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Abstract. Edge cracking is an essential local formability phenomenon encountered in specific
forming operations, such as stretch flanging, which is broadly employed in the automotive industry.
However, the prediction of the edge cracks is challenging, and the hole expansion test is widely
carried out to detect the edge cracking performance. This research analyzed quenched and
partitioned steel (QP), one of the third-generation advanced high-strength steels widely adopted in
the automotive industry to replace conventional high-strength steels due to its superior global
formability features. However, its local formability has been a bottleneck due to its microstructure
nature and shows strong anisotropy dependency. Therefore, a modeling framework is needed that
consistently incorporates anisotropy in both plasticity and fracture. In this study, the hole expansion
performance of QP1000 steel was evaluated through a fully anisotropic fracture model based on the
Y1d2004-18p anisotropic yield criterion and the DF2016 ductile fracture model. To this end, the
standard uniaxial tensile tests in seven material orientations, the bulge test, and the tensile tests of
different fracture samples were conducted. These samples were picked out to characterize the broad
spectrum of loading conditions and cut in rolling, diagonal, and transverse directions to establish the
fully anisotropic fracture model. It was seen that the edge cracking metrics, which are the hole
expansion ratio and the fracture initiation zone, were accurately captured by the developed model.

Introduction

The transportation sector causes a considerable amount of harmful gas emissions, and road
vehicles have a major role in these emissions [1]. Therefore, the international regulations and
competition between the automotive companies necessitate the automotive industry to have a
primary aim to decrease harmful gas emissions. In this framework, the automotive companies
tended to develop new technologies in lightweight materials. Advanced high-strength steels (AHSS)
are one of these materials, and Quenched and Partitioning steels (QP) are the salient steels to
replace the conventional high-strength steels in the automotive industry [2, 3]. The QP steel ensured
the high strength and formability relative to the other AHSSs; however, edge cracking is a vital
topic in these steels. Certain AHSSs demonstrate low edge cracking performance [4, 5], and the
studies on the edge cracking phenomenon in QP steels are limited.

Edge cracking is a local formability feature where deformation is localized in specific regions,
which is difficult to detect. The hole expansion test is conducted to evaluate the edge cracking
performance, and numerous studies in the literature have examined the hole expansion performance
of AHSSs. Chung et al. [4] investigated the hole expansion performance of TRIP590 and TWIP940
steels in terms of hole expansion ratio (HER). They pointed out that the TWIP steel exhibited poor
hole expansion performance. Barnval et al. [6] carried out a similar study on first-generation
AHSSs, namely DP and TRIP steels. Firat et al. [7] conducted a study to assess the local formability
features of DP steels. Recently. Li et al.[8] investigated the edge fracture of DP1000 steel and
discovered that anisotropy-introduced localization has been the trigger of the final fracture. In all
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these studies, the significance of an advanced anisotropic yield criterion in local formability was
emphasized.

Contrary to the first and second generation AHSSs, the studies related to the local formability of
third generation steels, especially QP steel, are limited. Madrid et al. [9] assessed the effect of edge
conditions and the punch geometry on the edge cracking performance of QP steels. Li et al [10]
conducted a study related to the fracture performance of QP1000 steel. They used the Hill48
criterion with crucial modifications and performed the fully anisotropic fracture modeling. There
are also different studies related to the fracture of QP steels [11-15]. However, studies relevant to
the edge cracking predictions are limited, and numerical studies mostly include basic anisotropic
yield criteria or isotropic yield criteria [14, 15]. A recent study by Aksen et al. [16] applied several
anisotropic yield criteria, including different Hill formulations, and the Y1d2004-18p model on
QP1000 steel, and they revealed that only Y1d2004-18p can predict the location of the edge fracture
accurately. However, due to the nature of the isotropic formulation of the fracture criterion, the
model still fails to predict the HER value correctly. Therefore, a fully anisotropic fracture model in
conjunction with an advanced anisotropic plasticity model is essential to evaluate the edge cracking
properties of QP1000 steel.

This study evaluates the performance of fully anisotropic fracture modeling in predicting edge
cracking of QP1000 steel in HET. In this framework, a material model including the Y1d2004-18p
anisotropic yield criterion, coupled with the DF2016 ductile fracture model, was adopted. Standard
uniaxial tensile tests (SDB) were conducted in seven orientations, covering from the rolling
direction (RD) to the transverse direction (TD). To include the biaxial data in the yield criterion
calibration, a bulge test was conducted. In addition, fracture samples, including a centered hole
sample (CH), radius-shaped notched samples (NDBR), and a shear sample, were employed to
characterize the fracture mechanism across a wide spectrum of loading conditions. Furthermore,
these fracture samples were cut in three orientations to represent the fully anisotropic fracture
model. Afterward, the hole expansion test of QP1000 steel with a conical punch configuration was
performed in order to observe the edge cracking metrics, and the finite element (FE) analyses were
conducted. The prediction performance of the calibrated model was evaluated in terms of edge
cracking metrics in QP1000 steel in the hole expansion test.

Mechanical Testing

The standard uniaxial tensile test samples of QP1000 steel were cut in seven orientations from
RD to TD (0°, 15°, 30°, 45°, 60°, 75°, 90°) with a thickness of 1.36 mm [10, 16], and the tests were
carried out in compliance with the ISO6892 specifications under quasi-static testing rates using
Zwick-Roell screw-driven tensile testing machine with an extensometer of 30 mm gauge length.
The result of the RD sample was used to adjust the hardening behavior of QP1000 steel. Fig. 1
shows the engineering stress-strain curves acquired from the SDB samples and the hardening curve
based on mixed Swift-Voce type hardening law (The parameters are given in ref. [10]).
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Fig. 1. a) Engineering stress-strain behaviors in different orientations and b) flow curve in RD for
QP1000 steel.
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The r values and stress ratios were obtained from the SDB sample tests conducted at various
strain levels. The r values tend to saturate at the strain level corresponding to ultimate tensile stress;
therefore, the strain values at the saturation point were regarded. However, the stress ratios varied
throughout the deformation. In this regard, the stress ratios at 0.05 strain level were regarded in
order to represent the general behavior of the variation. Table 1 shows the r values and stress ratios
considered in this study.

Table 1. Engineering stress-strain behaviors in different orientations for QP1000 steel.

Orientation (deg.) 0° 15° 30° 45° 60° 75° 90°
Stress ratio (o) 1 1.004 | 0.995 0.996 1.019 1.021 1.027
r value (ro) 0.75 0.65 0.73 0.91 0.71 0.7 0.86

Afterwards, the fracture test samples were conducted in RD, diagonal direction (DD), as well as
TD. The dimensions and the testing conditions are explained in [10]. The force-displacement
behaviors of fracture samples are given in Fig. 2 for three orientations. These experimental data,
including the SDB data, can also be accessed via Zenodo repositories [17].
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Fig. 2. Force-displacement behaviors of fracture samples in a) RD, b) DD, and ¢) TD.

The QP1000 steel did not demonstrate a significant difference in force-displacement behaviors
along three orientations; however, ductility decreased noticeably in TD orientations, indicating that
anisotropic ductility is an essential feature of QP1000 steel. To specify the biaxial r value and stress
ratio, a bulge test was conducted with a square sample of 230 mm length. Punch moved at a rate of
3 mm/min while the sample was clamped with a holder force of 600 kN. Comprehensive
information can also be found in [8], including the dimensions of the tools. In the final stage, an
HET was conducted in accordance with the ISO 16630 specifications. The 10 mm hole was cut by
electro discharging machine to ensure a higher hole edge surface quality. Thus, the microcracks due
to the punch process were diminished. The hole was expanded through a conical punch with an
apex angle of 60°. The blanking force was applied as 235 kN to a circular blank with a radius of 90
mm. In the meantime, the punch moved at a constant rate of 5 mm/min. The sample was tested until
a through-thickness crack (TTC) occurred.

Constitutive Modeling

Within the scope of this research, an anisotropic plasticity model was considered. In this
perspective, the Y1d2004-18p yield criterion was adopted to characterize the material anisotropy. In
order to account for the fracture mechanism, the DF2016 ductile fracture model was implemented.

Plasticity Model.

The Y1d2004-18 yield criterion encompasses the r value and stress ratio directionalities, in
addition to the biaxial data. This criterion is expressed as in Eq. 1 [18].
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deviatoric stress components. The first and second linear transformations of the deviatoric stress
tensors are given in Eq. 2 and Eq. 3.
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In Egs. 1 and 2, the ai parameters refer to the anisotropy parameters that need to be optimized
based on the yield conditions in different orientations and the balanced-biaxial loading. For the
optimization process, the least squares method was employed. The associated flow rule for the
relation between plastic potential and plastic strain increment is given in Eq. 4.
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Finally, the isotropic hardening rule was considered, which is represented by the mixed

hardening law encompassing the Swift-Voce laws given in Eq. 5.

P -
OModulated = a(C(SO + gpl) ) + (1 - a) (kO + Q(l —€ bspl)) . (5)
Fully Anisotropic Fracture Model.

Similar to Li et al. [10], a fully anisotropic fracture model was established to reflect the variation
in fracture strain with different material orientations, considering the linear transformation of plastic
strain components at fracture, which simplifies calibration and implementation. To this end, five
different fracture samples were tested in three orientations, namely RD, DD, and TD. For each
sample, the plastic strain components at fracture were procured from the FE analyses, and their
transformations were regarded. The transformed strain increment tensor ( &' =
[éF,, 6L, eI, ¢L; 615, €T]) can be expressed by Eq. 6.

=L, (6)

Here, L is the modified linear transformation tensor given in Eq. 8, and the &P is the strain
increment tensor.
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The parameters i are the transformation parameters that need to be optimized. The transformed
equivalent plastic fracture strain can be determined by Eq. 8.



Solid State Phenomena Vol. 388 157

T _ 2 T . oT
Eeqv = /Egeqv : eeqv . (8)

The DF2016 fracture model accounts for both stress triaxiality and Lode parameter effects to
describe the fracture mechanism [19]. The DF2016 criterion can be expressed as in Eq. 9 regarding
the fully anisotropic fracture modeling approach.

a
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In Eq. 7, n and L refer to stress triaxiality and Lode parameter, while the parameters ci-4 and ¢
denote the fracture model parameters.

Material Characterization

The parameters of the Y1d2004-18p criterion were optimized based on the identification
procedure explained in our earlier study [16]. For completeness of information, Table 2 lists the
optimized parameters, and Fig.3 illustrates the analytical predictions of the yield criterion.

Table 2. The anisotropy parameters of Y1d2004-18 criterion.

! ! !

a a as a, as ag ar ag as
0.396 043 0.824 | 0.747 | -0.175 | 0.959 1 1 0.952
ay ay ay ay ac ag ay ag agy
0.655 | 1.507 | 0.683 | 0.837 | 1.465 0.87 1 1 0.983
2) 1.04 b) 1
® Experiment ® Experiment
R Y1d2004-18p Y1d2004-18p
= 1.02
2
=
= °
E 1
&
0.98
0 15 30 45 60 75 90 0 15 30 45 60 75 90
Angle (degree) Angle (degree)
C) 1.5

1.5

® Experiment
Y1d2004-18p

Normalized stress in TD
&

-1.5
Normalized stress in RD

Fig. 3. Analytical predictions of Y1d2004-18p a) Stress ratios, b) r values, c) yield locus.

The Y1d2004-18p criterion accurately predicted the experimental data directionalities used in the
identification procedure. The parameters and the flow curve fitted based on the mixed hardening
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law can be found in ref. [10]. To calibrate the fracture model, the FE analyses of the fracture
samples were conducted, and the acquired results were compared with the experimental outcomes.
The element sizes were kept at 0.05 mm in all directions at the center of the geometrical
discontinuities for each fracture sample [16]. Fig. 4 illustrates the comparative results of fracture
samples' force-displacement responses for CH, NDBR10, and SH.
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Fig. 4. Force-displacement predictions of the a) CHDB6, b) NDBR10, and c¢) SH samples.

The force-displacement predictions were consistent with experimental results. In CHDB6 and
NDBR samples, the predicted results in RD and DD orientations provided good approximations;
however, minor discrepancies were observed in TD orientation. In this regard, the implemented
model could predict localization in RD and TD; however, it was less effective at predicting
localization in TD. For NDBR samples, the maximum equivalent strain was seen at the center of the
notched region, and at the middle of the through-thickness. For CHDB6 samples, it was found to be
at the hole edge or a point so close to the hole edge (A minor shift was observed for RD and DD
samples). As for SH samples, the maximum equivalent plastic strain at the shear zone was regarded.
The plastic strain components, stress triaxiality, and Lode parameter variations were acquired from
the FE simulations at fracture points of all samples. Since the Lode parameter and the triaxiality
were not constant, their average values were determined. In the first stage, the transformations of
the strain components were determined (In terms of transformation parameters); afterwards, the
fracture model parameters and the transformation parameters were optimized simultaneously to
calibrate the fully anisotropic fracture model. The optimized transformation parameters are listed in
Table 3, while the 2D fracture locus alongside the variations of the stress triaxiality are given in Fig.
5.

Table 3. The transformation parameters for the fully anisotropic fracture model.
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Fig. 5. a) Stress triaxiality variations, b) 2D fracture locus of fully anisotropic fracture model
(The parameters of DF2016 are C1=4.12, C2=0.63, C3=0.89, C4=0.241, and C= 0.33).
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The equivalent plastic fracture strains were depicted as dots with different shapes (Triangles,
squares and rhombuses represent the CHDB6, NDBR25 NDBR10, respectively, while the circles at
the left with black outline denote the SH and the circles at the right without outline refer to NDBR6
samples) in Fig. 5b. All these points correspond to the equivalent plastic fracture strain value for the
mean stress triaxiality level of each fracture sample’s cutting orientation. The 2D fracture locus
generated by the fully anisotropic fracture model provided good approximations for each data point
obtained from the sample and orientation. However, some difficulties were encountered while
capturing the TD orientation data. These difficulties may stem from the fact that minor
overestimations were observed in the force-displacement responses of the fracture samples of
CHDB and NDBR (see Fig. 4). The implemented model could not successfully capture localization
in the TD orientation. This situation may cause the fully anisotropic fracture locus to be offset
downward during the optimization process. Since the force-displacement results in RD and DD
were accurate and the localizations in these orientations were well characterized, higher strains may
be obtained for these orientations compared to TD. Recently, in the paper by Li et al. [10], the
researchers regarded the stress evolution during deformation and incorporated it into their FE
simulations. Thus, they could capture the force-displacement responses in all orientations using the
Hill48 criterion, and they reported higher strains and triaxiality levels in TD orientation compared
to this study. Nevertheless, they also reported lower strain and triaxiality levels in TD than in RD
and DD orientations in their research, consistent with the outcomes of this research. On the other
hand, the results procured from the SH samples were also similar in all directions in this research.
For each orientation, the equivalent plastic fracture strains and the stress triaxiality levels were close
to each other. The differences in predicted performance for SH did not lead to a significant
difference. Besides, although Li et al. [10] provided good approximations in SH samples
considering the stress evolution, the SH results in this study were also consistent with the paper by
Li et al in terms of strain and triaxiality levels. Afterward, the calibrated parameters were tested in
fracture samples to predict the force drops in the simulations. Fig. 6 shows the results of force-
displacement responses of fracture samples with the calibrated model.
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Fig. 6. Force-displacement predictions of fully anisotropic fracture model a) CHDB6 and SH, b)
NDBR25, ¢) NDBR10, d) SH.

In NDBR6 predictions, the fully anisotropic fracture model overpredicted the experiments,
which resulted from the difficulties in capturing the NDBR6 data alongside the TD data in the
fracture locus. Nevertheless, the results were found to be consistent with the experiments for other
samples.
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Hole Expansion Test Simulations

The FE simulation of HET was carried out in Marc software coupled with a user-defined
material subroutine. The blank was meshed in the Apex software, then transferred to the Marc
software. The elements were increased near the hole edge, and the element sizes near the hole were
kept 0.05 mm in all directions to ensure consistency with the element density in geometrical
discontinuities of the fracture samples. Fig. 7 shows the FE model and the blank mesh.
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Fig. 7. a) FE model of HET, b) blank’s mesh layout.

The friction coefficient was assumed to be 0.1 between all the contact interactions. The punch
force-displacement curve, the first through-thickness crack, and the HER value were predicted by
the FE model. Fig. 8 shows the metrics of local formability procured from the HET simulations.
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Fig. 8. a) Punch-force-displacement results, b) HER results, ¢) First TTC location.

The fully anisotropic model successfully predicted the first TTC location (Fig. 8b). Furthermore,
minor cracks detected in the experiments were also observed near similar locations in the FE
simulations. Underestimation of fracture force and HER values were still observed, which could be
correlated with the performance of the fully anisotropic fracture model in tensile tests with different
geometries. Further enhancement of the model formulation could improve the performance.

Conclusion

In this study, the local formability features of QP1000 steel were investigated through the HET
of conical punch configuration. The fully anisotropic fracture model was implemented in order to
characterize the material anisotropy and anisotropic ductility of the QP steel. Standard uniaxial
tensile tests were conducted in seven orientations to calibrate the Y1d2004-18p criterion, while five
different fracture samples were tested in three orientations to define fully anisotropic fracture
modeling. In the conical punch configuration of HET, the first TTC was observed at the hole edge.
In the experiments conducted within the scope of this research, the first crack initiated at the hole
edge’s inner circle (punch side). In the following, the crack was progressed through the thickness in
an inclined path. Initially, the inner circle is exposed to compression, then turns out to tension and
high triaxiality regimes. During the progression of the crack, the stress state varies [16]. Therefore,
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a wide range of fracture strain characterization extending from uniaxial compression to plane strain
tension was found to be crucial. Moreover, the prediction of the fracture initiation zone alongside
the inclination path of the crack is highly relevant to the anisotropic yield criterion. The results
showed that the Y1d2004-18p criterion well-defined the material anisotropy. Moreover, the fully
anisotropic DF2016 fracture model showed plausible prediction performance. The implemented
model predicted the first TTC location with high accuracy, indicating the advantages of introducing
the anisotropy to both plasticity and fracture description, while further enhancement of the model is
required for the force and hole expansion ratio at first through thickness crack. As a future remark,
the stress evolution in all orientations can be regarded to adjust the anisotropic plasticity parameters
better and describe the force-displacement response in the TD orientation. Accordingly, localization
in the TD orientation may be accurately captured, thereby enhancing the fully anisotropic fracture
model's performance in edge-cracking metrics.
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