zone to investigate the whole FLCN of AA5086
sheets.

Based on literature, the following rules have to be considered to design
a cruciform specimen shape for investigating fracture: (i) the tapered arm
helps to shift plastic deformation closer to the central zone; (ii) the slots in
arms are very effective in making the strain distribution in the central zone
almost uniform. Narrow, multiple and equally-spaced slots are preferable for
homogeneous strains; (iii) the increase of the notch depth promotes plastic
deformation closer to the central zone; (iv) the thickness reduction of central
zone is essential for the onset of fracture at the specimen central point.

In this study, three objectives are pursued. The first one is to design a
dedicated cruciform specimen for investigating the forming limits at fracture
of DP600 sheet metal with a thickness of 2mm. From previous work about
in-plane biaxial tensile tests, some specimen shapes are selected. Their poten-
tial to reach large strains at the central point of the specimen is numerically
investigated. Based on these numerical results, an optimization of a new
specimen shape is performed. The second objective is to validate experi-
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mentally the suggested shape. Experimental in-plane biaxial tensile tests are
done with the optimized cruciform specimen under a wide range of strain
path. Following the methodology presented in [7], the experimental forming
limit curve at fracture is plotted. The last objective focuses on the capability
of three classical ductile fracture criteria to predict the onset of fracture for
a DP600 steel. Through a FE model of the cruciform specimen, the three
selected fracture criteria are first calibrated from experimental fracture limits
of one or two strain paths. Then the numerical model is used to predict the
whole FLCF for strain paths ranging from biaxial to uniaxial strain states.

2. Cruciform specimen design

2.1. Re-design of cruciform specimens

Four cruciform specimens reported in literature [26, 28, 29, 27] are se-
lected due to their potential to develop large strains in the central zone. As
shown in Figure 1, the original sheet thickness is fixed to 2mm for all the
shapes. The length (160mm) is imposed by the space requirements of the
test machine. The width of arms (30mm) is re-dimensioned considering the
technical specifications of the experimental device (maximum load capacity
of 50kN on each axis). The minimal thickness of the central zone is set to
0.75mm. A smaller thickness would cause early fracture due to the small
defects produced by the milling process. With this set of fixed dimensions,
for each specimen shape, a parametric investigation has been considered to
define the best set of values (dimensions of reduced zone, radii, notches,
slots) to get large strains in the center and minimize strain localization in
peripheral zones.

For specimen 1, the thickness of the circular zone varies along a circle arc
profile in the thickness direction. The central zone of the specimen 2 is a two
steps thickness-reduced geometry. The shape of the first thickness reduction
is a square with rounded corners and with edges rotated by 45◦ relative to
the axes of the arms, while the shape of the second thickness reduction is a
circle with flat bottom. Four tapered arms are also included. For specimen 3,
the thickness reduction is devided into two steps. The first step of thickness
reduction is a square with edges parallel to arms and the second step of
thickness reduction is circular with an arc profile in the thickness direction.
Four identical slots are added for each arm. For specimen 4, the thickness-
reduced zone is a circle with a flat bottom. Four slots are arranged on each
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arm around the central zone with different locations for median and outer
slots.

(a) Specimen 1 (b) Specimen 2

(c) Specimen 3 (d) Specimen 4

Figure 1: Geometries of re-designed cruciform specimens

2.2. Numerical simulation

Based on the selected geometries, four FE models have been defined
with the ABAQUS code. Considering the symmetrical properties of spec-
imens, only one-quarter is modeled. The linear tetrahedral solid elements
are adopted for the mesh. A refined mesh is defined in the central area.
Equibiaxial tensile tests under quasi-static conditions are simulated. The
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identification of DP600 steel behaviour, subjected to in-plane equibiaxial
loadings, was performed in a previous work [30] for a strain rate ranging
from quasi-static to intermediate strain rate. In [30], the hardening law of
DP600 was identified for high strain levels which makes reliable the calcula-
tion of stress field in the range of limit strains. This point will be essential for
the numerical evaluation of ductile fracture criteria. Based on this work, the
material constants and models used in the present work are briefly recalled
hereafter:

Young’s modulus of 200 GPa and Poisson’s ratio of 0.3 are considered
for the isotropic elasticity. For the plastic behaviour, the associated normal
flow rule is assumed and Hill48 yield criterion for plane stress condition is
adopted. As shown in Table 1, the parameters of Hill48 yield criterion for
DP600 have been calculated from three anisotropic coefficients proposed by
Ozturk et al [31].

Table 1: Lankford’s coefficient and Hill48 yield parameters

r0 r45 r90 F G H L M N

0.89 0.85 1.12 0.420 0.529 0.471 1.500 1.500 1.282

The general strain rate dependent hardening law on the basis of Ludwick’s
formulation [30] is used:

σ̄ = σ0ε̇
m1 +Kεp

nε̇m2 (1)

The parameters σ0, K, n, m1 and m2 are given in Table 2.

Table 2: Identified parameters of the rate-dependent hardening law for Hill48 yield crite-
rion [30]

σ0 (MPa) K (MPa) n m1 m2

339.2 839.7 0.3864 0.0052 0.0158

All the numerical results are given at the moment corresponding to a
maximum value of major principal strain of 20% on the inside of the speci-
men. At the same time, fields of both major principal strain and equivalent
plastic strain and their evolution along a specified path (path 1 to 4) are
analyzed for each specimen (Figure 2 to Figure 5).
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Figure 2 shows the numerical results for specimen 1. The maximum
value of major strain and the maximum value of equivalent plastic strain are
located in the arms. From the evaluations of major strain and equivalent
plastic strain along path 1, it can be seen that the major strain is higher in
the arms (20%) than in the central point (7%). With such a shape, failure
will occur in the arms where an uniaxial tension strain state develops.

(a) Major strain (b) Equivalent plastic strain (c) Strain evolution

Figure 2: Numerical results of specimen 1

For specimen 2, as observed with strain fields (Figure 3 (a) and (b)) and
with the strain evolution along the diagonal path 2 (Figure 3 (c)), a ho-
mogeneous strain field is reached in the central region. Unfortunately, the
maximum value of major strain (20%) and the maximum value of equiva-
lent plastic strain (20%) are localized at the transition zone of arms (under
uniaxial tensile state). At the central point, the maximum value of major
strain is 6%. The equivalent plastic strain presents two rapid changes at
the transition between two zones with different thicknesses. In this case, the
failure will happen at the corner radius between two arms.

For specimen 3 (Figure 4), the maximum value of major strain is reached
at the slot tip (under uniaxial stretching). At the same time, an equivalent
plastic strain of 18% is reached at the central point under equibiaxial stretch-
ing. So for this shape, the fracture will probably initiate at the end of slot
(see Figure 4 (c)) where the major strain is higher (20%) than the one at the
central point (9%).

Figure 5 shows the numerical results for specimen 4. Both, the maximum
value of major strain and equivalent plastic strain are located at the tip of
slots. As observed along the path 4, the major strain is much higher at the
slot end (20%) than at the central point (7%). Another strain localization

8



(a) Major strain (b) Equivalent plastic strain (c) Strain evolution

Figure 3: Numerical results of specimen 2

(a) Major strain (b) Equivalent plastic strain (c) Strain evolution

Figure 4: Numerical results of specimen 3
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appears in the fillet radius between the flat reduced thickness central zone
and the rest of specimen.

(a) Major strain (b) Equivalent plastic strain (c) Strain evolution

Figure 5: Numerical results of specimen 4

Clearly, Figure 4 and 5 show the interest of slots since higher values of
maximal principal strain are measured at the central point of the specimen
and strain difference between localization points of strains and the central
point is minimized.

2.3. Optimized cruciform specimen

Based on the above results, a new cross shaped specimen is proposed, as
shown in Figure 6. In the thickness direction of the circular reduced zone
(radius of 7mm), a circle arc profile is adopted to generate strain localization
at the central point. Six slots are defined for each arm and the arrangement
of slots is optimized.

As shown in Figure 7, a FE model has been built with 3D tetrahedral
elements and a refined mesh in the central area.

Figure 8 shows the numerical results of the optimized specimen. The
maximum value of major strain reaches 20% at the slot tip and 18% at
the central point of the specimen. At the same moment, a value of 35% of
equivalent plastic strain is reached at the central point. It can be seen that
the values of major strain and equivalent plastic strain are much higher at
the central point than in arms or in transition zones of arms. Therefore, this
optimized cruciform specimen shape presents an interesting potential and
will be experimentally evaluated in order to plot the whole FLCF of 2mm
thickness steel sheets of DP600 grade.

For optimizing the shape of cruciform specimen, a gradual thickness re-
duction in the central zone is essential to observe strain localization and
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Figure 6: Geometry of optimized specimen

Figure 7: 3D Mesh of the cruciform specimen

(a) Major strain (b) Equivalent plastic strain (c) Strain evolution

Figure 8: Numerical results of optimized specimen
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fracture in the center. Meanwhile, the addition of slots limits high strains
in transition zones of arms. This effect is emphasized with a high number
of slots. The position of the ends of slots has also to be considered and
optimized.

3. Experimental validation

3.1. Biaxial testing machine and strain measurement

As shown in Figure 9, a servo-hydraulic testing machine equipped with
four independent dynamic actuators is used. The central area of the cruci-
form specimen can be deformed under various strain paths when different
speeds are used on the two perpendicular axes of the machine. Here, a speed
of 1mm/s is used for the two axes to produce the equibiaxial tension state.

Figure 9: The in-plane biaxial tensile machine

The digital image correlation (DIC) is adopted to evaluate the surface
strain components during the tests. A Fastcam APX-RS camera is adopted
to take continuous images and an acquisition of 250 frames/s is used. A
random speckle pattern is needed in the DIC method and the plane surface
of the non-reduced side of central zone is used to produce the random speckle
pattern.
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3.2. Identification of fracture and necking

Depending on the strain evolution and the surface images of specimen, a
time-dependent method is adopted to determine the appearance of fracture
and to obtain the forming limit strains at fracture [7]. The equivalent strain
field for an area of 2.4 × 2.4 mm in the center is presented in Figure 10 at
time 0.004s before fracture. The evolution of the equivalent strain at point
A is plotted in Figure 11. As shown in this figure, the macroscopic crack
(Figure 12 (b)) occurs with an abrupt change of equivalent strain in a very
short time (0.004s). The major and minor strains of the central area at the
moment just before the appearance of macroscopic fracture are used as the
forming limit strains at fracture.

Figure 10: Equivalent strain field of the central area at the time 0.004s before fracture

A critical ratio method applied in previous works [11, 32] is used to iden-
tify forming limit strains at necking. As shown in Figure 13, when the necking
occurs in the central zone (point A in Figure 10), the level the equivalent
strain increases abruptly due to the appearance of the plastic instability.
Outside the necking zone (point B in Figure 10), the level of equivalent
strain stops increase. The equivalent strain increment ratio between point A
and point B reaches a critical ratio (value of 4 in this study) for the onset
of necking, and the corresponding major and minor strains of point A define
the forming limit strains at necking.

3.3. Experimental results

As shown in Figure 14, experiments are produced under different strain
paths from uniaxial to equibiaxial stretching. The solid markers and dashed
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Figure 11: Identification of fracture

(a) 0.004s before fracture (b) fracture

Figure 12: DIC images of the specimen surfaces
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Figure 13: Identification of necking

Figure 14: Limit strains at fracture of DP600 under different strain paths
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lines represent the forming limit strains at fracture and the quasi-linear strain
paths, respectively.

As show in the above figure, the forming limit strains at fracutre of the
DP600 sheet metal are fitted by the Fracture Forming Limit Line (FFL) [9].
The least-square method (Eq. 2) is considered for the fitting process and
k=-0.39 and A=0.63 are obtained.

εmajor = kεminor + A (2)

Figure 15 shows fractures under different strain paths. For all the strain
paths, the initial fracture occurs in the centre of the cruciform specimen and
all the cracks are perpendicular to the rolling direction.

(a) (-0.09, 0.71) (b) (0.03, 0.56) (c) (0.19, 0.58)

Figure 15: Fracture of cruciform specimens under different strain paths

Figure 16 shows the limit strains at necking and at fracture under different
strain paths. The limit strains are higher at fracture than at necking, except
for the equibiaxial tension condition. The biggest difference between the
FLCF and the FLCN is located near the plane-strain condition. For the
equibiaxial tension, three points (A, B and C) in the central area are used
to identify the onset of necking, as shown in Figure 17. Figure 18 shows
the evolution of the equivalent strains of the three points. It can be seen
that there is no saturation of equivalent strain until fracture, neither for
the point B or point C. Therefore, no necking occurs under the equibiaxial
stretching condition. For this case, the limit strains at fracture determine
the deformation achievable. Ductile fracture due to void formation is induced
before onset of localized necking. This phenomenon is rather common and
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was frequently observed for aluminium alloys, as reported by Embury et al.
for AA5154 [33] or by Takuda et al. [34] for AA5182.

Figure 16: Comparison of limit strains at necking and at fracture under different strain
paths

4. Prediction of the FLCF

4.1. Ductile fracture criteria

Three previously published ductile fracture criteria are selected. Different
stress tensor invariants (the hydrostatic pressure σh, the maximum principal
stress σmax and the equivalent stress σ̄) are considered within these criteria.
One or two parameters need to be identified for each criterion. The classical
Cockroft and Latham criterion [35] is based on the principal tensile stress,
rather than the generalized stress.∫ ε̄f

0

σmax

σ̄
dε̄p = C1 (3)

Brozzo et al. [36] proposed a modification of Cockroft and Latham crite-
rion to consider the effect of hydrostatic stress explicitly as follows:∫ ε̄f

0

2

3
(1− σh

σmax

)−1 dε̄p = C2 (4)
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Figure 17: Equivalent strain field of the central area at the time 0.004s before fracture
under equibiaxial stretching

Figure 18: Evolution of equivalent strains under equibiaxial stretching
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The Oyane criterion [37] is derived from the equations of plasticity theory
for porous materials as follows:∫ ε̄f

0
(
σh

σ̄
+ C3a) dε̄p = C3b (5)

The fracture will appear when the parameter Ci (i=1, 2, 3) reaches a
critical damage value.

4.2. Numerical results

The damage value Ci of each criterion can be calculated at every step of
the FE simulation of the cruciform specimen by using the user subroutines.
Figure 19 shows the predictive results of forming limit strains with the Cock-
roft and Latham criterion, by introducing different values of C1 (0.54, 0.57
and 0.72).

Figure 19: Prediction of forming limits with the Cockroft and Latham criterion, with
different values of C1

For the three values of C1, the numerical FLCFs from Cockroft and
Latham criterion follow a line shape. With the increase of C1 value, the
position of the numerical FLCF changes while the slope keeps almost con-
stant. The solid markers in the Figure 19 correspond to the experimental
results identified with the DIC method. These points are fitted by a red line
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with the least-square method. It can be seen that the slopes of the numerical
and experimental FLCFs are quite different. For DP600, the Cockroft and
Latham criterion is not able to give a reliable prediction of forming limits,
whatever the strain path. A calibration of the C1 value near the plane strain
condition will give the best prediction.

The numerical FLCFs calculated by the Brozzo criterion with different
values of C2 (0.64, 0.74 and 0.84) are shown in Figure 20. The shape of
numerical FLCFs is very different from the one from experimental results.
Whatever the value of C2, the limit strains under equibiaxial stretching are
significantly underestimated. This criterion is not suitable to predict fracture
limits for this material.

Figure 20: Prediction of forming limits with the Brozzo criterion, with different values of
C2

For the Oyane criterion, two parameters (C3a and C3b) have to be iden-
tified (Eq. 5). The slope of the numerical FLCF depends on C3a and the
position is controlled by C3b. To get the same slope of experimental FLCF
(fitting line), a calibration procedure gives the value of -1 for parameter C3a.
Three values of C3b (-0.48, -0.54 and -0.60) are used to discuss the effect of
this parameter on the position of the numerical FLCF, as shown in Figure
21. The position is very sensitive to the value of C3b and the fitting line of
experimental values is used to choose the best value of C3b. The numerical
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FLCF calculated with the value of -0.54 for C3b is almost overlapped by the
experimental fitting line. In other words, the Oyane criterion (with the set
of values : C3a = -1 and C3b = -0.54) predicts well the experimental results,
for all the strain paths.

Figure 21: Prediction of forming limits with the Oyane criterion, with different values of
C3b

5. Conclusions and perspectives

A summary of designs of cruciform specimen for in-plane biaxial tension
test is presented. Based on the numerical results of four redesigned cruci-
form specimens, an optimized shape is proposed for investigating the forming
limits of DP600 sheet metal.

The experimental forming limits at fracture of DP600 sheet metal are de-
termined by the proposed time-dependent method. The forming limit strains
are higher at fracture than at necking under different strain paths, except
for equibiaxial stretching, for which no necking appears before fracture. The
numerical FLCFs with three ductile fracture criteria present various results.
The Oyane criterion with two parameters to identify gives the best predic-
tion.
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The effect of the strain path change on the forming limit strains at frac-
ture of the DP600 sheet metal will be discussed in future. The influence of
unloading during the strain path change will also be considered.
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