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A B S T R A C T

This study presents a modeling approach for predicting strain localization during sheet metal stamping
processes focused on automotive engineering applications. The so-called stretching-to-bending ratio, 𝜌, is
proposed to characterize the loading conditions acting on an element during stamping processes. Then,
localized strain or necking strain is suggested to be a function of 𝜌. Different stretch–bending tests with different
tool radii, i.e., R3, R6, R10, and R50 are conducted for two automotive sheet metals, DP800 and AA6010,
to identify their forming limits under combined stretch–bend loads. The calibrated necking limit curve of the
AA6016 sheet is then employed in AutoForm R10 software to predict the necking and failure of a stamped
panel. Agreement with the experimental observation of failure positions of the panel validates the usefulness
of the proposed modeling approach in practice.
1. Introduction

Sheet metal stamping is extensively used in the automotive industry
to manufacture medium to large-size parts. In the process, a blank
sheet is deformed into the designated shape by using a rigid punch-die
system. A deformed part is inferred failure if there exists a strain local-
ization in the form of a localized neck. For decades, failure prediction
in stamping processes has been a crucial demand for designing as well
as evaluating the formed product.

Since its introduction, the forming limit diagram (FLD) has be-
come an industry standard for evaluating the failure of a formed
part. The concept of FLD presents a boundary of forming safety in
the principal strain space represented by a forming limit curve (FLC).
Although its benefits provided, the use of FLC is limited in several
loading conditions, such as non-proportional loads, strain path changes,
and combined stretching–bending loads. These loading conditions are
more and more common in the current automotive industry to meet
the requirements of making complex designed parts and using ad-
vanced metallic materials. Various feasible solutions for non-linear load
scenarios have been proposed in the literature, for example, stress-
based FLD [1], generalized forming limit concept [2], and strain-path
independent FLC [3]. The usefulness and efficiency of these solu-
tions have been demonstrated in previous studies. These approaches
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have been implemented in several commercial software in the field of
sheet metal forming analysis, for instance, AutoForm, and PAM-STAMP.
However, failure prediction for the blank subjected to a combined
bending–stretching load is still challenging.

Looking at previous studies in literature, experiments on stretch–
bending of numerous sheet metals pointed out that the necking strain
observed in a bending-dominated deformation is higher than that of
an in-plane stretching [4–8]. To explore the reasons for the difference,
Andersen et al. [9] conducted numerical simulations of the far-field
plane-strain tension and plane-strain bending tests for medium-strength
steel. They found that the amount of thickness reduction resulted from
the strain localization observed in the former case is superior to that
of the latter one. Moreover, the failure location of a strip subjected to
stretch–bending tests can be classified into three groups with increasing
ratio of the bending radius and strip thickness (R/t) [10,11]:

(i) failure at the center of the contact area between the blank and
tool curvature,

(ii) failure at the contact border,
(iii) failure outside of the contact region.

Thus, bending deformation contributes significantly to the mechanism
of strain localization in sheet metal subjected to stamping processes,
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where combinations of stretching and bending loads have frequently
occurred.

On the one hand, efforts have been made to analytically predict the
failure of combined stretch–bending processes. Xia and Zeng [12] pre-
sented a theoretical formulation for bending-enhanced FLC that makes
use of the R/t ratio in the plasticity equations. Lee and Barlat [13] de-
veloped an analytical model to evaluate the failure of stretch–bending
tests, which is based on several process parameters (the tool radius,
sheet thickness, wrap angle with friction) and the tensile properties of
the tested materials.

On the other hand, different approaches have been proposed to
construct the forming limits that couple the effects of stretching and
bending deformation. Tharrett and Stoughton [14] proposed the well-
known ‘‘concave-side rule’’ (CSR) based on the observation of strain
gradient through the thickness of the deformed sheets. This model
suggests that the localized neck occurs at the convex surface as soon
as the strain on the concave side reaches the forming limit under in-
plane stretching. Later, this model was re-defined considering the stress
gradient [15]. Apart from these methods, Morales-Palma et al. [16]
proposed a two-step deformation procedure that ideally decomposes
the deformation observed during a stretch–bending procedure into pure
bending and pure stretching deformation sequentially. They adopted
the critical distance method [17] to provide more flexible descriptions
of failure by necking of ductile fracture. Alternatively, Sriram et al. [18]
proposed the stretch bendability index (SBI) concept, which is defined
as the ratio between the limit strain under a pure stretching load
and those of the considering stretch–bending process, to determine
the limits of bending under tension loads. They suggested using the
SBI as a function of the R/t ratio to determine the forming limits
of several structural and skin steels. Wu et al. [19] accumulated a
bending modification to the bending under tension limits. In another
way, Neuhauser et al. [20] introduced an additional amount of bending
dependency to the traditional FLC, which was formulated as a power
law of the superimposed bending component t/R.

The summarized works clarify the importance of accurately incor-
porating the bending effect in evaluating the failure of stamped parts.
For this purpose, numerical simulation with the finite element (FE)
method has been demonstrated as an efficient tool. However, the use of
the aforementioned methods in the numerical simulation of stamping
processes is conservative and inadequate, especially in the case that
the tools have multiple radii or complex shapes. Furthermore, the
use of shell elements, which are mainly used in stamping simulations
due to the time efficiency, in predicting failure appears with several
challenges. Practices indicate the size-dependent response of shell ele-
ments [21], where a finer mesh size seems to increase the predicted
necking strain of stamped parts. Furthermore, shell elements cannot
provide sufficient predictions of material behavior beyond and after
the neck initiation, although their predictability for the pre-necking
behavior has been confirmed [22,23]. The reason for the insufficient is
due to the highly inhomogeneous strain distribution inside and outside
the neck, which results in the out-of-plane deformation and though-
thickness stress components. Therefore, a very fine mesh is mandated
for reproducing sheet metal necking and failure in numerical simula-
tions, e.g., element sizes of 0.1 mm and smaller have been adopted in
the cited works [24–26]. However, such a small mesh size is impractical
to use in industrial applications due to the high computational time and
cost.

Several approaches have been proposed to cope with these issues.
Neukamm et al. [27,28] developed a generalized incremental stress
state-dependent damage model (GISSMO) to fully describe the ductile
damage, including material softening and fracture. In this model, the
damage is examined by an indicator of which value is accumulated
as deformation progresses. Later, the model was extended to consider
the effect of Lode angle [29] as well as stress triaxiality [30]. Borrvall
et al. [31] introduced a damage initiation and evolution model (DIEM),
which uses a necking indicator to manage the damage-induced soften-

ing behavior. Pack and Mohr [23] presented the domain of shell to t
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solid equivalence (DSSE), which is a transformation of the theoreti-
cal FLC based on the MK method [32]. Woelke [33] implemented a
modified Gurson’s damage model [34] in numerical simulation with
shell elements. Alternatively, Stoughton and Yoon [15] suggested using
the stress-based FLD combined with the maximum shear criterion to
capture the failure in simulations. In particular, the bending effect is
overlooked in these methods.

This study presents a modeling approach to capture the bending
effect on strain localization observed in stamping simulations with shell
elements. A stretching-to-bending ratio 𝜌 is proposed to characterize the
deformation resulting in the combined stretch–bending loads. Hence,
the limit strain observed on the specimen’s surface is suggested to be
a function of 𝜌. Therefore, a hybrid numerical–experimental method is
adopted to construct the necking limit curve for DP800 and AA6016
sheets by using the results of four lab-scale stretch–bend tests. The
derived necking limit curve of AA6016 is then employed in AutoForm
R10 to simulate a production-like stamping test. The predicted strain
localization is compared with experimental observation to validate the
usefulness of the proposed approach.

2. Strain localization under stretch–bend deformation

2.1. Stretching-to-bending ratio

Previous studies demonstrate the variation in the failure position of
strips subjected to stretch–bending tests with different tool radii [10,
11]. Besides the bending radius, other process parameters, for instance,
the friction condition and the forming speed, have been confirmed their
effects on the level of necking strains [35,36]. Therefore, using only the
tool radius for accounting for the bending effect on a stamped sheet’s
strain localization seems insufficient. Moreover, the contribution of
stretching and bending to the material’s response under complex loads
is indistinguishable. It is a demand to quantify these effects on the
material’s deformation simultaneously.

Chung et al. [37] suggested that strain localization is an intrin-
sic property of sheet metals. Motivated by this comment, it is sug-
gested that the deformation characteristics, such as the stress state
or strain state, should be used to identify the necking status of an
element. The strain state may prefer because the strain components
are measurable. Therefore, this study suggests characterizing the status
of strain localization of a considering element via its strain gradi-
ent through the thickness direction. For this purpose, the so-called
stretching-to-bending ratio 𝜌, is formulated as follows:

𝜌 = 1
2

|𝜀𝑢1 − 𝜀𝑙1|

max(|𝜀𝑢1|, |𝜀
𝑙
1|)

(1)

here superscripts ‘‘u’’ and ‘‘l’’ denote the upper and lower layers of
he element, 𝜀1 denotes the major strain of the element. Under pure
tretching, the strain values estimated for the upper and lower layers
re equal and 𝜌 = 0. In contrast, 𝜌 = 1 indicates a pure bending load
here the strain values of the upper and lower layers are opposite. A
articular value of 𝜌 represents a degree of stretch–bend combination
tatus of the element.

The formulation expressed in Eq. (1) is similar to the one introduced
n [38], except that the plastic strain components were used in the cited
ork. However, this variable is used in a different way here. In the
ork of Costas et al. [38], 𝜌 was used as a scaling factor to combine

he effects of bending and stretching deformations in the Cockcroft–
atham fracture criterion [39], whereas this variable is used to classify
he loading condition acting on the element in this study.
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Fig. 1. Illustration of sheet metal’s necking region (bounded by dashed lines) in different load cases.
Fig. 2. Concept of the proposed stretch–bend forming limit.
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2.2. Necking limit under stretch–bending loads

As discussed before, failure in laborious stretch–bending tests can
be classified into three groups according to the failure position. These
failure groups are suggested to be related to three loading conditions:
stretching-dominated, bending-dominated, and transition. Fig. 1 illus-
trates the conceptualized through-thickness deformation observed in
these loading conditions. Under a pure stretching load such as a plane-
strain tension test, the neck is initiated and formulated equally in
both surfaces of the deformed specimen. Consequently, the out-of-plane
deformation is only taken place inside the neck and 𝜌 = 0 in the entire
specimen. In contrast, under a bending-dominated deformation such as
a plane-strain bending test (i.e., ISO 7438-2016, E [40]), the neck is
apparently observed on the top (convex) surface; meanwhile, another
neck on the bottom (concave) surface is negligible. In such a case, the
strain generated on the concave surface is close to zero (see [41,9,42])
leading to 𝜌 ≈ 0.5. Although the out-of-plane deformation may occur
in the whole specimen, the deformation of the necking region is more
complex due to the appearance of the thickness reduction. Moreover,
during a stamping process in which the tool radius ranges from 1 mm to
50 mm conventionally, material deformation is somewhat in between
the two mentioned test cases, where the neck can be observed in both
convex and concave surfaces. Consequently, the 𝜌 value of an element
inside the neck varies from 0 to 0.5 according to the loading conditions
acting on the element. Although there is no direct link between the 𝜌
alue and the out-of-plane deformation, this parameter can be used to
dentify the degree of combination of the stretching and bending loads
cting on the element and clarify how complicated the out-of-plane
eformation is generated. Thus, a critical strain can be constructed
ased on this parameter, which acts as a reference for the critical
eformation or the necking stage of the considering element.

Based on the discussion, Fig. 2 presents the concept of the
tretching-to-bending ratio. Under the stretching-dominated deforma-
ion, it is suggested that the necking strain increases gradually from the
imit of pure stretching deformation within a slight slope as 𝜌 increases.
n the transition region from the stretching-dominated to the bending-
ominated regions, the slope of increase is much steeper. However, the
alue of necking strain saturates to the upper limit of pure bending
ondition. Thus, the necking strain of bending-involved deformation is

ncreased as the stretching-to-bending ratio increases.

4

In this study, the necking initiation is suggested to occur as soon as
he major strain exceeds a critical value determined by the Boltzmann
unction below:

∗
1 = 𝐴2 +

𝐴1 − 𝐴2

1 + 𝑒𝑥𝑝
(

𝜌−𝜌0
𝑆

) . (2)

In this equation, 𝐴1 is the lower limit of the pure stretching defor-
mation, 𝐴2 is the upper limit of the pure bending deformation, 𝜌0 is
he coefficient of the transition from stretching-dominated to bending-
ominated deformation, 𝑆 is the scaling factor used to fit the function
o the experimental data.

It is worth noticing that various local extremes of deformation
an be formulated within a simulated part. The deformation of ele-
ents modeled in these extreme regions is monitored under different

tretching-to-bending ratios due to their generated strain gradients.
herefore, the possibility of necking occurrence is a competition be-
ween these elements relied on their stretching-to-bending ratios and
trains induced. Furthermore, the model adopts the traditional FLC
s the lower limits of the pure stretching deformation. That allows
etermining the necking strain of elements subjected to other forming
odes, for example, uniaxial tension or biaxial tension.

. Experimental procedure

The tested materials in this study are DP800 and AA6016 sheets,
hich were supported by Volvo Cars (VCBC). The thickness of both
aterials is 1.2 mm. An experimental campaign is carried out to char-

cterize material properties as well as to examine the strain localization
nder complex stretch–bending loads.

.1. Material characterization tests

Uniaxial tensile tests are conducted for the investigated materials
ollowing the ISO 6892-1:2009 standard. Specimens are prepared in
hree orientations, including the rolling direction (RD), diagonal direc-
ion (DD), and transversal direction (TD). The tests are conducted under
strain rate of 0.0014 s−1 up to the 0.2% engineering strain followed

by a strain rate of 0.004 s−1 up to fracture. The testing period with
a lower strain rate aims to provide reliable data for determining the
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Table 1
Material properties obtained from uniaxial tests of the tested materials.

Material DP800 AA6016

Orientation RD DD TD RD DD TD

Young modulus (GPa) 186 193 204 68 67 66
Yield stress (MPa) 506.7 498.1 509.5 118.5 113.5 112.4
Ultimate tensile strength (MPa) 853.2 847.2 864.7 296.8 295.7 293.9
Maximum uniform deformation (%) 11.96 12.66 13.96 21.55 23.88 23.14
Elongation at fracture (%) 22.06 19.17 21.27 23.71 26.64 25.70
Lankford coefficient 0.678 0.875 0.844 0.735 0.542 0.680

Fig. 3. Comparison of stress–strain curves obtained from uniaxial and bulge tests of
the tested materials.

material’s properties in elastic deformation. During the tests, ARAMIS™
digital image correlation (DIC) system is used to monitor the entire
strain field. Whereas a load cell mounted on the upper cross-head is
used to acquire the axial forces. Table 1 reports the material properties
obtained from the uniaxial tensile tests.

In addition, a viscous bulge test is performed at a constant punch
speed of 5 mm/s to examine the stress–strain relationship in a larger
strain range, i.e., in the post-necking ranges. The importance of the
post-necking hardening behavior in predicting strain localization of
sheet metals has been demonstrated in the previous study [43]. In
addition, the test induces material behavior under the balanced-biaxial
tension. The ARAMIS™ system is used to capture the strain evolution
during the test. More detail on the testing condition can be found in
Sigvant et al. [44] and is not repeated here.

Fig. 3 shows true stress–strain curves obtained from uniaxial ten-
sile tests compared to the data derived from the bulge test for both
materials. As seen in this figure, the bulge stresses are always higher
than that of the uniaxial tensile tests. The comparison demonstrates the
anisotropy of the investigated materials.

3.2. Stretch–bend tests

A stretch–bending setup was specially developed at VCBC to char-
acterize material deformation under combined stretching and bending
loads. Fig. 4a shows a sectional view of the stretch–bend test observed
in the simulation software AutoForm R10. Additionally, Fig. 4b illus-
trates one of the punches used in the tests. In this setup, the punch
is shifted 6 mm to the right of the center of the specimen aiming to
eliminate the stochastic failure position. In this study, three-punch radii
of 3, 6, and 10 mm are used to generate different loading scenarios,
whereas the bigger curvature on the punch is used to centralize the
 t

5

failure position on the deformed specimen. A rectangular blank of
200 × 90 mm is used in each test. It is noted that the longitudinal
direction of the blank is along the rolling direction of the sheet. In
addition, a blank holder force of 100 kN is applied to clamp the blank
sheet with a draw bead.

In addition, a Nakajima test is conducted to examine the strain
localization on the specimen under the plane strain tension following
the ISO 12004-2 standard. Within this test, a hemispherical punch of
100 mm diameter is used to deform a blank of 125 mm width under a
constant forming speed of 25 mm/s. A blank holder force of 300 kN is
applied to prevent the draw-in of the blank. Before testing, lubrication
of mild-oil is applied to reduce the friction between the blank and
punch.

During these tests, the ARAMIS™ system is used to monitor the
strain evolution on the outer surface of the tested specimens. Fig. 5
shows the deformed DP800 specimens obtained from these stretch–
bending tests. As seen in this figure, the failure positions in the contact
areas varied according to different punch radii. In the case of the
R3 punch, the crack was observed at nearly the center of the punch,
while the crack is outside of the contact region of the R10 punch. The
observation demonstrates the different loading scenarios generated in
these tests.

4. Finite element simulation

4.1. Constitutive equations

In a finite element (FE) simulation, material behavior is modeled
by constitutive equations. This section details the equations used for
simulating different forming processes of the investigated materials.

For this purpose, a power law proposed by Swift [45] is adopted
to describe the hardening behavior of DP800; meanwhile, the Hockett–
Sherby model [46] is applied to the AA6016 sheet. The formulations of
these hardening laws are expressed as follows:

Swift: 𝐻(𝜀̄) = 𝑐1(𝑐2 + 𝜀̄)𝑐3 (3)

Hockett-Sherby: 𝐻(𝜀̄) = 𝑐1 − 𝑐2𝑒𝑥𝑝(−𝑐3(𝜀̄𝑐4 )) (4)

where 𝑐1 ∼ 𝑐4 are material parameters.
In addition, a yield function is required to govern the material’s

response under multi-axial stress states. According to the material’s
anisotropy reported in Table 1, the BBC05 function presented in [47]
is adopted to describe the yield surface. Since the associated flow rule
is adopted, both yield and potential surfaces are described by the same
function, of which the equivalent stress is given as follows:

BBC05: 𝜎̄ =
[

𝑎|𝛬 + 𝛤 |

𝑚 + 𝑎|𝛬 − 𝛤 |

𝑚 + 𝑏|𝛬 + 𝛹 |

𝑚 + 𝑏|𝛬 − 𝛹 |

𝑚]1∕𝑚 (5)

here 𝑎, 𝑏, and 𝑚 are material’s parameters; 𝛬, 𝛤 , and 𝛹 are functions
f stress tensor components, which can be expressed as follows:

𝛬 = 𝐿𝜎11 +𝑀𝜎22

𝛤 =
√

(𝑁𝜎11 − 𝑃𝜎22)2 + 𝜎12𝜎21

=
√

(𝑄𝜎11 − 𝑅𝜎22)2 + 𝜎12𝜎21

(6)

where 𝐿, 𝑀 , 𝑁 , 𝑃 , 𝑄, and 𝑅 are material’s parameters.

.2. Parameter calibration

Parameters of hardening laws are identified by the curve-fitting
ethod and reported in Table 2. Fig. 6 depicts the identified hardening

aws compared to the experimental data to demonstrate their accuracy.
To identify the parameters of the yield function for each investi-

ated material, the flow stresses reported in Fig. 3 are normalized to the
tress–strain data obtained from the UT of the RD specimen. In addition,

he Lankford coefficients determined from UT tests are calculated using
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Fig. 4. Detail of the stretch–bending test.
Fig. 5. Fracture in DP800 specimens obtained from the stretch–bend tests.
Table 2
Material parameters imposed in autoform software for simulations.

Hardening law Swift Hockett-Sherby

𝑐1 𝑐2 𝑐3 𝑐1 𝑐2 𝑐3 𝑐4
DP800 1363.43 0.00014 0.165 – – – –
AA6016 – – – 364.3 255.0 4.52 0.784

Yield function BBC05

𝜎0 𝜎45 𝜎90 𝜎𝑏 𝑟0 𝑟45 𝑟90 𝑟𝑏 m

DP800 1 0.9945 1.0126 0.9935 0.678 0.875 0.844 1.023 6.2
AA6016 1 0.9709 9777 0.9983 0.735 0.542 0.68 1.007 8

the built-in function in the ARAMIS software. In addition, the biaxial
coefficient 𝑟𝑏 = ̇𝜀𝑦𝑦∕ ̇𝜀𝑥𝑥, which characterizes the normal vector of
he yield surface under the equi-biaxial stress state, is identified using
he bulge test’s data. Table 2 reports the identified input parameters
i.e., 𝜎0, 𝜎45, 𝜎90, 𝜎𝑏, 𝑟0, 𝑟45, 𝑟90, and 𝑟𝑏) for calibrating the yield function

of the tested materials. Furthermore, these parameters are directly
put into the simulation software AutoForm R10 to conduct numerical
analysis. For the sake of completeness, Fig. 7 presents the yield locus
of the calibrated yield function of the tested materials.
6

4.3. FEM simulation

Numerical simulations of the combined stretch–bending tests are
conducted by using AutoForm R10 software. These models are executed
with a constant ram velocity of 25 mm/s since no rate-dependent
material model is imposed. In each simulation, the blank is meshed
using the triangular Elasto-Plastic Shell elements (EPS-11) with 11 in-
tegration points through the thickness. This element type is commonly
recommended to simulate the stamping procedure [48]. The initial
element size is set at 1 mm with a mesh tolerance of 0.01 mm. In
addition, the mesh adaptive level 2 is adopted in the regions where
the small tool curvatures come into contact with the blank. Mohr–
Coulomb friction coefficients are assigned to different contact pairs
between blank and tools. These friction coefficients were calibrated in
the previous study [49] and are not repeated here.

Figs. 8–11 show comparisons between the measured and predicted
results observed in each test. In detail, Figs. 8a and 8c compare the mea-
sured and predicted force–displacement curves of the stretch–bending
test with a punch radius of 3 mm (R3) for two tested materials,
respectively. In addition, the strain evolution of a critical element
located at the center of the necking region (see Figs. 8b and 8d)
is compared to the corresponding predictions of AutoForm. These
comparisons validate the accuracy of the developed numerical model,
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Fig. 6. Effective stress–strain curves obtained from uniaxial tensile and bulge tests of
DP800 and AA6016 sheets.

Fig. 7. Yield loci of the calibrated yield functions.

hich provided excellent predictions for both punch’s force–stroke
urves and strain histories. Furthermore, the necking detection method
roposed by Sigvant et al. [50] is adopted to determine the initiation
f the localized neck. In these tests, the strain localization is supposed
o occur at a stroke of 12.1 mm for DP800 and 15.0 mm for AA6016
heets. Therefore, Figs. 8b and 8d show the major strain distribution on
he outer surface of the deformed specimens captured at the necking
tage. The comparison of the strain distribution confirms the reliability
f the numerical simulation to describe the plastic deformation of the
ested coupons.

Similarly, comparison results made for other stretch–bending tests
R6, R10 stretch–bend, and Nakajima tests) are reported in Figs. 9–
1 (see Appendix for the comparison of the strain distribution on the
eformed specimens). These comparisons demonstrate that the devel-
ped numerical simulations sufficiently describe the material responses
bserved in different stretch–bending scenarios. Furthermore, the DIC-
easured data are used to determine the stage at which the strain
ocalization has occurred in each test. Accordingly, the maximum strain

7

Table 3
Characterization of the tested materials at the necking stage of the stretch–bending
tests.

Material DP800 AA6016

Tool radius R3 R6 R10 R50 R3 R6 R10 R50

Punch stroke (mm) 12.1 14.48 15.86 22.6 13.7 14.93 16.15 29.5
Measured necking strain 0.339 0.268 0.206 0.150 0.284 0.234 0.209 0.191
Stretching-to-bending (𝜌) 0.321 0.279 0.226 0.076 0.404 0.296 0.207 0.058

Table 4
Calibrated parameters of the proposed stretch–bending forming limit of
the tested materials.

Parameter 𝐴1 𝐴2 𝜌0 S

DP800 0.144 0.653 0.351 0.063
AA6016 0.185 0.407 0.426 0.104

value observed at this stage is adopted as the measured necking strain
of the corresponding test case.

Based on simulated results, Fig. 12 shows the evolution of the
stretching-to-bending ratio 𝜌, which was quantified for the critical
element of each test, according to the punch stroke. As seen in this
figure, the stretching-to-bending ratio always reaches its maximum at
an early stage of deformation, i.e., when the punch dents into the
blank. However, the ratio decreased afterward as the deformation
continued. In all tests, the strain localization is recorded at extensive
deformations with high punch strokes. Additionally, increasing the tool
radius decreases the stretching-to-bending ratio observed at the necking
condition for both tested materials. Moreover, the variation range of
the derived stretching-to-bending values of AA6016 is larger than the
DP800 sheet.

Table 3 summarizes the stretching-to-bending ratios determined
at the necking stage of these tests and the corresponding measured
necking strains for the investigated materials. As seen in this table,
the difference in these necking strains is abundant, even though all
these tests mainly produce plane-strain deformation on the specimen.
The variation of the necking strains verifies the significance of the
bending effect on the material’s formability when they are subjected
to stamping.

4.4. Construction of the necking limits

Based on the stretching-to-bending ratios and necking strains iden-
tified in the previous subsection, the necking limits under stretch–bend
combined loads are constructed by fitting Eq. (2) with the experimental
data. Table 4 reports the identified parameters of the necking limit
curves of the tested materials. Moreover, Fig. 13 shows the identified
necking limit curve of the tested materials. In addition, the reference
fracture strains of similar materials to the tested one identified in cited
works [51,41,52] are reported in this figure for comparisons. In detail,
Kim and Hance [51] performed a series of VDA 238-100 plate bending
tests [53] on four different advanced high-strength sheets of steel in
class 780, which contain different thicknesses ranging from 1.4 mm to
1.6 mm. Their results indicate that the fracture strains of the bending
tests range from 0.55 to 0.65 based on different tested materials. Using
the VDA 238-100 tests, the fracture strains of AA6016 sheets with a
range of thickness from 1 mm to 2 mm were identified in the range
from 0.7 to 1.1 roundly [41,52].

As seen in Fig. 13, the predicted forming limits are comparable to
the reference fracture strains. For DP800 material, the expected necking
limits in the bending-dominated regime (i.e., 𝜌 > 0.5) are closed up
to the reference fracture strains. In contrast, the forming limits of the
AA6016 sheet are much lower than the reference fracture strains. The
comparison concurs with the results reported in the literature, where
the difference between the necking strain and fracture strain of the
AA6016 sheet is larger than that of the DP800 sheet.



TWST: 110804

Q.T. Pham, M.S. Islam, A. Barlo et al. Thin-Walled Structures xxx (xxxx) xxx

Fig. 8. Comparison between the measured and simulated results of the R3 stretch–bend test.

Fig. 9. Comparison between the measured and simulated results of the R6 stretch–bend test.

8
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Fig. 10. Comparison between the measured and simulated results of the R10 stretch–bend test.
Fig. 11. Comparison between the measured and simulated results of the R50 Nakajima test.
In order to use the constructed necking limits in practice, the
following necking index is defined:

Necking index: 𝜉 =
max(|𝜀𝑢1|, |𝜀

𝑙
1|)

𝜀∗1(𝜌)
> 𝑐0. (7)

where 𝑐0 is a constant indicating the necking condition. In the ideal
condition, the value of 𝑐0 should be one. However, the simulated strain
evolution may not always be coincided with the measurement perfectly,
especially in the necking stages. Therefore, the parameter 𝑐0 is used to
adapt the simulation to the measurement.

Table 5 reports the calculated necking indexes in the simulations
of the stretch–bending tests of two tested materials. As seen in this
table, the necking index decreases as the tool radius increases, except
for the case of the R6 test for AA6016. It is remarkable that the order
of the necking indexes co-occurs with the locality (i.e., the quantity of
local deformation) of these tests, see Appendix. The results reveal the
difficulty in predicting strain localization in the simulation of large-size
parts.
9

Table 5
Necking index calculated at the necking stage of the stretch–bend tests.

Material DP800 AA6016

Tool radius R3 R6 R10 R50 R3 R6 R10 R50

Predicted necking strain 0.327 0.245 0.183 0.130 0.279 0.2 0.196 0.163
Necking index (𝜉) 0.965 0.914 0.889 0.865 0.982 0.854 0.938 0.853

5. Validation

5.1. VCBC test die

A stamping test die was developed at VCBC to characterize the
bending effect on the necking and fracture of automotive sheet metals.
The test die comprises four rows of sub-punches with adjustable shims
to vary the punch strokes. Fig. 14 presents an AA6016 panel stamped
with the test die. The sub-punches were made with two radii, 4 mm
and 8 mm. Numbers in the figure indicate the shim height amount of
the corresponding sub-punch, while the colors indicate the quality of
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Fig. 12. Evolution of the stretching-to-bending ratio of critical elements observed in the stretch–bend tests.
Fig. 13. Forming limit of the tested materials under combined stretch–bend loads.
the deformed sheet in the corresponding region. The surface quality is
classified into ‘‘OK’’, ‘‘surface necking’’, ‘‘necking’’, and ‘‘crack’’ status,
according to the VCBC standard. Fig. 15 shows an example of the
evaluation results of an aluminum panel conducted at VCBC, which
indicates the conditions of surface necking, necking, and crack.

For comparison purposes, each stamped region was given a concate-
nated name. For instance, the ‘‘A1’’ indicates the top-left region, and
the ‘‘D4’’ indicates the bottom-right region, as shown in Fig. 14. Based
on the evaluation of VCBC, the crack was observed at four regions
(i.e., A4, B6, C6, and D4), whereas the necking was observed at six
other regions. Others were safe, except for A2 and B4 at which the
surface necking appeared. Almost failures were observed at the panel’s
top surface, excluding the failure of C5 and C6 happened at the bottom
surface.

Simulation of the VCBC test die is selected to validate the usefulness
of the established stretch–bend necking limits due to several benefits:
10
(i) The test depicts a more production-like setup than the lab-scale
testing methods because the dimension of the initial blank is
1790 × 1110 mm;

(ii) The test die deforms the blank with various bending radii varied
in a wide range of tool curvatures from 4 mm to 8 mm;

(iii) Complex loading conditions such as bending, bending–reverse-
bending, and combined stretch–bending are generated on differ-
ent regions of the sheet.

5.2. Simulation of the VCBC test die

A finite element model is developed in AutoForm R10 software
to simulate the stamping procedure of the AA6016 sheet following
the experimental setup. The developed material model presented in
the previous sections is employed in this simulation. Moreover, the
Triboform built-in friction function in the software is adopted in this
simulation to follow the industrial standards. The blank is modeled by
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Fig. 14. An image of the stamped AA6016 panel with the VCBC test die.
Fig. 15. An example of failure evaluation of aluminum alloy stamped panels conducted at VCBC.
he EPS-11 elements with an initial element size of 20 mm. The mesh-
ize refinement function in AutoForm is set up at level 5 to achieve the
imulated results within a reasonable time. That creates the smallest
lement size of 0.625 mm.

For this simulated panel, a critical necking index should be lower
han the necking indexes reported in Table 5 for several reasons. At
11
first, the lubricated condition applied in the test die stamping is differ-
ent from those of the lab-scale tests in both experimental and simulated
manners. Secondly, the size of elements used in the test die simulation
is significantly larger than that used in the simulations of stretch–
bend tests due to the difference in the blank dimensions. Thirdly,
the deformation of the critical regions of the test die panel is much
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Fig. 16. Simulated AA6016 panel subjected to the test die stamping procedure.
more complicated than that of the stretch–bend tests. For instance, the
combined stretch–bending deformation is expected in the deformation
of rows A and D of the panel; meanwhile, the bending and reverse
bending modes are expected in regions B and C. Therefore, a trade-
off value of the critical necking index should be used to balance the
overestimation of the isotropic hardening law used in this simulation.
Fig. 16 shows the calculated necking index distribution on the stamped
panel, and Fig. 17 presents a closer view of the failure regions. In these
12
figures, the upper limit of the color bar is set at 0.8 for visualizing the
critical zones. Moreover, the numbers in these figures indicate the local
maximums necking index of critical elements. For better visualization
of these indexes, the reader is recommended to see the digital version
of this article.

Generally, the proposed modeling approach presents good predic-
tions for the necking and failure of the panel. Within each row, the
necking index increases from the left to the right of the panel, which
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Fig. 17. A focused view of the simulated panel with the necking index distribution.
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s agreed with the experimental observations of necking and crack
ositions, shown in Fig. 14.

Among the crack regions in the experiment, the minimum necking
ndex is 0.788, observed in the A4 area, whereas the maximum is
.056, observed in the C6 region. The predicting indexes for the surface
ecking and necking regions range from 0.697 to 0.968. The maximum
ndex of the safe areas (except for the C3 and C4) is 0.625. Comparisons
larify that the difference between the safe and unsafe forms is marginal
ut can be indicated by setting the critical necking index of 0.65, for
xample. Furthermore, the simulation successfully predicted the failure
ocations of the challenging regions B5–B6 and C5–C6. In detail, the
ailure is expected to occur at the top surface of the B5–B6 areas and
t the bottom surface of the C5–C6 parts, which is agreed well with
he experimental observation. These failure locations were unable to
e predicted in the previous study [54].

However, the simulation overestimated the failure status of two
egions, B4 and C4, compared with the experimental evaluation. As
iscussed before, there are several issues related to the accuracy of the
ecking prediction for this panel stamping, which can be improved. For
xample, employing a kinematic hardening model may provide better
redictions for the deformation of rows B and C since these areas un-
erwent bending and reverse bending loads. Even with the mismatch,
t is undeniable that the presented modeling approach provides an
fficient way to predict the failure of sheet metal subjected to combined
tretch–bending loads during the stamping procedure.

. Discussion and conclusion

.1. Discussion

In this study, four lab-scale stretch–bending tests with tool radii of
, 6, 10, and 50 mm were conducted to calibrate the necking limits
f DP800 and AA6016 sheets. The tool radii are selected to cover the
ange of common bending curvatures that occur in the stamping of
utomotive parts. Additional stretch–bending tests (e.g., the VDA 238-
00 bending test) can be carried out to enrich the experimental data
et used to identify the curves. In such a case, not only the reliability
f the forming limits is increased but also the experimental cost rises.
13
The limit curve was constructed under the plane-strain forming
ode. This concept can be easily extended to other forming modes by

arying the parameter 𝐴1 in Eq. (2) according to the strain increment
atio, 𝛽 = 𝛥𝜀2∕𝛥𝜀1. One promising example of the extended necking
imit application is the biaxial tension observed in the small punch
ests [55,56].

The stretching-to-bending ratio 𝜌 was formulated based on the
train gradient through the thickness direction of the element. In the
umerical aspect, geometrical factors such as the element’s size and
he current thickness of the element may affect its computed strain
omponents. The effect of those factors will be studied in future work.

Bending and reverse bending loads commonly occur in sequences
uring sheet metal stamping processes. Hence, employing a kinematic
ardening model may provide better predictions for strain evolution
han the isotropic hardening model used in this study. To reach this
oal, additional tests, such as tension–compression–tension tests or
hear-reverse-shear tests, should be conducted to calibrate the kine-
atic hardening parameters.

In practice, the accuracy of a simulation for strain localization
ith shell elements relies on many factors, including but not lim-

ted to the friction model, the element type, the mesh size, and the
olver tolerance. The balance between the simulation accuracy and
he affordable resources of time and equipment should be taken into
ccount. For example, the simulation time of the stamping AA6016
anel described in the previous section is around one hour within the
urrent configuration. Decreasing the smallest element size by 20% will
ncrease the simulation time more than twelve times. Therefore, the use
f the necking index 𝜉 and the constant 𝑐0 should be an alternative way
o adapt the model in applications.

.2. Conclusion

This study presents a modeling approach to predict strain localiza-
ion while simulating sheet metal stamping processes with shell ele-
ents. In this approach, the limited strain is suggested to be a function

f the stretching-to-bending ratio. The approach was applied to predict
he failure of a stamped AA6016 panel to validate its application. The
ollowing conclusions can be made after this work:
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Fig. A.1. Comparison between measured and predicted strain distributions on the outer surface of the deformed AA6016 specimen observed at the necking stage of the R6
stretch–bend test.
1. The concept of stretch–bend necking limit was proposed based
on the stretching-to-bending ratio. This ratio was formulated
based on the through-thickness strain gradient of the consid-
ering element and classified the deformation in a range from
pure stretching to pure bending. This phenomenon approach is
adopted to explain the effect of combined stretch–bending loads
on the failure of sheet metal.

2. Constitutive models calibrated with data obtained from uni-
axial tensile and bulge tests provide excellent predictions for
material behaviors of DP800 and AA6016 sheets subjected to
stretch–bending tests. Based on experimental measurements and
simulations of these tests, a hybrid experiment-simulation ap-
proach is adopted to identify the stretch–bend necking strain
limits for the tested materials. Compared to the experimental
data available in the literature, the calibrated necking limit
curves present concordant predictions for the necking strains in
the region of large stretching-to-bending ratios.

3. The identified necking limit curve of the AA6016 sheet is em-
ployed in AutoForm R10 software to simulate the stamping
process with a test die developed at VCBC. The predicted re-
sults are promising, where the simulation correctly classified
the safe and necking/crack status of 18 over 20 regions and
overestimated the two remains. This verifies the potential of
the proposed approach in predicting the failure of sheet metals
subjected to industrial stamping processes.
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Appendix

This Appendix presents the comparison between the strain dis-
tribution observed at the necking stage during the stretch–bending
experiments of AA6016 sheet with their corresponding simulations.
(See Figs. A.1–A.3.)
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Fig. A.2. Comparison between measured and predicted strain distributions on the outer surface of the deformed AA6016 specimen observed at the necking stage of the R10
stretch–bend test.
Fig. A.3. Comparison between measured and predicted strain distributions on the outer surface of the deformed AA6016 specimen observed at the necking stage of the Nakajima
test.
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