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Abstract: Driven by high energy prices, AHSS are still gaining importance in the automotive industry
regarding electric vehicles and their battery range. Simulation-based design of forming processes
can contribute to exploiting their potential for lightweight design. Fracture models are frequently
used to predict the material’s failure and are often parametrised using different tensile tests with
optical measurements. Hereby, the fracture is determined by a surface crack. However, for many
steels, the fracture initiation already occurs inside the specimen prior to a crack on the surface. This
leads to inaccuracies and more imprecise fracture models. Using a method that detects the fracture
initiation within the specimen, such as acoustic emission analysis, has a high potential to improve the
modelling accuracy. In the presented paper, tests for fracture characterisation with two AHSS were
performed for a wide range of stress states and measured with a conventional optical as well as a
new acoustical measurement system. The tests were analysed regarding the fracture initiation using
both measurement systems. Numerical models of the tests were created, and the EMC fracture model
was parametrised based on the two evaluation areas: a surface crack as usual and a fracture from the
inside as a novelty. The two fracture models were used in a deep drawing simulation for analysis,
comparison and validation with deep drawing experiments. It was shown that the evaluation area
for the fracture initiation had a significant impact on the fracture model. Hence, the failure prediction
of the EMC fracture model from the acoustic evaluation method showed a higher agreement in the
numerical simulations with the experiments than the model from the optical evaluation.

Keywords: HCT980X; HCT780C; butterfly specimen; enhanced Mohr–Coulomb fracture model

1. Introduction
1.1. Failure Modelling for Finite Element Simulation

Strict laws on vehicle emissions and high fuel prices have led to changes in vehicle
concepts for years. Throughout the automotive industry, there is a clear trend towards
e-mobility. In order to compensate for the weight of the battery and increase the driving
range, manufacturers are increasingly reliant on modern lightweight materials—including
advanced high-strength steels (AHSS), such as dual phase (DP) or complex phase (CP)
steels—to reduce the weight of their vehicles [1]. The mechanical properties of AHSS are
controlled by a specific mixture of microstructural components with different hardness,
such as retained austenite, ferrite, bainite, martensite, and non-metallic precipitates. Thus,
it is possible to cover yield strengths and tensile strengths far above those of conventional
deep-drawing and low-alloy steels while maintaining a good formability.

In order to utilise the high potential of AHSS optimally to reduce vehicle weight at
a reasonable cost, a reliable design of forming and failure behaviour of the sheet metal
is required by use of numerical simulation. Therefore, precise modelling of the material
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behaviour under process conditions is needed. With regard to sheet metal forming, the
yield condition, the hardening behaviour, and the forming capacity must be included in the
modelling. For the description of the forming capacity of sheet metals, the use of forming
limit curves (FLC) is state of the art. A FLC determines strain states that can be withstood
by the sheet metal without necking or fracture. However, it is only valid for linear strain
paths and a spectrum of strain states between uniaxial and biaxial tension [2]. Due to
the shear-dominated material fracture of AHSS, the prediction quality of a FLC is not
adequate for AHSS. An alternative to the FLC in sheet metal forming simulation is fracture
models. In most fracture models, material failure is described by the fracture strain as a
function of the stress state [3]. Many models already exist for the mathematical description
of the fracture behaviour for AHSS, such as the enhanced Mohr–Coulomb (EMC) fracture
model [4]. In order to characterise the material fracture, material tests such as uniaxial
tensile tests with different notches or holes, shear tests, and Nakajima tests are performed to
investigate the fracture under different stress states from compression over shear to tension.
Multiple tests are necessary to describe the material fracture realistically in a wide range of
different loadings and to calibrate the parameters of the fracture model [5]. Those fracture
characterisation tests are often monitored with an optical measurement system by many
laboratories, which is used to determine the fracture initiation on the specimen surface
and to calculate the equivalent plastic strain development. To improve the accuracy of the
fracture characterisation, a method capable of detecting a critical fracture initiation inside
the specimen can be used, since for many materials and stress states, the fracture initiation
starts inside the specimen through void formation before a macroscopic crack is visible on
the surface, as displayed in Figure 1 [6]. Furthermore, sometimes it is hard to determine
the fracture initiation on the specimen surface optically due to the stress state or because
of the stochastic pattern applied on the specimen surface. For example, determination
of the onset of shear fracture can be difficult due to minor occurrence of necking. In this
context, acoustic emission (AE) analysis has a high potential for an improvement in fracture
characterisation due to enhanced fracture detection [7].
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Figure 1. Representation of necking, void formation, and the appearance of a macroscopic crack
while forming a tensile specimen.

To analyse the potential of AE, in this paper, an existing testing rig for butterfly
specimen with optical measurement system was extended with an acoustical measurement
system. Seven loading angles of the butterfly tests, resulting in seven different stress states,
were investigated for the two AHSS, HCT980X and HCT780C. The tests were monitored
with an optical as well as an acoustic measurement system. Based on the two measurement
systems, the fracture initiation was determined and compared using the two evaluation
methods. Next, the butterfly tests were numerically modelled using the experimental
boundary conditions, and a fracture model was parametrised for the optical as well as
the acoustic evaluation method to analyse the influence of the evaluation method on the
fracture model. To investigate the impact of the fracture modelling, numerical models
of a deep drawing test were created for the two AHSS using the parametrised fracture
models. Finally, experimental deep drawing tests were performed to analyse and evaluate
the numerical models.
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1.2. Material Characterisation Using Acoustic Emission Analysis

In the literature, AE analyses have previously been used to characterise different
material properties of metals. Shen et al. investigated the behaviour of titanium during a
tensile test with a broadband and a resonant sensor [8]. The yielding and fracture of the
material were characterised by a larger amplitude and a higher number of counts exceeding
a threshold value. In contrast to the broadband sensor, the resonant sensor was also able
to identify necking due to a higher amplitude. AE signals during plastic deformation
of a low-carbon steel were analysed by Muravev et al. [9]. The localisation of acoustic
emissions in combination with speckle interferometry enabled tracking of the movement of
Lüders bands’ yield. Furthermore, it was possible to predict necking and fracture. In [10],
Chuluunbat et al. used AE to analyse the fracture behaviour of the steel X70 during tensile
tests with notched specimens. The fracture development was recorded simultaneously
with a high-speed camera. At the time of fracture development inside the specimen, the
AE activity increased rapidly. Changes of the process parameters temperature and strain
rate also influenced the AE activity. Panasiuk et al. used the acoustic emission method
and Kolmogorov–Sinai entropy to successfully determine the yield point of the aluminium
alloy EN AW-7020 during tensile testing [11]. A new acoustic emission activity detection
method based on short-term waveform features was invented by Piñal-Moctezuma et al.
and applied to tensile tests of sheet metal [12]. In [13], Petit et al. observed the strain
localisation features and mechanisms during tensile tests of C35 by coupling AE analysis
and electronic speckle pattern interferometry. The AE behaviour of DP steels with different
martensite contents was investigated with tensile tests by Khamedi et al. [14]. It was shown
that for DP steels with a low martensite content, the damage mechanism was dominated by
decohesion of ferrite and martensite. In specimens with a high martensite content, fractures
also occurred in the martensite. The different damage mechanisms had a characteristic
frequency range that could be identified by wavelet analysis. Pathak et al. investigated
the influence of the stress state on micro-void nucleation for a CP800 and a DP780 using
3D micro-tomography for interrupted tests and in situ digital image correlation during
testing [15]. For both steels, little void nucleation was observed under shear deformation,
but extensive void damage was observed under biaxial tension.

However, the influence of the fracture evaluation method on a macroscopic fracture
model was not studied. Hence, it is of interest to compare the optical evaluation of ma-
terial fracture, which is commonly used by many laboratories, using acoustic evaluation.
Furthermore, the impact of the evaluation method on the modelling of fracture for in-
dustrial process simulation is of interest to improve the failure prediction and reduce
production costs.

2. Materials and Methods
2.1. Material Characterisation

The investigated AHSS HCT980X (DP1000) with 1.5 mm sheet thickness and HCT780C
(CP800) with 1.6 mm sheet thickness were provided by voestalpine Stahl GmbH (Linz,
Austria). HCT980X is a dual-phase steel consisting of martensite as well as ferrite, and
HCT780C is a complex phase steel consisting of martensite, bainite, and ferrite. The
chemical composition of the steels was measured using spark spectroscopy and is given
in Table 1. It fits well to the specified composition given by the data sheets [16,17] from
the supplier.

Table 1. Chemical composition in mass % of the used HCT980X and HCT780C from spark spectroscopy.

Element C Si Mn P S Al Cr + Mo Ti + Nb B V Fe

HCT980X 0.139 0.186 1.562 0.021 0.003 0.241 0.844 0.053 0.0005 0.02 Bal.

HCT780C 0.102 0.206 1.847 0.022 0.002 0.197 0.784 0.0695 0.0004 0.08 Bal.
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The flow characteristics of HCT980X and HCT780X were first analysed using the ten-
sile testing machine S100/ZD from DYNA-MESS Prüfsysteme GmbH (Aachen, Germany)
and conventional tensile tests. Specimens were cut with a water jet at 0◦, 45◦ and 90◦ to the
rolling direction and rested as proposed in the standard DIN 10275 [18]. The test tempera-
ture was 20 ◦C, and the quasi-static strain rate was 0.002 1/s. Five repetitions were tested to
identify outliers. While testing, the forming force and displacements were measured using
the tensile testing machine. The true stress–true strain curves were calculated convention-
ally for both AHSS from the test data [19]. Using the 0.2% offset method, the beginning of
material flow was estimated [19]. To characterise the anisotropy, the anisotropy coefficients
were calculated according to the standard DIN 10113 [20]. To extend the flow curves from
the tensile test for higher equivalent plastic strains, hydraulic bulge tests were performed,
as shown in the standard DIN 16808 [21]. A stochastic pattern of a white primer with
black speckles was applied to the surface of the bulge specimen, which was created with
a spray can. The tests were carried out with the Dunkes HD 250 hydraulic press from S.
DUNKES GmbH Maschinenfabrik (Kirchheim, Germany) and with the optical measuring
system Aramis from Carl Zeiss GOM Metrology GmbH (Braunschweig, Germany). Five
experiments per material were performed at the 20 ◦C test temperature to estimate the
biaxial flow curves. The extended flow curves were generated by transforming the biaxial
flow curve from the bulge test to the uniaxial stress state using the common approach of
equivalent plastic work by Sigvant et al. [22].

To investigate the fracture behaviour of the steels HCT980X and HCT780X, butterfly
tests which were developed prior by Behrens et al. [23] were conducted. The experimental
setup is shown in Figure 2 and consisted of a rotatable testing rig, which was installed in
the tensile testing machine S100/ZD. It further contained the optical measurement system
Aramis and was extended by the acoustical measurement system AMSY-6 from Vallen
Systeme GmbH (Wolfratshausen, Germany). Piezoelectric sensors of the same company
were used to record the acoustic emissions. To receive the signals of the specimen, a
resonance sensor VS900-RIC (AE1) and a broadband sensor AE2045 (AE2) were used, which
were both applied to the rotatable testing rig. Thus, a frequency band of 100–2200 kHz
could be investigated. Furthermore, a guard sensor VS900-RIC was attached to the tensile
testing machine as well to record and filter the machine-induced noise. Before applying
the AE sensors, the coupling agent Echotrace from Karl Deutsch Prüf- und Messgerätebau
GmbH (Wuppertal, Germany) was used.
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The applied butterfly specimen is shown in Figure 3A. The contour was cut with
water jet, and the inner part of the specimen—which has the shape of a unity mark—was
micro-milled on both sides. The rolling direction was perpendicular to the inner part.
Because of the unity-mark-shaped inner part, fracturing occurred inside the specimen
and no edge cracks appeared. With the rotatable testing rig, the butterfly specimen can
be tested at different angles α of −3◦, 12.5◦, 28◦, 43.5◦, 59◦, 74.5◦, and 90◦ to the loading
direction, which results in different stress states. Therefore, in the centre of the specimen
shear loading, uniaxial tension, plane strain tension and combined stress states are created,
which are shown in Figure 3B. One benefit is that one specimen can be used for testing
different stress states. Furthermore, the stress states between shear and uniaxial tension
can be characterised in a high resolution, as also shown in Figure 3B, which is another
advantage of the specimen.
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Before testing, a stochastic pattern as for the hydraulic bulge tests was applied to the
surface of the butterfly specimen. During the experiments, the testing rig was fixed against
rotation. The seven loading angles were tested until fracture for both AHSS. A quasi-static
velocity of 0.02 mm/s and a test temperature of 20 ◦C were used in the test. Each test was
repeated five times for statistical validity. While testing, the forming force was measured
by the tensile testing machine, the displacement of the specimen was measured by the
optical measurement system, and the acoustic emission was measured by the acoustic
measurement system. The recording frequency of the optical measurement system was
20 Hz, and the recording of the sound emissions was event-triggered, with a sampling rate
of 5 MHz. A detailed description of the testing is presented by the authors in [24].

After testing, fracture initiation for each specimen was evaluated based on the two
methods—optical and acoustic, as shown in Figure 4. Using the optical method, the
fracture initiation on the specimen surface was determined by the images from the optical
measurement system. The acoustic method assumed the fracture for each specimen based
on the form of the acoustic signals and their parameters. At the fracture initiation, only
burst signals were obtained, which had a clearly recognisable beginning and end. These
were first classified based on the amplitude reached. Other certain features, such as time
and frequency, were extracted from the signals, and those suitable for differentiation
were determined. This determination included rise-time and the centre of gravity of the
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frequency spectrum. The two methods were compared regarding their determination of
fracture initiation by evaluating the displacement at fracture analysed with both methods.
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Figure 4. Overview of forming force–amplitude over time measurement from a butterfly specimen
(A) and optical as well as acoustic evaluation methods for material fracture (B).

2.2. Material Modelling

To estimate the characteristic values of the stress triaxiality, normalised Lode angle,
and equivalent plastic strain of the butterfly tests for different loading angles, numerical
models of the tests with corresponding boundary conditions were created, as shown in
Figure 5A. Reduced models of only the inner part of the butterfly specimen were created
in LS-PrePost for each loading angle, material, and evaluation method. First, the full
geometry was simulated and compared to the half-specimen geometry using symmetry
condition in order to reduce calculation time. The hexahedron element type “Constant
Stress Solid” with an element edge length of 0.1 mm was used for the discretisation.
“Mat_133_BARLAT_YLD2000” was used as material card in LS-PrePost. The conventional
values used for steel were: density, 7.85 × 10−9 ton/mm3; Young’s modulus, 2.1 × 105 MPa;
and Poisson’s ratio, 0.3. In order to model the flow behaviour, the extended flow curves
from the tensile and hydraulic bulge tests were extrapolated. The extrapolation approach
according to Swift was used, which defines the true stress

kf,S = lS ×
(

mS + εpl

)nS
(1)

as a function of the plastic strain εpl with the material-specific parameters lS, mS, and
nS [25]. The parameters were found from the experiments using the least squares method.
Furthermore, YLD2000 from Barlat et al. was used as the yield criterion [26].
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Figure 5. Numerical models of the butterfly tests for different loading angles (A) and areas of the
optical and acoustic evaluation methods (B).

The nodes of one side of the specimen were restricted for displacements and rotations
in all directions. On the opposite side, the nodes were applied with displacements from
the experiments in x-direction ux and y-direction uy. For each loading angle, material,
and evaluation method, the corresponding average displacements were set as boundary
conditions. Likewise, the velocity was set to 0.02 mm/s as it was for the experiments. The
rolling direction was set as for the experiments perpendicular to the unity mark shape.
The butterfly models were analysed implicitly with the “Parallel Multi-Frontal Sparse
Solver” from LS-Dyna version R12. Double precision and hourglass control were used
for calculation.

To determine the stress triaxiality, the normalised Lode angle, and the equivalent
plastic strain, the simulation models were analysed based on the evaluation methods. For
the optical evaluation method, those developments were determined in the middle of
the unity mark shape on the surface nodes, while for the acoustical evaluation method,
the developments were analysed inside the specimen. The evaluation areas are shown in
Figure 5B and were chosen this way since they corresponded to the assumed fracture
initiation in the experiments of each evaluation method. Based on the determined devel-
opments, the characteristic values of the stress triaxiality and the normalised Lode angle
were calculated as the area-weighted centroid. With the maximum of the equivalent plastic
strain, the EMC fracture model can be parametrised [4]. Using the extrapolation approach
according to Swift, the EMC fracture model can be written as

εf, EMC =

 aEMC

lS ×
[(

0.5 ×
(
[ fI − fII]

bEMC + [ fII − fIII]
bEMC + [ fI − fIII]

bEMC
)) 1

bEMC + cEMC × (2 × η + fI + fIII)

]


1
nS

− mS (2)



J. Manuf. Mater. Process. 2023, 7, 127 8 of 19

with the fracture strain εf, EMC as a function of the stress triaxiality η and the material
specific parameters aEMC, bEMC, and cEMC. The functions

fI =
2
3
× cos

(π

6
×
[
1 − θ

])
(3)

fII =
2
3
× cos

(π

6
×
[
3 + θ

])
(4)

fIII = −2
3
× cos

(π

6
×
[
1 + θ

])
(5)

depend on the normalised Lode angle θ. The model is based on the well-known modified
Mohr–Coulomb fracture model, but extended using the Hosford equivalent stress [5]. The
EMC fracture model was parametrised for the two AHSS and the two evaluation methods
using the least squares method. Finally, the EMC fracture models were compared regarding
their course of function based on the evaluation method.

2.3. Deep Drawing Simulations and Experiments

Numerical deep drawing models of HCT980X and HCT780C were created to compare
the influence of the EMC fracture models from the optical as well as the acoustic evaluation
method. The deep drawing component corresponded to the lower part of a B-pillar and
the tool geometry of the numerical model is shown in Figure 6A. It consisted of the blank,
a die, a punch, and a blank holder. The blank and the tools were meshed in LS-PrePost
using hexahedron solid elements (constant stress) with element edge lengths of 1.5 mm
and 2 mm. The analysis was performed implicitly with a parallel multi-frontal sparse
solver from LS-Dyna version R12. The blank was about 380 mm × 460 mm with the rolling
direction along the shorter side. While the punch and the blank holder had a moving
boundary condition, the die was fixed in all room directions. The blank holder force was set
to 1000 kN and the forming speed to 15 mm/s. For contact modelling, a surface-to-surface
contact with penalty method was used between the tools and the blank. In order to model
process relevant friction, the law of friction according to Coulomb’s was picked with a
friction coefficient of 0.1 [27].
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Figure 6. Numerical model (A) and experimental setup (B) of the deep drawing tests.

The blank was modelled elastic–plastic using the material data for HCT980X and
HCT780C. Furthermore, the GISSMO damage model was added to the material model [28].
It defines the damage variable according to

DGISSMO = ∑
i

(
∆εi
εf

)mGISSMO

(6)
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as a function of the equivalent plastic strain ε, the fracture strain εf, and the damage
exponent mGISSMO. For the damage exponent, a value of two was chosen [28]. The fracture
strain was defined by the EMC fracture models from both evaluation methods. The tools
were modelled as rigid bodies with Poisson’s ratio, Young’s modulus, and density values
of 0.3, 2.1 × 105 MPa, and 7.85 × 10−9 ton/mm3, respectively. Based on the numerical deep
drawing model, the EMC fracture models for the two evaluation methods and the two
materials were analysed regarding their influence on the deep drawing process.

To validate which EMC fracture model is the most suited to predict material failure,
deep drawing experiments were performed. The experimental setup is displayed in
Figure 6B and was mounted on the hydraulic forming press HDZ 400 from S. DUNKES
GmbH Maschinenfabrik (Wiesbaden, Germany). Experimental parameters were chosen
according to the numerical simulation; the rolling direction of the blank was parallel to the
short edge of the sheet. A forming speed of 15 mm/s and a blank holder force of 1000 kN
were used. During the forming process, the punch displacement was measured with a
cable sensor. Tests were carried out for both AHSS HCT980X and HCT780C, increasing the
drawing depth until a fracture occurred.

3. Results and Discussion
3.1. Comparison of the Fracture Evaluation Methods

First, the influence of the optical and acoustic fracture evaluation methods on the
determination of fracture are shown. Therefore, the displacements at the fracture in the
x- and y-directions of the butterfly tests were determined using both methods and are
presented as average values with standard deviation in Figure 7A for HCT980X and in
Figure 7B for HCT780C. The tendency of the displacement at the fracture regarding the
loading angle is similar for both materials and both evaluation methods. The displacement
in the y-direction is larger than in the x-direction since the y-direction is the main forming
direction. The y-displacement at the fracture rises from a loading angle of 90◦ to −3◦, while
the x-displacement rises from a loading angle of 90◦ to 59◦ and reduces again until −3◦,
which can be explained by the rotation of the test setup. Comparing the displacements
at fracture of both materials, HCT780C fails at higher x- and y-displacements due to its
better formability compared to HCT980X [29]. Interestingly, the loading angles 74.5◦,
59◦, and −3◦ show a higher scattering of the standard deviation. Since the scattering is
present for both materials and both evaluation methods, it is attributed to the loading
angle. Contrasting both evaluation methods and considering the standard deviation, no
significant difference could be observed regarding the determination of fracture from both
methods. Therefore, both methods are equally suited to determining the onset of the
fracture. However, both assume a different location of fracture, the influence of which on
the characteristic values of the stress triaxiality, normalised Lode angle, and equivalent
plastic strain will be analysed next.

Therefore, the numerical models of the butterfly tests are analysed. Basic mechanical
properties can be found in Table 2. The used flow behaviour in terms of anisotropy
parameters and the extrapolation approach according to Swift are also summarised in
Table 2. It was not further analysed in this study but fits well to literature values such as
those in [30]. To reduce calculation time, only the half geometry of the butterfly specimen
was modelled using symmetry conditions. Since the butterfly tests would be evaluated on
the symmetry plane for the acoustic evaluation method, a full geometry was compared to
the half geometry in Figure 8 to ensure no high impact of the symmetry plane. A butterfly
test with a loading angle of 90◦ for HCT980X is shown exemplarily. As to be expected,
values like the equivalent plastic strain fit well for the full and the half model. Therefore,
half models were used for further investigations.
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Figure 7. Displacement at fracture in x- as well as y-direction for HCT980X (A) and HCT780C (B)
from the butterfly tests with different loading angles.

Table 2. Mechanical properties, parameters of the yield curve YLD2000, and parameters of the
extrapolation approach according to Swift.

Parameter Rp,0.2 in MPa Rm in MPa Ag in % A80 in % r0 r45 r90

HCT980X 747.3 1052.4 7.43 11.87 0.904 1.041 1.068

HCT780C 629.2 809.7 9.53 16.58 0.884 1.094 0.949

Parameter kf,0 in MPa kf,45 in MPa kf,90 in MPa lS in MPa mS nS

HCT980X 757.3 742.2 743.6 1379 7.16 × 10−4 7.97 × 10−2
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In order to verify the numerical models of the butterfly tests, the equivalent plas-
tic strain of the models is compared to the equivalent plastic strain from digital image
correlation in Figure 9, exemplarily for the loading angles −3◦, 59◦, and 90◦. For the
y-displacement at fracture, the equivalent plastic strain of HCT780C is higher than for
HCT980X due to the differences in formability. The global distribution of the equivalent
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plastic strain for the numerical butterfly specimen corresponds well to the distribution
from digital image correlation. Locally in the specimen centre (unity mark) of the specimen,
the distributions of the equivalent plastic strain also fit well. Only at the loading angle of
59◦, for HCT780C, the numerical values are slightly below the experimental ones. This
can be explained by the high scatter of the displacement at fracture for this loading angle,
which can lead to a scatter regarding the equivalent plastic strain as well. In general,
the distribution of the equivalent plastic strain of the experimental butterfly specimen is
reproduced well by the numerical models. Hence, the modelling is assumed to be realistic
enough for further analysis.
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According to each evaluation method, the butterfly models were analysed in the
middle of the specimen’s surface for the optical method and inside the centre of the
specimen for the acoustic method. For each of the simulation models, the equivalent
plastic strain, stress triaxiality, and normalised Lode Angle were determined as a function
of time. The equivalent plastic strain–stress triaxiality and the equivalent plastic-strain-
normalised Lode angle curves are depicted in Figure 10A,B, exemplarily for HCT980X.
The same behaviour was observed for HCT780C. For both evaluation methods, a similar
development of the curves is visible for the loading angles from −3◦ to 28◦ regarding
the stress triaxiality and the normalised Lode angle. A small difference in the curves is
recognisable for the loading angle 43.5◦, which increases towards higher loading angles.
The curves from the acoustic evaluation method begin and end at higher stress triaxialities
than the curves from the optical method. Comparing the maximum of the equivalent plastic
strain, both evaluation methods lead to similar values until a loading angle of 59◦. For
higher loading angles, the equivalent plastic strain is increased for the acoustic evaluation
method compared to the optical. This indicates not only an increased difference in the
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stress state over the sheet thickness but also a high gradient of the equivalent plastic strain
over the sheet thickness for loading angles over 59◦.
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Based on the determined developments, the characteristic values of the stress triaxi-
ality and the normalised Lode angle were first calculated to create parameter sets for the
parametrisation of the EMC fracture models. Therefore, the area-weighted centroids of the
equivalent plastic strain–stress triaxiality and the equivalent plastic-strain-normalised Lode
angle curves were calculated as proposed in [31]. For both evaluation methods and the
seven loading angles, the area-weighted centroids are shown in Figure 11A for HCT980X
and in Figure 11B for HCT780C. In the stress-triaxiality-normalised Lode angle plane, the
differences in the stress states of both evaluation methods are more clearly visible. Loading
angles up to 28◦ show a similar characteristic stress state for both materials, laying well
on the plane stress state. For loading angles above 28◦, the characteristic stress states from
the acoustical evaluation method are shifted to higher stress triaxialities compared to the
characteristic stress state from the optical evaluation method. This can be explained by
the different stress states at different loading angles. At low loading angles, a shear stress
state is present, which shows no gradient of the stress state along the sheet thickness of the
butterfly specimen. An increase in the loading angle leads to a change in the stress state.
A uniaxial tension or a plane strain tension state can be present. Here, a difference of the
stress state regarding the stress triaxiality and the normalised Lode angle can be observed
over the sheet thickness of the butterfly specimen. The different location of fracture of the
two evaluation methods therefore leads to the differences in the characteristic stress states
for higher loading angles.

Second, the equivalent plastic strain at fracture was determined, which corresponds
to the maximum of the equivalent plastic strain development. Analysing the equivalent
plastic strain in Figure 12, the effect of the different evaluation areas can be seen well.
Although the displacement from the optical evaluation method is almost the same as for
the acoustic evaluation method, the maximum equivalent plastic strains determined by
the optical evaluation method are above the equivalent plastic strains from acoustical
evaluation method for loading angles up to 59◦ and below for higher loading angles. This
tendency can be noticed for both materials.
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This can be explained by a gradient over the sheet thickness of the equivalent plastic
strain for higher loading angles. Figure 13 displays the maximum equivalent plastic strain
for HCT980X at the loading angles −3◦, 59◦, and 90◦ from front view and cut view though
the specimen centre. It can be seen that at a loading angle of 90◦, a high gradient of the
equivalent plastic strain over the sheet thickness is present, leading to the differences. This
behaviour can be attributed to the stress state of each loading angle: at a loading angle of
−3◦, a shear stress state and shear failure are present. For loading angles of 59◦ and 90◦,
a tension stress state is dominant. For 59◦, it is uniaxial tension, and for 90◦, it is plane
strain tension, which lead to normal failure initiated by the formation and growth of voids.
Finally, with the characteristic stress state and maximum of the equivalent plastic strain,
the EMC fracture models were parametrised using the least-squares method.
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Lastly, the fracture surfaces of the EMC models from both evaluation methods are
shown in Figure 14. For both materials, the same tendency is noticeable regarding the
two evaluation methods. The slope of the optical EMC fracture model is much lower than
the slope of the acoustical EMC fracture model, leading to a much steeper appearance
of the optical EMC fracture model. Hence, the acoustical EMC fracture model proceeds
much more flatly than the optical EMC fracture model. At a normalised Lode angle of
approximately 0.35, the EMC fracture models of both methods intersect each other. The
optical EMC fracture model runs well above the acoustical EMC fracture model up to
the normalised Lode angle of 0.35 and in the further progression below it. This can be
explained by the fracture strain: The fracture strain for a loading angle of −3◦, which is
at a normalised Lode angle of about zero, is similar for both evaluation methods. For a
loading angle of 74.5◦, which is at a normalised loading angle of 0.91 or 0.62, a higher
difference can be seen in Figure 12 regarding the fracture strain. At this loading angle, the
fracture strain of the optical evaluation method is lower than for the acoustic evaluation
method. The difference in the fracture strain creates the different slopes of the EMC fracture
models. Therefore, the optical EMC fracture model proceeds above the acoustic EMC
fracture model at lower normalised Lode angles. Comparing HCT980X and HCT780C, it
can be seen that the EMC fracture model for HCT780C proceeds at higher fracture strains
than for HCT980X for each evaluation method. The reason for that is the higher formability
of HCT780C [29]. To compare the impact of the EMC fracture models from both evaluation
methods on the industrial application, the models were used in numerical simulations of a
deep drawing process.
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3.2. Impact of the Fracture Modelling

In Figure 15, the experimental B-pillar parts are compared to the numerical results
for HCT980X in (A) and HCT780C in (B). For the numerical B-pillar parts, the damage
variable is depicted, which indicates material failure in an element if it is above one. The
experimental B-pillar part from HCT980X is shown at a drawing depth of 27 mm. A less
fractured part was not producible due to the sudden fracture initiation of the material.
The maximum drawing depth without fracture for HCT780C was 32 mm. The numerical
plots are shown for the drawing depth when the damage variable reached a value of one,
which was at a punch displacement of 21.3 mm using the optical EMC fracture model
and 27.1 mm using the acoustical for HCT980X. For HCT780C, these were at 22.2 mm and
30.9 mm, respectively. The punch displacement and therefore the drawing depth of the part
is much smaller for the B-pillar using the optical EMC fracture model than of the acoustic
model, and hence, it underestimates the experimental drawing depth strongly. This can
be explained by the different slopes of the fracture models. The slope of the optical EMC
fracture model is much deeper than of the acoustical model resulting in an earlier fracture
prediction, especially in a stress state with high stress triaxialities. Therefore, it already can
be stated that the acoustical EMC fracture model leads to a more precise fracture prediction
for the investigated materials and the specimen used for fracture characterisation.

To analyse the fracture behaviour further, the development of the equivalent plastic
strain, stress triaxiality, and normalised Lode angle was written out for one of the failed
elements of the B-pillar. In the upper part of Figure 16, the development of the stress
state is shown for HCT980X in (A) and for HCT780C in (B) for both fracture models. The
stress state proceeds from the region of uniaxial tension along the plane stress state for
both models as well as both materials and ends between the region of uniaxial tension and
plane strain tension, at which point the element is considered failed. The lower graphs of
Figure 16 show the equivalent plastic strain–stress triaxiality development of the failed
element and the plane stress state of the EMC fracture models. It can be observed that
the numerical simulations using the optical EMC models predict a lower drawing depth.
Since the simulation models only differ regarding the fracture models, the difference of the
failure prediction is grounded in the different appearance of the optical and the acoustical
EMC fracture models. The fracture of the part is located in an area at which a stress state
between uniaxial and plane strain tension is present. Here, the two EMC fracture models
show a high difference in their slope (Lode angle axis). The optical EMC fracture model
has a much lower slope than the acoustic EMC fracture model. Therefore, the predicted
fracture strain from the optical EMC fracture model is lower than that from the acoustic
model, especially at the present stress state. Factors influencing the fracture models and
their appearance are mainly the data sets used for their parametrisation. Because of the
steep slope of the optical EMC fracture model, the fracture in the B-pillar part is calculated
much earlier compared to the numerical model using the acoustic EMC fracture model.
Nevertheless, the stress state and equivalent plastic strain–stress triaxiality development
for both fracture models are very similar. Hence, the investigations shown proved that
the area of fracture evaluation—and therefore the correct fracture modelling—has a high
impact on the numerical process design.
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(bottom) for HCT980X (A) and HCT780C (B).
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Figure 16. Stress state development and plane stress state of the failed element from the B-pillar
simulation for HCT980X (A) and HCT780C (B).

4. Summary and Conclusions

Material fracture is often characterised by many laboratories using various tensile tests.
The tests are usually monitored using digital image correlation, and the start of fracture is
determined optically from a macroscopic crack on the specimen’s surface. Based on the
experiments, analytical fracture models are parametrised for numerical process design. For
this evaluation method, the equivalent plastic strain before fracture at the specimen surface
is used for parametrisation of the models. However, for some materials and specimen
geometries, the fracture starts inside the specimen before a macroscopic crack is visible on
the specimen’s surface.

Therefore, in this research, butterfly tests with different loading angles were performed
and monitored with both optical and acoustic measurement systems. The two AHSS,
HCT980X and HCT780C, were investigated. The fracture onset was determined using
the conventional optical evaluation method and an acoustical method. Displacements
at the fracture were determined and used as boundary conditions in numerical models
of the butterfly tests. Based on the numerical models, fracture parameter sets consisting
of the equivalent plastic strain at the fracture, the characteristic stress triaxiality and the
characteristic normalised Lode angle were evaluated for both evaluation methods and both



J. Manuf. Mater. Process. 2023, 7, 127 18 of 19

steels. Finally, two EMC fracture models were parametrised for each material to be used
in numerical simulations of a B-pillar forming process. The influence of the EMC fracture
model was evaluated based on experimental deep drawing tests of the B-pillar geometry.

Based on the presented results, the following conclusions are drawn:

• No significant difference could be observed regarding the displacement at fracture from
the optical and acoustical evaluation method for the materials under investigation.

• For higher loading angles, the characteristic stress states from the acoustical evaluation
method are shifted to increased stress triaxialities compared to the optical method.

• The equivalent plastic strain at the fracture shows a gradient over the sheet thickness
for higher loading angles, which leads to increased values for the acoustical method.

• The differences in the characteristic stress state and the fracture strain lead to a steeper
development of the optical EMC fracture model than the acoustical model.

• In a process simulation, the optical EMC fracture model predicted the material fracture
too early compared to experimental investigations.

• Overall, the area where fracture initiation is analysed can have a high impact on
fracture modelling depending on the material used and the specimen’s geometry.
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