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ARTICLE INFO ABSTRACT

Keywords: Dual-phase steels are extensively utilized materials in automotive parts to reduce the weight of
Anis?tTOPic plasticity modeling the autobody and increase fuel performance. Since most of the parts in the autobody are subjected
Ductile fracture to different loading conditions, the fracture initiation limits of these steels have become signifi-
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cant in recent years. This study systematically investigates the effects of anisotropic plasticity
modeling on the ductile fracture predictions and forming limit curves (FFLCs) of dual-phase steels
(DP600 and DP800), commonly utilized in automotive applications. Experimental uniaxial tensile
tests were performed in multiple material orientations to characterize anisotropic mechanical
responses, and these data were used to calibrate the sixth-order polynomial-based anisotropic
yield criterion (HomPol6). Additionally, tensile tests on four notched geometries were conducted
to provide stress state-dependent fracture strains, facilitating calibration of the DF2016 ductile
fracture model. Notably, the calibration procedures were separately conducted for isotropic (von
Mises) and anisotropic (HomPol6) yield criteria to critically evaluate their effects on fracture
prediction accuracy. A detailed theoretical discussion is provided regarding the discrepancies
observed in equivalent plastic strain, stress triaxiality, and Lode parameters between isotropic and
anisotropic constitutive models, highlighting the intrinsic dependence of stress state evolution on
anisotropic plastic flow. Subsequently, Finite Element (FE) analyses of the Nakajima tests were
implemented using an implicit Marc solver with user-defined material subroutines (Hypela2). The
numerical FFLC predictions obtained using the anisotropic calibration demonstrated enhanced
agreement with experimentally derived literature data compared to the isotropic approach,
explicitly highlighting the importance of anisotropic constitutive modeling. Furthermore, this
study elucidates how critical numerical factors, such as friction, contact mechanics, mesh dis-
cretization, and bending effects in the Nakajima tests, interact with anisotropy to influence FFLC
predictions. Finally, clear recommendations are provided for future experimental and theoretical
directions, emphasizing the necessity of developing fully anisotropic fracture criteria to
comprehensively capture orientation-dependent fracture ductility in advanced high-strength
steels.
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1. Introduction

The competition in the automotive industry, coupled with the European Commission regulations for reducing greenhouse and CO,
emissions, yields new attempts to develop advanced materials to reduce the automobile’s weight and compensate for the strength for
ensuring crashworthiness. Advanced high-strength steels are the essential solutions in this regard, and among them, the dual-phase
(DP) steels are employed prevalently owing to their excellent ferrite-martensite combination-based microstructure [1-3]. The het-
erogeneity of the microstructure ensures enhanced formability characteristics. Hence, fracture initiation features, especially for
different stress state conditions in DP steels, became essential data in the automotive industry [4-7]. The fracture forming limit curve
(FFLQ) is essential for acquiring information about fracture initiation in different loading conditions. However, experimental acqui-
sition of FFLC is generally provided by the Nakajima test, in which several specimens with different web widths were stretched through
a punch, and this test leads to considerable cost. On the other hand, the FFLC data can be obtained by analytical and numerical ap-
proaches as well [8-12]. Although these approaches surmount the financial issues, knowledge of the combination of plasticity, ductile
fracture, calibration, and optimization has been indispensable.

Computer science and software advances facilitate intricate numerical computations; nonetheless, computational approaches, such
as Finite Element (FE) analyses, also necessitate the validation of numerical results to ensure their reliability. The FE solvers adopt
implicit or explicit methodologies for computing the field variables, such as stress and strain data [13]. Although there are specific
differences between the implicit and explicit methodologies, plasticity modeling is one of the distinct issues. The explicit solvers regard
the data from the previous domain’ while the implicit solvers consider the current domain so as to fulfil the requirements of the yield
condition. Further, the implicit solvers employ the return mapping scheme to satisfy the consistency condition and surmount the so-
called yield surface drifting issue encountered in explicit methodology [14,15]. However, the implicit solvers require a high
computational cost that complicates the implementation of the constitutive modeling.

The FE method includes numerical factors such as mesh discretizing, element type, friction, contact algorithm, etc. Moreover, for
the processes such as the Nakajima test, the sheet is bent by a punch that induces biaxial tension on the reverse side of the sheet. This
situation also leads to deviations in the loading path [16-18]. All these factors influence the prediction of fracture initiation and may
not be regarded by the analytical approaches. On the other hand, plasticity modeling is crucial for both analytical and numerical
approaches. The yield criterion definition is one of the essential stages of plasticity modeling, and the sheet’s anisotropy is directly
relevant to the yield criterion [19,20]. Hill48 yield criterion is the initial anisotropic yield criterion that is also viable today for steel
sheets [21,22]. However, the employment of most of the anisotropic yield criteria introduced in the past was restricted because they
failed to characterize the anisotropic response for highly textured sheets and could not construct the completely convex yield locus
[23-25]. However, the recently introduced enhanced yield criteria, such as linear transformation-based [26,27] and polynomial-based
[28], can prevail over the difficulties mentioned above. Among these enhanced anisotropic yield criteria, the linear transformation
necessitates the adoption of the chain rule in deriving the flow rule, which is also a plasticity modeling step describing the plastic flow’s
direction [28]. Moreover, the increase in prediction capability is relevant to the existence of the high number of parameters, and this
issue can be resolved for the linear transformation-based yield criteria by increasing the order of the linear transformation, which also
complicates the determination of the direction of the plastic flow [29]. On the contrary, complete polynomial-based criteria have been
prominent owing to straightforward identification methodology compared to the linear transformation-based yield criteria. Therefore,
the plastic flow’s direction has a simple determination process, which does not dictate the chain rule.

The plasticity model has a crucial role in fracture prediction, especially for predicting the fracture initiation zone; however, the
determination of the fracture initiation strain of the sheet heavily depends upon the fracture model. Fracture emergence of a ductile
material involves several stages: initiation of the microcracks adjacent to the non-homogeneous locations, such as inclusions or defects,
expansion of the microcracks, coalescence by the shear bands and ultimate fracture [30-32]. Researchers in the past revealed the
adverse effect of the triaxial stresses on the fracture strain [33-35]. In 2003, Bao [36] conducted research involving different me-
chanical tests addressing different loading paths and elucidated the normalized third deviatoric stress invariant’s impact on the
fracture strain. Later, the third deviatoric stress invariant is correlated with the dimensionless Lode angle parameter [32]. The
dimensionless stress triaxiality and the Lode parameter are the essential factors describing the related stress state, and a ductile fracture
model should consist of both of them in order to predict the fracture precisely. In this regard, uncoupled phenomenological models
introduced recently accounted for these parameters, and their calibration and implementation procedures are straightforward
compared to the coupled models [11]. The coupled models were based upon thermodynamically consistent infrastructure, and the
damage mechanism affects the hardening response of the material [37-39]. However, this feature led to the calibration procedure
being more toilsome. Therefore, the utilization of the uncoupled models became more prevalent [40-42]. In recent years, enhanced
ductile fracture models regarding both stress triaxiality and Lode angle parameter were introduced [43-46].

An accurate prediction of fracture initiation necessitates a convenient anisotropic plasticity model coupled with an enhanced
ductile fracture model for accurate fracture initiation and FFLC prediction. In the past, certain studies considered isotropic plasticity
model for ductile fracture model calibration and fracture prediction. Park et al. [41] compare the different performances of different
uncoupled ductile fracture models, including Johnson-Cook, Cockcroft-Latham, Bai-Wierzbicki, MMC, and DF2012, in terms of 2D and
3D fracture loci using Mises yield criterion for a building steel EH36. Park et al. [42] also carried out a similar study for shipbuilding
steels of AH36 and DH36 using the isotropic yield criterion. Kong et al. [47] performed a study on Q355 steel to the effect of different
fracture models Cockcroft-Latham, Johnson-Cook, Ko-Huh, Bai-Wierzbicki, CrashFEM, and DF2012 uncoupled models. In the liter-
ature, similar studies regarding the adoption of the isotropic yield criterion can be found [40,48]. Some contemporary studies also
regarded the isotropic yield criterion probably to simplify the analyses. Recently, Ding et al. [49] carried out extensive work assessing
the performance of different ductile fracture models for a large variety of materials, including AA 2024-T351, AISI 1045, Q460, Mg-Al-
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Zn-RE, and Ti-6Al-4 V. In this study, the authors also proposed a new fracture model. However, they used an isotropic yield criterion,
and the necessity of an anisotropic yield criterion is emphasized in this research. Park et al. [50] conducted a study to characterize the
fracture behavior of SUS304L steel regarding the isotropic yield criterion coupled with the Hosford-Coulomb criterion. Zheng et al.
[51] adopted the isotropic yield criterion coupled with the Hosford-Coulomb ductile fracture model for characterizing the fracture
mechanism of different materials involving Advanced high strength steel, stainless steel, and aluminum alloy. In these studies, the
importance of the Lode parameter was indicated. There are also many studies involving anisotropic yield criteria in utilization for
fracture prediction and FFLC prediction in the literature; however, they are limited, and in these studies, the fundamental anisotropic
models were adopted. Kacem et al. [52] performed research on AA6061-T6 aluminum alloy regarding different temperatures by
adopting the r-based Hill48 yield criterion in conjunction with the DF2012 fracture model. Zhang et al. [53] predicted the fracture loci
of AA6016-T4 aluminum alloy through linear transformation-based anisotropic yield criterion (similar to a yield criterion proposed by
Y1d91 [54]). The research, including anisotropic yield criteria in conjunction with the ductile fracture models, also exists but con-
centrates on a specific forming operation, such as hole expansion [22,55,56]. Different studies can be found in the literature that take
the anisotropic yield criterion coupled with a fracture model [11,19]. However, the anisotropic yield criteria used in these studies are
either r-based or yield stress ratio-based and have a limited number of anisotropy parameters. These studies emphasized the signif-
icance of the anisotropic yield locus representation. However, the implementation of an advanced anisotropic yield criterion on
fracture initiation prediction became a gap in the literature since the uniaxial tensile tests in high orientation numbers of more than
three are required in addition to the uniaxial tensile tests with different geometrical discontinuities. The increase in the mechanical
tests not only leads to an increase in the test burden and cost but also makes the calibration and optimization process of the imple-
mented material model involving the yield criterion and fracture model combination. FFLC measures fracture initiation in a broad
spectrum, and implementations that include an advanced yield criterion along with an enhanced ductile fracture model are scarce in
the literature. Moreover, the utilization of the sixth-order polynomial-based anisotropic yield criterion coupled with an enhanced
ductile fracture model was not encountered in the literature survey. The material’s anisotropy is not only important for the FFLC
prediction but also crucial for ductile fracture model calibration, since the fracture models were calibrated based on the FE simulations
of the mechanical tests. Recently, the difference between the isotropic plasticity-based identification and the anisotropic plasticity-
based identification of the ductile fracture model was emphasized by Li et al. [57].

This study systematically addresses the difference in ductile fracture model calibrations with respect to the isotropic and
anisotropic-based yield criteria. Besides, the difference between the analytical and numerical FFLC predictions was not addressed in
the literature. Although the analytical FFLC predictions are presented after calibrating the ductile fracture models [46,58], these
predictions lack physical factors such as:

The analytical predictions of FFLC in the literature are based upon the uniaxial tensile tests, in which the in-plane stresses are
dominant [46,58]. The bending issue brings about a variation of stress states through thickness [17]. In the physical Nakajima test,
the deformation is done by the vertical motion of the punch, leading to a biaxial tension state at the top surface of the sheet, where
the fracture is expected to initiate. Correspondingly, the out-of-plane effects in the physical forming tests involving bending
processes are disregarded in the analytical approach.

The friction-lubrication conditions, which affecting the formability limits.

The geometry of the die tools, the radius of the punch and die, draw bead or blank holder force, etc.

Although the anisotropy of the sheet is regarded in the calibration of the ductile fracture model in the literature (In the numerical
simulations of the notched specimens for comparing the experimental and numerical force-displacement outcomes in order to
obtain the fracture model parameters), the sheet’s anisotropy in the physical test is not regarded in the analytical predictions of
FFLC, which may affect the fracture initiation location on the sheet. Considering that the anisotropy plays a vital role in stress and
strain distributions on the sheet, the predicted fracture initiation zone can be changed with respect to the isotropic and anisotropic
sheet assumptions.

Accordingly, the literature studies focusing on the analytical predictions of FFLC and the effect of physical conditions have been
ignored, and this situation leads to another gap in the literature, which is the reliability of the analytical predictions. In the numerical
simulations, the issues explained above are taken into consideration in the FFLC predictions, which are also the subjects focused on in
this study. Besides, a material model including an anisotropic plasticity model (regarding the anisotropic feature’s directionalities
accurately) and a ductile fracture model (regarding the stress triaxiality and Lode parameter’s effect) is required for introduction to a
FE solver with an implicit stress update scheme coupled with return mapping algorithm. These solvers are compelling for imple-
menting new material cards due to the high number of computations [13-15]. Besides, the material models incorporated into the
software should be capable of accounting for the deformation-based anisotropy accompanied by the fracture mechanism. The implicit
algorithms provide a better reflection of anisotropic properties in the numerical FE simulations; however, an advanced material model
is always mandatory for anisotropic plasticity and ductile fracture representations in engineering and industrial applications. The most
difficult challenge is coupling the advanced anisotropic plasticity models and advanced ductile fracture models when including them
in FE solvers, especially with implicit stress update schemes. The reason is that the identification procedures of anisotropic plasticity
models coupled with ductile fracture require computational, experimental, and optimization efforts simultaneously. The anisotropic
plasticity model necessitates the standard uniaxial tensile tests in different material’s orientations, while the uniaxial tensile tests and
FE simulations of different specimens having dissimilar geometrical discontinuities are required in order to calibrate a ductile fracture
model. In addition, advanced models require higher mechanical tests, which increase the optimization burden. Finally, the theoretical
background and the calibrated model should be included in the FE solver through Fortran-based user-defined material subroutines.
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This process involves the knowledge of mechanical testing, material science, and computer science, as well as computational efforts.
Therefore, this process is a multidisciplinary procedure. This issue points out another gap in the literature, which is assembling an
advanced anisotropic yield criterion and fracture model and implementing it into an implicit FE solver such as Marc employing both
global and local implicit formulas to predict the field variables, which are essential to predict fracture initiation reliably.

This study was conducted to give insights into gaps determined from the literature survey and explained in detail above meticu-
lously. The current research assesses the difference between the FLC predictions by anisotropic identification methodology criterion
and isotropic calibration methodology for two specific DP steels, DP600 and DP800. The difference between the analytical and nu-
merical FFLC predictions, the impact of the numerical factors, and the role of the sheet’s anisotropy on the FFLC prediction were
thoroughly investigated. The HomPol6 anisotropic yield criterion was implemented so as to represent the shape of the yield locus for
the anisotropic identification methodology, while the DF2016 ductile fracture model was implemented to predict fracture initiation in
analytical and numerical approaches. Both the HomPol6 yield criterion and the DF2016 fracture model were incorporated into the
Marc FE solver through the Hypela2 user-defined material subroutine generated in the Fortran programming language to perform the
Nakajima test analyses and acquire the numerical FFLC. Initially, the analytical results of anisotropic and isotropic identification
methodologies were compared; afterward, the Nakajima test simulations were carried out, and the role of the numerical factors was
evaluated.

2. Material and method

This section explains the experimental procedures, constitutive anisotropic plasticity modeling and the calibration of the imple-
mented model.

2.1. Experimental procedure

This section explains the uniaxial tensile tests carried out so as to adjust the hardening response, ductile fracture model, and
anisotropic plasticity model calibrations. The standard uniaxial tensile tests were conducted in an Instron 8872 test apparatus with a
25 kN loading capacity. The 0.7 mm thick DP600 and 1.17 mm thick DP800 steels were utilized in tensile testing. The specimens were
procured through the laser cutting method for seven directions with 15° intervals (From the rolling direction to the transverse di-
rection), and all the specimens were pulled up to the fracture at a constant rate of 1.10 s~1. For each direction, three specimens were
procured and tested for reproducibility. The dimensions of the standard tensile test specimens were given in a previous study by Aksen
etal. [59]. Fig. 1 and Fig. 2 show the test apparatus, the uniaxial tensile test specimen’s geometry, the fractured test specimens, and the
repeated test results in rolling direction respectively.

Yield stress ratio and r value (Lankford’s coefficients) directionalities are the crucial anisotropy features in plasticity. r values
represent the resistance against thinning and tearing in related material’s orientation. For r value determination, the specimens were
pulled up to a constant elongation limit of 0.1 strain. Then, the r values were obtained in line with the ASTM E517-19 specifications
[60]. The following equation is employed to determine the r values.
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Fig. 1. Instron tensile testing machine and the standard uniaxial test specimen’s geometry.
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Fig. 2. Fractured standard tensile test specimens: a) DP600, b) DP80O0, c) force-displacement curves of both steels standard uniaxial tensile tests in
rolling direction.

here, w represents the width of the specimen, while t denotes the thickness (wp and to are the initial width and thickness of the tensile
test specimens). Besides, 6 represents the related material’s orientation covering from the rolling direction (6 = 0°) to transverse
direction (0 = 90°). As for the yield stress determinations in different orientations, the stress value corresponding to the 0.002 strain
value (%0.2) was specified as the yield stress in each orientation. Afterward, the hardening features of both DP steels were attained via
curve fitting methodology in Matlab software. The curve fitting procedure performed based on the Swift approach (Eq. (2)) and Fig. 3
illustrates the fitted curves. In this procedure, the rolling direction was taken into consideration.
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Fig. 3. Swift hardening curves of DP steels: a) DP600, b) DP80O0.
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in Eq. (2), C, g9 and p are the hardening curve parameters associated with the Swift Law. In curve fitting procedure, the range between
the yield strength and the ultimate tensile strength were regarded. The parameters C and p are 1071 MPa and 0.194, respectively for
DP600 steel, while 1375 MPa and 0.175 for DP800 steel. Afterwards, the standard uniaxial tests were repeated up to an identical
displacement value for determining the anisotropic features. These tests were also conducted three times in each direction for
reproducibility. The r values (Lankford coefficients) and yield strengths were acquired on these specimens. The acquired data were
listed in Table 1 and Table 2.

Here, the subscripts 0, 15, 30, 45, 60, 75, and 90 denote the orientation of the sheet (6). The yield stresses (c) and Lanford co-
efficients (r) were acquired along these orientations, covering from the rolling direction (6 = 0°) to the transverse direction (6 = 90°)
with the 15° intervals. Besides, the yield stress values in different orientations (6y) were normalized through dividing these values by
reference yield stress in the rolling direction (6¢). The chemical decompositions of the DP steels were also given in Table 3.

The volume fractions of ferrite and martensite constituents were acquired by scanning electron microscope. For DP600 steel, the
ferrite ratio was 70.8 %, while the martensite was 28.7 %. The bainite constituent was measured 0.5 %. The average grain sizes of
ferrite and martensite were measured 4.8 and 1.3 pm, respectively. As for the DP80O steel, ferrite and martensite volume fractions are
64.1 % and 35.3 %, respectively. The bainite had a 0.6 % ratio, which can be neglectable compared to the ferrite and martensite. The
average grain sizes of ferrite and martensite for DP800 steel were measured 4.2 and 1.6 pm. The increase in martensite in DP steels
results in an increase in strength, as seen in Fig. 3, while a decrease in ductility, as seen in Fig. 2c. In Fig. 2c, test 3 of DP800 steel
exhibited higher ductility compared to tests 1 and 2; however, on average, the ductility of DP800 steel was blatantly less than DP600
steel.

In the final stage, the uniaxial tensile tests of notched specimens representing different loading conditions were carried out in order
to calibrate the fracture model. In this framework, four different sample geometries were cut along rolling direction (0° orientation) by
an electro-discharging machine on both steels. These samples are shear (SH), hole-centered (CH), and radius-shaped notched (NT)
specimens (10 mm and 20 mm radius). These specimens and their dimensions are given in Fig. 4.

These specimens were chosen in order to characterize the different loading conditions. The shear sample and the centered hole
specimens represent the pure shear and uniaxial tension zones, respectively, while the radius-shaped notched specimens represent the
high triaxiality region. In analogy to the standard test specimens, three samples for each notch shape were cut, and the tensile tests of
these notched samples were repeated three times to ensure the reliability of the force-displacement responses.

2.2. Plasticity modeling

A plasticity model is essential for addressing the deformation behavior beyond the yield strength. The boundary of plastic
deformation onset in different stress states, the variation of this bound, and the relation between the stress and strain increment during
the plastic flow are compulsorily defined in forming operations where the plastic deformation is prominent. An anisotropic plasticity
model is necessitated to tackle the mechanical feature’s variation in different orientations.

The Mises isotropic yield criterion is adopted first in this work for comparison purposes to highlight the influence of the anisotropic
yield locus presentation from the isotropic one. The Mises criterion is given below.

2
Srtises = /03 : O35 — \/;Go =0 3)

here, G’ij denotes the deviatoric stress components, and o is the flow stress. In the current research, an anisotropic plasticity model is
incorporated into the constitutive model through an anisotropic yield criterion, and in this study, the sixth-order complete homo-
geneous polynomial-based yield criterion (HomPol6) is implemented. This criterion includes 16 adjustable parameters, most of which
are adjusted via an optimization method ensuring convexity and positivity. This criterion addresses the major numerical issues, such as
producing convex yield locus boundary, anomalous behavior, etc., encountered in sheet metal forming operations [23,25,61,62].
Furthermore, this criterion’s high number of coefficients will be essential for high anisotropic feature predictions (r value and yield
stress ratios) in the current research. The straightforward form of the polynomial-based criteria has a relatively simple derivation
process for determining the plastic flow’s direction [28]. The yield criterion of the HomPol6 is given in Eq. (4).

6 5 4 2 3 3 2 4 5 6
Sriompots = [A10xx° + 20 Oyy + A30xx " Oyy” + @40y Oyy° + A50xx Oyy * + A60xxOyy” + a70yy
1
4 3 2 2 3 4 2 2 2 4 615
+(386xx + a90xx ny + a100xx ny + a11(5}(}(6yy + alzcyy )ny + (3136xx + al4cxxcyy + alSGy )ny + a16(5)(y ]6 — 0o

(€]

in the equation above, the parameters denoted a; and ay are specified based on the yield conditions in sheet’s rolling and transverse
directions, while the a, ag are computed with respect to the experimental r-values along the same directions [28,61]. The remaining

Table 1

Yield strength ratios of the DP steels.
Material Go/60 615/G¢ 630/60 G45/00 660/C0 675/G0 G90/Go Gb/Go
DP600 1 1.005 0.957 0.946 0.951 0.932 0.940 1
DP800 1 1.001 1.023 1.022 1.027 1.011 1.025 1
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Table 2
Lankford’s coefficients (r values) of the DP steels.
Material To Iis T30 Ias5 T60 I75 Tg9o Tp
DP600 0.86 0.85 0.74 0.96 0.76 0.60 1.02 1
DP800 0.75 0.89 0.98 0.74 0.70 0.85 0.84 1
Table 3
Chemical decompositions (%wt) of the DP steels.
Material C Mn Cr Si P Ni
DP600 0.094 1.620 0.034 0.060 <0.01 0.02
DP800 0.105 1.550 0.024 0.200 0.017 0.01
22 2 20 20
| !
< ‘ @ | 4
> o) v}
” | F P T
S I <
g (bt &) | ([ ¥s & || &s
1F i -
‘ 1F
| i L 1
a) b) c) d)
Fig. 4. Notched tensile test samples a) SH, b) CH, ¢) NT10, d) NT20.
parameters were identified through the minimization of the objective function given below.
2 T 2 pr 2 pr 2
) (o0)" (ro)5 (ob) (1)
Obj=) Wi—as—1) + ) Wa(—5—-1) +wi3(-—a5—1) +Wy(-—ep —1) 5)
2 (00)7 2 (ro)5" (00)3" ()5

The least-square optimization method was adopted to minimize the objective function. Separate weight functions controlled each
component in this equation. For DP800 steel, the weight functions were selected to be equal, while for DP600 steel, the weights were
distributed for each orientation, and the specific orientations of 30° and 60° directions were increased compared to 15° and 75° di-
rections in order to ensure the best fit since the scatters of experimental data were more blatant than DP800. To this end, the weight
value w1l and w2 were disintegrated into seven components. Since the yield criterion is two times differentiable, during the identi-
fication process, the Hessian matrix is controlled to be higher than zero for ensuring the convexity of the yield locus [28]. The co-
efficients wj.4 are the weights allocated for different anisotropic features, including the r value directionality, yield stress directionality
and biaxial data. For an arbitrary orientation, the yield stress ratio can be expressed as in Eq. (6).

r Go
oy = > — - (6)
Cf 5 (0xx = 64C0820, Gyy = Gysin260, Gy, = G,COSO sind)

Note that cos = ¢ and sin = s, the coefficient function of HomPol6 (Cf0) is as follows.

Cf Orompots = (216" + a2¢'%% + azc®s* + a,cBs® + asc’s® + agc®s™ + ays'® + (agc® + agc®s® + ajocts® +a11c%s® + apps®)c?s?

1
+(313C4 + a4c%s%0 + 611554)0434 + a1c’s®)s @
In analogy to the yield stress prediction, the r value expression along an arbitrary direction is given in Eq. (8).
o deB, sin?0 + deb cos?0 — deb, cos0sind
Iy = (€)]

—(dek + deby)
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The biaxial yield stress and r-value can be estimated as follows.

0o

o = i
b Cfb(o-xx:ab’ Oyy = O, (yXy:O) ( )

r ()flg:rimym(gxx:"bv ny:(yma’q:o)
, e (10)

ientels (0 = Oy, Oyy = 0p, Oy = 0)

where the coefficient function of HomPol6 for balanced biaxial loading is,
1

Cfb(Gxx = Op, Oyy = Op, Oxy = 0) =(mg+a +as +a; +as + ag + ay)e an

In addition to the calibration procedure explained above, the convexity condition of HomPol6 yield function was introduced into
the optimization procedure. In this regard, all the minors of Hessian matrix should be positive. The Hessian matrix of HomPol6 is given
below.

[ azf ‘HomPol6 azf HomPol6 azf HomPol6 )
do2 00,00y, 00,00y,
H = azf HomPol6 azf HomPol6 azf HomPol6 (1 2)
~ | doydoy do2, 06,00y,
de HomPol6 de HomPol6 azf HomPol6
| 00x00x oy, 00y do2,
The principal minors should be positive, which yields.
azf HomPol6
Hy=—7—>0 13
! do2, - (13)
azf HomPol6 aZf HomPol6
do2, 00,00y,
Hy = >0 (14)
o’f of
00,00, 00)2,),
azf HomPol6 de HomPol6 azf HomPol6
002, 00400y, 00500y,
Ha — a2fHomP016 aZfHomPolé aZfHomPal6 >0 (1 5)
3T 00y, 00y (30’3}, 00,00y,
azf HomPol6 azf HomPol6 azf HomPol6
004,005 004,00y, 06120,

The positivity-convexity condition was introduced as constraint for calibrating the HomPol6 parameters in the optimization step.
The plastic strain’s increment is dictated by the associated flow rule Eq. (16).

deg = d)\w

o, (16)

in Eq. (16), d) is the plastic multiplier. Under the associated flow rule, the plastic flow’s directions for both HomPol6 and Mises yield
criteria are different. Further, the equivalent plastic strain equations are dissimilar. Regarding the principal stress state, the principal
strain components of HomPol6 can be obtained as follows considering the associated flow rule.

1
deb = g[al O’ + 8205 Oyy + @305 Oyy” + 8405 Oyy® + 850 Oy + 860xxOyy” + 870y, + (8g0xx* + 90y Oy + 2190 Oy >
5
3 4 2 2 2 4 61— ¢ 5 4 3 2
+811040yy> + 81263y )04y + (A130x” + 8140 Oyy + A156y%)Oxy* + 8160xy°] 660105, + 520750y, + 4as0,.05,
+ 3a40%,03, + 20500y, + A0y, + 0%, <4a66§x + 3a90%,0yy + 20100202, + auo'iy) + 0%, (201305 + a140yy)]

a7
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1
6 5 4 2 3 3 2 4 5 6 4 3
dsgy = g[alcxx ~+ @20y Oyy + 830y Oyy~ + 840xx Oyy”~ + 850xc Oyy~ + 860xxCyy~ + 870y, + (agcXX + 290y~ Oyy
5
2 2 3 4 2 2 2 4 61— ¢ 5 4
481005 Oyy” + 8110xx0yy° + A120yy* ) Oxy” + (130> + 140xx0yy + 815037 ) Oy + A1604,°] 6[a20%, + 2030704y

+ 3a403 0'2 + 4(15(72 0'3 + Sas(fxx(f;y + 6(170'}5,}, + (7)20,(Cl90'§x + 2(110(7?“0'},}, + 3a11(7xx0'§y + 4(112()';},) -+ O';:y (Cl14(7xx + 2a14ayy)]

xxVyy xx"yy
(18)
1
dgiy = g[al Gxx6 + azﬁxxscyy + asﬁxx40yy2 + a40xx363’y3 + aSGxxzcyy4 + aﬁGXXGYYS + a7GYY6 + (a3GXX4 + a96XX30YY
3 19
481005 Oyy” + 8110xx0yy° + 21203y " ) Oxy® + (130> + 8140xxOyy + 81507 ) Oxy* + A1604y°] 6[20. (256" + 90 Oy (19)
+ aloﬁxxzﬁyy2 + ancxxcyy3 + algﬁyy4) + 40';:’}, (a130Xx2 + A140xxOyy + alsﬁyyz) + 6a166Xy5]
Regarding the in-plane components, the principal strain increments can be calculated by following expressions
dep, + deb, del, — deb, ?
def = — W+\/( ) + (deby)? (20)
deP, + deP, degx — deb 2
g =—2 W _4/( W) 4 (dey)? 1)
2 2
Regarding the plastic incompressibility the third principal plastic strain component can be determined as follows.
def = — (def +deb) (22)
The equivalent plastic strain increment can be determined using Eq. (16).
deb = 2d"dp debdeb + debdeb 2
Eoqv = §( ehde? + deydel + deSdel) (23)

Based on the co-rotational plasticity the strain decomposition is governed by the following expression. In this study, additive
decomposition, corresponding to the disintegration of the strain increment into elastic and plastic components is assumed.

dejj = deg® +def® 24

Since the mechanical tensile tests were conducted in 10 s71, the quasi-static conditions were assumed. Based on the calibration
methodology explained above, the adjusted HomPol6 parameters were listed in Table 4. In addition, the parameter set, which the
HomPol6 criterion reduces to Mises isotropic criterion is also provided in Table 4.

The performance of a yield criterion is tested in terms of the anisotropic feature predictions. Therefore, the analytical predictions of
HomPol6 compared with experimental outcomes for both steels are demonstrated in Figs. 5-7 for r value directionality, yield stress
ratio directionality, and yield locus, respectively.

A yield criterion is expected to demonstrate accurate analytical estimations. In this regard, the yield locus constructed by the yield
criterion should be convex for the uniqueness of the plastic flow’s direction for dissimilar loading paths. The HomPol6 criterion
produces a convex yield locus for both materials. Since this study explores the difference between the isotropic and anisotropic
identification processes of the ductile fracture models, the yield loci were compared with the Mises yield loci. Although the isotropic

Table 4
HomPol6 parameters.
DP600 HomPol6 DP800 HomPol6 Isotropic Case

a; 1 1 1
as —-2.77 —-2.57 -3
as 6.03 4.79 6
ag —7.95 -5.30 -7
as 7.64 4.58 6
ag —4.40 —2.36 -3
ay 1.45 0.86 1
ag 10.71 7.67 9
ag —8.90 —18.28 -18
ajo —0.55 35.06 27
a; —7.53 —16.22 —-18
aja 10.26 9.21 9
a3 24.61 27.67 27
a4 6.32 —38.29 —-27
as 26.60 19.64 27
a6 27 27 27
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Fig. 6. Analytical HomPol6 a) yield stress ratio and b) r value directionalities of DP80O steel.

and anisotropic yield loci seem close to each other, significant deviations were blatantly observed for both steels, especially for DP600
in distinct stress states that are focused in Fig. 7a for DP600 and Fig. 7b for DP80O steel. The difference between the yield loci mainly
stems from the dissimilarities of yield stress with respect to different stress states. Only the yield stress in the transverse direction can be
noticed from the yield locus, where the deviations were observed in both materials for both isotropic and anisotropic yield criteria
assumptions (Fig. 7a and b). Furthermore, the HomPol6 exhibited successful predictions for DP800, especially for r-value di-
rectionalities. Even though the performance of DP600 is quite accurate, discrepancies were encountered along 15° and 75°. This
situation results from the abrupt variations of the experimental data for DP600 due to the considerable anisotropy. For DP600, the
experimental r values vary between 0.6 and 1 (Fig. 5b), while for DP800 steel, the experimental r values change from 0.7 to 1 (Fig. 6b),
which indicates noticeable anisotropic effects for both steels. Besides, the experimental yield stress ratios were also varied in both
steels, especially for DP600 (decreasing toward 0,93 approximately in Fig. 5a). In Figs. 5 and 6, the difference between the isotropic
Mises and anisotropic HomPol6 are evident since the isotropic Mises criterion predicts constant value of 1 in all r value and yield stress
directionalities. Considering that the anisotropy is a measure of the variation of the mechanical features with respect to the material’s
different orientations, both materials demonstrated a significant anisotropic effect. In general, the HomPol6 criterion showed good
agreements for both steels.

2.3. Ductile fracture modeling

A plasticity model cannot predict fracture initiation, and a ductile fracture model is a prerequisite for predicting the incipient
fracture. The recently proposed phenomenological fracture model involves two crucial effects linked to the hydrostatic stress and Lode
angle 0. A geometric representation of the pi-plane (n plane) and the Lode angle 6 is illustrated in Fig. 8 [32,47].

These two effects are included in the fracture models through the stress triaxiality () and Lode parameter (L). These essential
parameters are acquired based on the following equations.

Om
n= G_eq (25)
L =+/3tand (26)

o denotes the mean stress and the angle 0 represents the angle between the reference pure shear line and the projection of the loading
path onto the pi-plane. The pi-plane involves the stress components inducing shape distortion called deviatoric stresses (cy).

10
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Ductile fracture comprises several stages: void generation, expansion, and coalescence [30]. Lou and co-workers [44,63] proposed
a fracture model including the influences of the aforementioned stages. Later, Lou et al. [46,64,65] improved the initial model and
developed new criteria. Among them, DF2016 was implemented in this research due to the enhanced prediction performance with a
high number of parameters. These parameters provide the prediction performance along the pure shear and low triaxiality zone [51].
The equivalent plastic strain to fracture of the DF2016 criterion is expressed in Eq. (29).

by

quf(nsL)Donm = (2 )bl (< v(n.L.b) >)b2 29
VI2+3 (l 3 b)
In the equation above, function v is given below.
3-L
v(n,L,b) =n+by————=+b (30)
3vL*+3

The parameters b;.4 are adjustable, and the b is associated with the cut-off value [46]. The reason opting for the DF2016 criterion
was that this model is capable of predicting the intermediate and low triaxiality regions in the literature studies and the superiority of
this model is tested by comparing this model with different advanced fracture models [58,65]. Besides, in this research, three different
ductile fracture models were also implemented to reinforce the prediction performance of DF2016. These models are the Void Growth
Model (VGM) [35], Maximum Shear Stress (MSS) [32], and Modified Coulomb-Mohr (MMC) [32,40]. The equivalent plastic fracture
strains were given in Egs. (31)—(33) according to these criteria. Among these models, VGM involves only the triaxiality effect, MSS
includes only the Lode parameter’s effect, and MMC predicts both features simultaneously.

gl;q.f(n)VGM =c et~ (31
C 1
€t (L)yss = (A\/ﬁ) P (32)
1
e V3 3412 1+d; R R
“har( P =1, 19545 =50 ‘d3>( N —1)” (1375 o2

here, the material parameters cj, and c; are related to the VGM, A is related to the MSS and d;, d; and d3 are associated with the MMC
ductile fracture models. The parameters C and p seen in the MSS, and MMC models represent the Swift hardening law parameters
explained in Eq. (2). These parameters should also be adjusted as in the b;.4 in DF2016 model and determined based on the FE analyses
of notched tensile specimens representing dissimilar loading paths.

12
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2.4. Partially anisotropic fracture modeling

The anisotropic fracture models can be categorized into two groups: partially [66,67] and fully anisotropic fracture models [68]. In
partially anisotropic models, the yield criterion in the plasticity model is anisotropic, while the fracture model is isotropic [66]. On the
other hand, in the fully anisotropic model, both the plasticity model and fracture model are anisotropic. In both methodologies, the
equivalent stress for the anisotropic yield criterion is employed and embedded in the stress triaxiality and fracture model definitions
[69]. For fully anisotropic models, in addition to the required tests of partially anisotropic models, the notched tensile test samples
should be cut in different directions and tested. Despite these models having the potential to enhance the prediction performance, the
additional tests and calibration procedures increase the cost and time consumption, which restricts usage, especially in industrial
applications. Therefore, the partially anisotropic models were extensively utilized in the industry and provided good approximations
even for aluminum alloys [70]. In this section, the relation between the DF2016 fracture model and anisotropic yield criterion was
established. The equivalent stress of HomPol6 in 2D form is,

2D 6 5 4 2 3 3 2 4 5 6 4 3 2 2
giq—}lompolG = [al Oxx + Az0xx ny + A30xx ny + A40xx ny + A50xx ny + ascxxcyy + a76yy + (aSGxx + A9O0xx ny + a100xx ny
1

3 4 2 2 2 4 616
+allo-xxcyy +a120yy )ny + (aISGxx +al46xx6yy +a156y )ny + a160xy }6 (34)

The equation above is extended in this research to 3D form regarding the following condition [28,61,71].

(3D) e 2 2 2
O'eq—HomPol6 (UXJﬁ Oyy, Ogz, Oxy, Oyz, sz) = [Gequompoze, (Uxx — Ogz,0yy — Ogz, gxz)] + 2k56yz + stﬂzx (35)

This expansion produces a convex yield function when the 2D yield criterion is convex. The parameters ks and k¢ are positive
parameters related to the out-of-plane shear anisotropy. Since obtaining a tensile test specimen in the thickness direction is impossible,
these parameters are picked out to assume isotropy through thickness similar to the Hill48 criterion [71]. The anisotropic stress
triaxiality can be written as follows.

_ aize)HamPom (36)
B lo1 — o3

In order to simplify the derivation, parameter A can be defined as follows.

I (37)

nA :A‘D'l 70'3‘

The anisotropic stress triaxiality can also be expressed by the following chain rule [12].
Om _ Om O eq—Mises (38)

Na = @D = D
O or Mi. (3D)
Jeq—HomPolé eq—Mises aeq—HomPol6
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Fig. 9. FE models of notched tensile specimens, a) SH, b) CH, c¢) NT10, d) NT20, e) elements through thickness.
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In sheet metal forming, the stress state acting on the blank sheet can be assumed as plane stress where 63 = 0. In addition, if the Eq.
(25) is included in Eq. (38) the anisotropic triaxiality can be written as follows.

VI? +3

W=NToA 39
Correspondingly the Cauchy stress components can be written in the form of,

3—-L (3D)

o1 =(Na+ A )aeq—HomPol6 (40)
2L

G2 = (Ma +K)6((e§?>HomPol6 41
3+L

03 = (nA - A )GSI—))HomPow (42)

Finally, the Eq. (39) and Egs. (40)—(42) are included in the Eq. (29) and Eq. (30), the expanded form of Eq. (29) can be expressed as
in Eq. (43).
b3
€eas(MasL)praots = 1\b1,_ Taibaiiib b 43
@ ( ey )

2.5. FE analyses of notched tensile specimens and parameter calibration of DF2016

Since each test leads to a different stress state, the equivalent plastic fracture strain should be acquired from the corresponding test.
However, the FE force-displacement responses should be consistent with the experimental behavior so as to ensure the reliability of
the adjusted parameters linked to the fracture model. The specimens having different geometrical discontinuities were explained in
Section 2.1, Experimental Procedure. In this framework, the FE models of the specimens demonstrated in Fig. 3 were generated (Fig. 9)
with through thickness mesh discretization and pulled up to the fracture point. In the mesh discretization of the notched samples fully
integrated constant dilatational free from shear-volume locking hexahedral solid elements (Hex7 in Marc FE software) were used. The
elements were intensified toward the critical zones where a crack or fracture initiation is expected. Besides, uniaxial tensile tests were
carried out on isotropic and anisotropic yield criteria. The comparative force-displacement results were illustrated in Figs. 10-13 for
both steels.

According to Figs. 10-13, the isotropic and anisotropic force-displacement results were close to each other. Besides, both results
were compatible with the experimental outcomes, especially for DP600. The correlation of the SH sample of DP800 was in good
agreement with the experiment; however, slight deviations were observed for the other samples of DP800. Overall, the force-
—displacement comparisons showed the reliability of the hardening behavior and subsequent data acquisition along with the identi-
fication procedure of the fracture model. The equivalent plastic fracture strain values were procured from the FE simulations of each
notched sample. The maximum values equivalent to plastic fracture strains for NT10 and NT20 were observed at the center of the
narrowed sections of the samples, near the hole at the center of the thickness for CH, and at the surface of the SH specimen. These
observations are also consistent with the literature studies [41,47]. The occurrence of maximum stress triaxiality level at the center of
these samples (for CH, NT10, and NT20) leads to the fracture initiation inside of the specimens since the stress triaxiality causes the
growth of the holes [46]. Therefore, it is impossible to capture the initial major crack leading to the fracture, even with sophisticated
measuring devices [41,46]. Besides, even if the fracture initiates at the surface (In SH specimen, maximum equivalent plastic fracture
strain is observed at the surface in this study), it was reported in the literature that it is difficult to capture the exact fracture initiation
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Fig. 10. Comparative results of SH samples, a) DP600, b) DP800.
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Fig. 13. Comparative results of NT20 samples, a) DP600, b) DP800.

location [41]. Since the crack propagates rapidly and fracture takes place abruptly, measuring the strain between the local band
formation and the fracture is difficult, even with sophisticated methodologies, such as digital image correlation systems or optical
measurement systems. Therefore, the displacement values corresponding to the sudden decrease in the force-displacement curves for
each specimen are regarded to be the initiation of the fracture [41,46].

In the identification procedure, the stress triaxiality and Lode parameters that vary during the tensile testing analyses should be
determined to correlate the determined fracture strain with the corresponding stress state. The stress triaxiality and Lode parameter
evolutions are presented in Figs. 14 and 15, respectively.

As seen in Figs. 14 and 15, the difference in isotropic and anisotropic analysis results is more blatant for DP600 steel when
compared to the DP800. For DP80O0 steel, the results were close except for the SH sample. Since the DP600 steel is more ductile and
anisotropic relative to DP800 (considering the yield locus and yield stress directionality), the effect of triaxial stresses might be more
obvious. Fig. 14a and Fig. 15a (DP600 results) also point out that although the force-displacement behaviors of isotropic and
anisotropic approaches are similar, the difference in stress triaxiality and Lode parameters may be significant. Hence, the variation of
the stress triaxiality and Lode parameters were acquired from the FE simulations and the average values were determined using Egs.
(44) and (45). For each specimen, the maximum equivalent plastic fracture strain value corresponding to the fracture point along the
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Table 5
The parameters acquired from the tensile testing simulations of DP600 steel sheet.
DP600 SH CH NT10 NT20
HomPol6 Mises HomPol6 Mises HomPol6 Mises HomPol6 Mises
Ele’;‘f 0.560 0.578 0.231 0.282 0.142 0.154 0.151 0.164
Nave 0.054 0.089 0.344 0.333 0.423 0.449 0.392 0.399
Laye —0.124 —0.202 —0.966 —0.933 —0.595 —0.549 —0.761 —0.744
Table 6
The parameters acquired from the tensile testing simulations of DP800 steel sheet.
DP800 SH CH NT10 NT20
HomPol6 Mises HomPol6 Mises HomPol6 Mises HomPol6 Mises
qukf 0.337 0.335 0.291 0.288 0.111 0.103 0.126 0.125
Nave 0.029 0.022 0.346 0.344 0.447 0.449 0.395 0.395
Laye —0.246 -0.163 —0.918 —0.908 —0.535 —0.551 —0.742 0.742

geometrical discontinuity was acquired from the FE simulations separately with respect to isotropic and anisotropic calibration
methodologies. The determined parameters prerequisite for the fracture loci construction were summarized in Tables 5 and 6 for both

steel sheets separately.

1 %
Nave = 81,_[5/ n(ggg)dele,(l;
eqf 70

16
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1 €f
Loe = [ L2 (45)
eqf

As seen in the findings of DP600, the equivalent plastic fracture strain, the average stress triaxiality, and Lode parameters are
noticeably dissimilar for the outcomes of the isotropic and anisotropic yield criteria. Regarding the force-displacement responses are
quite close, the differences in these parameters are striking. The constructed fracture loci for both yield criteria approach elucidated
the effect of the identification method’s influence in Fig. 16 for both steels. The calibrated parameters are also presented in Table 7.

The fracture loci results showed that the identification procedure has an impact on the fracture initiation, and the impact may be
more evident for anisotropic materials. In general, the strain values for each specimen are close in magnitude; however, the anisotropy
changed the triaxiality and Lode parameters noticeably. The variation of the equivalent plastic fracture strain values in isotropic and
anisotropic yield criteria for identical notched specimens is illustrated in Fig. 15. These changes affected the fracture initiation limit,
especially for DP600 steel. For less anisotropic materials, the variation became minor. 3D fracture loci were generated and presented in
Figs. 17 and 18 for a deeper evaluation.

Despite the fact that the shapes of the 3D fracture loci were similar, the difference in magnitudes is expectedly noticeable for DP600
steel. For DP800, the differences can be seen in normalized tension and compression lines where the Lode parameter is —1 and 1,
respectively. However, the effect of anisotropic calibration is striking for DP600 steel. For n = 0 (zero triaxiality), the equivalent plastic
fracture strain is 2 for anisotropic calibration, while 3.1 for isotropic calibration along the normalized uniaxial compression line. These
values are approximately 0.8 for anisotropic calibration, 1 for isotropic calibration for the L = 0 line. A difference is also observed along
the normalized uniaxial tension line. Although the difference in DP800 is lower than that of DP600, the differences along normalized
tension and compression lines are noticeable.

Further, the projection of the plastic strain components on the deviatoric n-plane was acquired at different stress triaxiality levels
from O (Pure shear) to 0.66 (Balanced biaxial tension). Figs. 19 and 20 presented these envelopes.

Since the DF2016 criterion has the Lode parameter’s influence, the six-point star profiles were acquired. In addition, the DF2016
criterion includes the stress triaxiality effect, which shows its impact in width change at different triaxiality levels. The width change in
different triaxiality levels were more poignant for both DP steels. Besides, the effect of anisotropy demonstrated its influence for both
steels blatantly in uniaxial tension (6 = 330°), balanced biaxial tension (6 = 30°) lines. Similar projections can be seen in different
loading conditions as well.

The performance of the DF2016 was also assessed by comparing the 2D fracture loci with different ductile fracture models. The
comparative results are demonstrated in Fig. 21. Besides, the calibrated parameters for VGM, MSS, and MMC ductile fracture models
were presented for DP600 and DP80O steels in Table 8.

As seen in Fig. 21, the equivalent plastic fracture strain data procured from the shear sample (SH) could only be captured by the
DF2016 model for both steel sheets. Here the MSS model has one parameter to calibrate (except for the hardening parameters) and it
cannot predict the fracture locus accurately. VGM includes only the triaxiality effect and only provides a reliable performance between
the uniaxial tension (n = 1/3) and plane strain tension lines (N = 1/v/3). For the rest of the fracture loci, the prediction was not
consistent. The MMC involves both the triaxiality and Lode parameters effect; however, it cannot predict the shear sample’s data.
Different studies have also reported the lack of the MMC criterion in intermediate and negative triaxiality regions [58,65]. This
comparison shows the performance of the DF2016 ductile fracture model.

3. FE modeling of Nakajima test

This study evaluates the difference between the analytical and numerical FFLC predictions. Therefore, the FE models of the
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Fig. 16. Fracture loci constructed by HomPol6 and Mises yield criteria for, a) DP600, b) DP800 (The differences were shown in ellipses).
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Table 7

Parameters of DF2016 fracture criteria for HomPol6 and Mises yield criteria.
DP600 (HomPol6) DP600 (Mises) DP800 (HomPol6) DP800 (Mises)
b, =3.9 b; =35 b; =82 b; =9.2
by=29 by =3.4 by=2.4 by =2.55
bs = 0.265 b;=0.3 b; =0.32 bz =0.33
by =02 by =0.4 by =0.2 by =0.2
b=0.33 b=0.33 b=0.33 b=0.33
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Fig. 17. 3D fracture loci constructed by a) HomPol6 and b) Mises yield criteria for DP600.
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Fig. 18. 3D fracture loci constructed by a) HomPol6 and b) Mises yield criteria for DP800.

Nakajima test for different specimens with different web widths were generated and analyzed. The web width of the specimens
employed in this research ranged from 20 mm to 190 mm. The dimensions of the specimens were picked out in line with a literature
study [72]. Fig. 20 shows the schematic view of the specimens. The specimens with web widths of 20 mm, 40 mm, 90 mm, 100 mm,
130 mm, 160 mm, and 190 mm were considered within this scope. The specimens with web widths of 20 mm, 90 mm, and 190 mm
were also illustrated along with the mesh structure through thickness in Fig. 22.

The element numbers were increased toward the critical regions where the fracture initiation was expected. The quarter section
was regarded for each sample so as to avoid high CPU requirements. The samples were meshed with fully integrated constant dila-
tational hexahedral solid elements also known as Hex7 with four elements through thickness (For both steels) in Marc. The so-called
Hex7 elements are credible for constant dilatational free from shear locking features [73,74]. Fig. 23 shows the FE model of the
Nakajima test.

A draw bead is geometrically generated to restrict the sheet’s flow. The friction coefficient was assumed to be 0.1 for all contact
interactions. The tools were generated in Marc software as rigid geometries. In analogy to the mesh layouts, the die tools were also
modeled as quarter sections. For each sample, the simulations were conducted for both DP steels. Fracture initiation was considered
when the damage accumulation reached 100 %, which corresponded that the equivalent plastic fracture strain reached the reciprocal
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Fig. 19. Strain envelopes constructed by a) HomPol6 and b) Mises yield criteria for DP600.
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Fig. 20. 3D fracture loci constructed by a) HomPol6 and b) Mises yield criteria for DP800.
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Table 8
Parameters of fracture models for DP steels.
Material Fracture Model Parameters
MSS A =415 MPa
DP600 VGM ¢ =170 c; =57
MMC d; =0.19 dy = 495 d; =1.05
MSS A =560 MPa
DP800 VGM ¢ =4.70 c; =8.30
MMC d; = 0.05 d, = 600 d; =1.20
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Fig. 22. A) a schematic view representing the dimensions of the nakajima test samples [66] and mesh layouts of b) w20, ¢) w90, d) w190, and e)
elements through thickness.

fracture value for the combination of stress triaxiality and Lode parameter in the 2D fracture locus (Fig. 14) and 3D fracture locus
(Figs. 15 and 16).

4. Results and discussion
This section explains the analytical predictions and numerical predictions of FLCs. Initially, the analytical predictions acquired by
isotropic (Mises) and anisotropic (HomPol6) identification methodologies will be presented. Afterward, the numerical prediction

results were compared with the analytical predictions. In addition, the strain paths were also acquired, and the overall results were
discussed. The principal major plastic strains can be determined by following equations.
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Fig. 23. FE model of the Nakajima test.
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Fig. 24. FLC curves predicted by analytical approaches with different calibration methodologies, a) wider spectrum, b) between the uniaxial tension
and balanced biaxial tension lines.
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The major total strains can be obtained by including the elastic strains in Egs. (46)-(48). Accordingly, the analytical results of both
isotropic and anisotropic identification methodologies are illustrated in Fig. 24.

The effect of identification methodology is more apparent in DP600 steel than the DP800. The predictions slightly deviated from
each other, especially on the right side of the FLC (From the plane strain tension to the balanced biaxial tension state). Regarding the
yield stress ratio directionalities (Fig. 5a and Fig. 6a) and the yield surfaces (Fig. 6), the anisotropic effect is more blatant for DP600
steel compared to DP800 steel. Moreover, the variations of the stress triaxiality and Lode parameter during the analyses of the tensile
tests are more distinct for the DP600 steel. Correspondingly, the difference in isotropic and anisotropic identification methodologies
turned out to be apparent for DP600 steel. For DP800 steel, a minor deviation was observed near the plane strain tension line. The
analytical predictions emphasize the impact of the calibration methodology on fracture prediction. Recently, this outcome was also
emphasized by Li et al. [57]. The FFLCs procured from the literature studies were compared with the of FFLCs obtained in this work for
both steels and the comparisons are demonstrated in Fig. 25.

In the experimental acquisition of FFLC, there are position-based and visual based methodologies [71]. In the visual-based
methodologies, the surface of the specimen is monitored through a high-resolution camera and the picture prior to the crack obser-
vation is regarded. The major and minor strains were measure through the pictures acquired from the high-resolution camera. As for
the position-based methodologies, the two sides of the observable crack are regarded. A detailed explanation can be found in the
literature [71]. Physical Nakajima test is an extensively utilized method for detecting the FFLC [10,71,75-77].

In this study, the thickness of the DP600 steel is much lower than the studies in the existing literature [7,40,78-82]. Moreover, it
was also reported in the literature studies that the decrease in the thickness yields a decrease in the FLC [83,84]. In the comparison
above, for both steels, the analytical predictions are consistent with the experimental and analytical outcomes from the literature for
the left side of the FFLC. A similar situation can also be noticed for DP800 steel. The reason may be that the notched specimens curated
in this study for calibrating the fracture model (CH, NT10, and NT20 specimens) correspond to the uniaxial tension and plane strain
tension lines. Therefore, the left side is well-predicted for both steels. However, a discrepancy was observed for the right side of FFLC.
The lower level of predicted FFLCs at the right side of the diagram for both DP steels can be explained by the material supplier,
chemical decomposition, and low thickness value [7,74,85].

For DP600 steel, Hussein et al. [86] conducted a study regarding the crystal plasticity-based analytical Keeler-Brazier model using
representative volume elements. On the other hand, Sarraf et al. [78], and Yu and Zheng [80] conducted studies including physical
experiments with the DP600 steels of 1.48 mm and 1.2 mm thickness values. The predictions for DP600 steel obtained in this research
are consistent with the experimental and analytical results from the literature for the left side of FFLC. The predictions showed that
deviations for the right side of the FFLC may stem from the material supplier and the thickness of the material [7,80,85]. As for the
DP800, the predictions in this research were consistent with the experimental data [87,88] near the uniaxial tension zone and toward
the plane strain tension as well. Moreover, the predictions showed a similar slope and trend to the analytical predictions of Espinosa
[89] on the right side of the FLC. The anisotropic calibration is slightly over the isotropic calibration results and more consistent with
the experimental and analytical predictions from the literature studies. Nonetheless, a deviation is observed near the plane strain
tension line. The deviation near the plane strain may result from the material supplier, the thickness of the material (The thickness of
DP80O0 steels used for comparison [84-86] varies between 1 mm and 1.6 mm), and the chemical composition of the steel [7,80,85].
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Fig. 25. Comparison of analytical and experimental FFLC predictions for a) DP600, b) DP80O steels.
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Fig. 26. The selected nodes for the specimen with 40 mm web width near the crack path.
4.1. Effect of numerical factors on the FFLC predictions with anisotropic identification approach

In the second stage, the calibrated parameters of the HomPol6 anisotropic yield criterion and DF2016 ductile fracture model were
employed for the Hypela2 user-defined material subroutine for implementation into the Marc FE solver, and the numerical results were
acquired from the Nakajima test simulations based on the identification and the sheet’s anisotropy simultaneously.

The results were compared with the analytical results for reciprocal steel. To this end, the strain paths were attained from the
Nakajima test simulations for each sample up to the crack initiation point. Afterward, a regression curve was generated representing all
fracture initiation points. In Nakajima test simulations, the major and minor strains were acquired from the reciprocal two sides of the
crack location at the increment in which the crack was observed. 8-10 nodes were selected from the two sides of the crack to determine
the major and minor strains, and the average values for major and minor strains were calculated. The selection of nodes near the crack
path is demonstrated in Fig. 26 for the specimen with a web width of 40 mm.

When a crack is observed in physical tests, major and minor strains cannot be measured from the crack side. Therefore, the nodes on
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Fig. 27. FLC curves predicted by analytical and numerical approaches for anisotropic calibration a) DP600, b) DP800.
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the crack path were not considered directly for major and minor strain determination. The major and minor strains are measured based
on visual-based and position-based methods in the literature [66]. In the position-based methods, the grids near the crack zone were
considered. The major and minor strains were measured from these grids, or a correlation was established between the grids on the
reciprocal sides of the crack zone. In order to reflect the physical experimental conditions of the numerical approach, the nodes near
the crack paths were considered to be in line with the position-based methods. The strain paths were generated by applying a
regression curve regarding the average value of the selected nodes ranging near the crack zone, and the strain paths were generated for
each Nakajima sample up to the increment at which the crack was observed numerically. The comparative FLC predictions (numerical
and analytical predictions) and strain paths for each Nakajima sample are demonstrated in Fig. 27.

In Fig. 27, the red and blue curves represent the analytical predictions of both steels, while the dashed black curves represent the
numerical regression curve generated based on the fracture initiation strain for each sample. The green curves represent the strain
paths obtained from the simulations of each sample. Since, Nakajima test covers from the uniaxial tension (n = -0.5) to the balanced
biaxial tension (n = 1), Fig. 27 is generated throughout this region that is important for sheet metal forming. The average minor and
major values of the nodes near the fracture initiation zone were determined. For both steels, the numerical curves were laid below the
analytical predictions and tended to approach the vicinity of the plane strain tension line. The differences in strains are increased
toward the balanced biaxial and uniaxial tension lines. Moreover, in the Nakajima test, the punch’s displacement induced the strain
paths, leading to the bending effect. The blank’s contact surface interacting with the punch is exposed to compression due to bending.
Therefore, the crack initiates on the reverse surface of the sample, where the biaxial tensile stresses occur due to bending. The
combination of the biaxial tensile stresses due to bending and the corresponding stress and strain state due to sample geometry
interacted together, and the strain paths varied. Moreover, the biaxial stress due to bending increases the stress triaxiality, which may
reduce the fracture initiation strain [16,17,33-35]. Therefore, nonlinear strain paths emerged. These results showed that the com-
bination of numerical factors such as friction, contact algorithm, draw a bead, element type, mesh layout, and the anisotropy of the
Nakajima samples, crack detection-measurement method, bending through a punch, etc., influenced and decreased the FLC prediction.

4.2. Effect of sheet’s anisotropy on the FLC prediction

This section evaluated the effect of the sheet’s anisotropy in Nakajima simulations on the numerical FLC prediction. Since the
anisotropic effect is more evident for DP600 steel, in this section, DP600 steel is regarded for assessing the sheet’s anisotropy. To this
end, the Nakajima test simulations were repeated, considering the DF2016 parameters acquired by the isotropic identification pro-
cedure. In Nakajima test simulations, the sheet’s anisotropy was also disregarded, and blank is assumed to be isotropic. Fig. 28 il-
lustrates the comparative results of DP600.

In Fig. 28, the major and minor strains were measured in the analysis results using a method identical to the previous section. As
seen in Fig. 28a, the numerical FFLC prediction highly deviated from the analytical FFLC based on isotropic identification method-
ology, contrary to the anisotropic identification methodology. This outcome indicated that the isotropic assumption led to a significant
discrepancy compared to the anisotropic identification. Analytical predictions generally lack strain variation at the crack zone and
biaxial stress state due to bending, strain measuring techniques, and other numerical parameters. Hence, these findings may result
from the numerical factors. As for the comparisons of both anisotropic and numerical predictions presented in Fig. 28b, regarding both
the anisotropic identification methodology and sheet’s anisotropy coupled with the other numerical factors mentioned above in
Nakajima test simulations, the analytical and numerical results were coherent. However, this coherency was disrupted when the
isotropic identification methodology was employed, and the sheet’s anisotropy was disregarded. The numerical HomPol6 criterion’s
prediction was slightly lower than the analytical prediction of HomPol6, whereas a significant difference is observed for Mises criterion
(Fig. 28b). This difference is resulting from the increase in stress triaxiality at the top side of the blank due to the bending effect
(explained in the manuscript) leading to a decrease in FFLC. However, the HomPol6 provided more reliable prediction performance
compared to the Mises criterion since the results are more consistent with each other. Moreover, the crack zone turned out to be
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Fig. 28. FFLC curves predicted by analytical and numerical approaches for DP600 a) Isotropic calibration, b) Comparative results.
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Fig. 29. Crack initiation zone of the specimen with the web width of 40 mm for a) anisotropic, b) isotropic identification methodologies (For
anisotropic identification methodology, the crack initiated at the 15th node from the pole, while the crack initiated at the 14th node from the pole
for the isotropic identification methodology).
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Fig. 30. Crack initiation zone of the specimen with the web width of 130 mm for a) anisotropic, b) isotropic identification methodologies.

different for the identical samples of the Nakajima test simulations when the sheet’s anisotropy was taken into consideration. The
fracture initiation zone was either shifted or noticeably changed. Besides, for the identical specimens, the fracture strokes corre-
spondingly, the fracture strains were different with respect to both identification methodologies. Fig. 29 illustrates the crack initiation
zones for both methodologies corresponding to the specimen with a 40 mm web width.

As seen in Fig. 29, the fracture initiation is closer to the pole for the isotropic identification methodology. The sheet’s anisotropy
shifted the crack zone. The change in the crack zone and the fracture stroke affected the fracture initiation strain as well. Fig. 30
demonstrates the change in the crack zone for the specimen with a web width of 130 mm.

The crack initiation zone was altered remarkably for specimens with the 130 mm web width. The difference in the numerical
outcomes of FFLC was mainly a result of the sheet’s anisotropy, which influenced the fracture initiation zone and, correspondingly, the
minor-major strains. These results also pointed out that both anisotropic identification methodology and FE simulations of the
Nakajima test regarding the sheet’s anisotropy are significant.
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5. Conclusion

This research delves into the difference in analytical and numerical predictions of an advanced ductile fracture model, specifically
emphasizing isotropic and anisotropic calibration. DP600 and DP800 steels were employed as the test sheets. The DF2016 ductile
fracture model, regarding both stress triaxiality and Lode parameters, was adopted in this regard. The HomPol6 criterion regarding the
effects of Lankford’s coefficients, yield stress ratios, and biaxial data simultaneously was also employed for yield locus representation.
Both the HomPol6 yield criterion and DF2016 ductile fracture model were calibrated and incorporated into the Marc FE software by
means of the Hypela2 user-defined material subroutine generated in the Fortran programming language. The standard uniaxial tensile
test data were utilized to calibrate the hardening behavior and HomPol6 anisotropic yield criterion, while the notched uniaxial tensile
test specimens were used to adjust the DF2016 ductile fracture criterion. Initially, the HomPol6 criterion was calibrated for DP600 and
DP800 steels, and the FE simulations of notched tensile test specimens were conducted based on the Mises isotropic and HomPol6
anisotropic yield criteria, respectively. The results were compared with the experimental outcomes, and the DF2016 criterion was
adjusted separately based on isotropic and anisotropic calibration methodologies. Correspondingly, the FFLCs were analytically
predicted for both approaches. In the second stage, the FE analyses of the Nakajima test were carried out to acquire the numerical
FFLCs considering the effect of the numerical parameters. Similarly, the analyses were performed based on isotropic Mises and
anisotropic HomPol6 yield criteria separately to distinguish the impact of the sheet’s anisotropy in a numerical approach. The con-
clusions are summarized as follows.

e Both DP steels demonstrated deformation-induced anisotropy. Besides, the r values and yield stress ratios, crucial as an indicator of
thinning and tearing, are noticeably distributed for different orientations. The difference in distributions is more evident in r value
orientation, which leads to significant anisotropic features of both DP steels. The HomPol6 criterion exhibited successful prediction
accuracy for the anisotropic response of both DP steels.

e HomPol6 anisotropic yield criterion was successfully coupled with the DF2016 fracture model implemented in an implicit software
(FE Marc software) having a Backward Euler stress update scheme in conjunction with the return mapping algorithm for the first
time in the literature in order to predict the fracture prediction accurately.

o A distinct difference was observed between the analytical FFLC predictions of isotropic Mises and anisotropic HomPol6, especially
for DP600 steel. The calibration methodology was found to be a prominent factor in the analytical approach. This situation
underscoring that yield anisotropy cannot be neglected if accurate fracture-limit predictions are desired for advanced high-strength
steels in automotive or similar forming applications. The evolution of the strain was highly affected by the material’s anisotropy,
which led to a noticeable difference in FFLC predictions.

e The analytical FFLC results were compared with the experimental results procured from the literature studies. It was observed that
the analytical FFLC results were compatible with the experimental outcomes for the left side of the FFLC. Regarding the selected
specimens with the notched geometries such as CH, NT10, and NT20 representing the high triaxiality region covering the uniaxial
tension and plane strain tension lines, the validation of the FFLC with the experimental results was found to be highly dependent on
the notched uniaxial tensile test specimen curation.

e The numerical FFLCs were also acquired from the FE simulations of the Nakajima test. In the first stage, the sheet’s anisotropy was
also taken into account by incorporating the HomPol6 criterion in the FE results. There were significant differences between the FE
results and analytical FLCs (Employing the DF2016 parameters procured from the anisotropic calibration methodology) for both
materials. The deviations were observed in the vicinity of uniaxial tension and balanced biaxial tension states, especially for DP600
steel. Nakajima simulations indicate that the numerical factors (friction, contact algorithm, draw bead, element type, mesh layout,
and the anisotropy of the Nakajima samples, bending through a punch) reduce the FFLC relative to an analytical approach. Among
these numerical factors, the bending effect led to an additional biaxial tensional stress at the reverse side of the sheet, and the
biaxial tension state increased the triaxiality. Noting that the increase in triaxiality has an adverse effect on the equivalent plastic
fracture strain, the increase in triaxiality due to the incorporation of the biaxial stress into the corresponding stress state triggered
by the web-width geometry of the Nakajima samples at the reverse side of the sheet which might decrease the fracture initiation
strain.

In the previous step, the Nakajima test simulations were conducted by considering the sheet’s anisotropy to assess the numerical

and analytical approaches using the parameters obtained from the anisotropic calibration procedure. In the second stage of the

study, in order to set forth the sheet’s anisotropy’s effect on FE predictions of FFLC, the FE simulations of the Nakajima test were
repeated by disregarding the sheet’s anisotropy, and the results were compared. It was seen that the difference between the
analytical predictions and the numerical predictions of FFLC was significantly increased for the isotropic calibration methodology.

These results showed that the sheet’s anisotropy is one of the prominent factors. The fracture initiation zones and, correspondingly,

the fracture strains for Nakajima test samples were different, for the sheet’s anisotropy was regarded and disregarded. Although in

most of the research in the literature, the isotropic yield criterion was utilized for the sake simplicity [40-42,47,49-51], the dif-
ference between the analytical and numerical results were noticeably high when compared to the anisotropic approach.

Future studies should examine how anisotropic ductility itself influences fracture outcomes, potentially requiring a fully aniso-

tropic fracture criterion. While the DF2016 fracture law used here is isotropic, our findings imply that fully anisotropic fracture

behavior could be relevant for strongly textured steels. Future experiments regarding the oriented notched tensile specimens at 0°,
45°, and 90° may be required to capture the full directional dependence of fracture ductility, offering a path toward anisotropic

fracture criteria in the spirit of references [68,69].
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In summary, it was seen that the fracture strain is affected by the sheet’s anisotropy from different perspectives. The material’s
anisotropy is essential in both the calibration of the ductile fracture model and the Nakajima test simulations. Either for simplicity or
the computational and implementational difficulties, disregarding the material’s anisotropy leads to unreliable FFLC results. More-
over, for a reliable FFLC prediction, the physical test conditions should be taken into account. Noting that in most of the formability
tests and processes, including the Nakajima test, bending is the dominant factor affecting the stress state through the thickness, and the
analytical predictions of FFLC may lead to significant drawbacks. The stress states for each sample of the Nakajima test were
dramatically affected by the incorporation of the biaxial tension at the reverse side of the sheet due to the bending. In addition to the
bending effect, the effects of the element type, friction-lubrication condition, and the geometry of the die tools are disregarded in the
analytical FFLC predictions. Numerical approaches should be implemented in order to enhance the reliability of the FFLC predictions.
Furthermore, this work highlights the significance of accurate yield modeling when calibrating ductile fracture laws for DP steels.
Anisotropic yield surfaces (like HomPol6) capture essential directional effects on stress states, thereby altering the predicted fracture
onset. Although a fully anisotropic fracture model remains beyond the current scope, these results establish a critical step: even an
“isotropic” fracture criterion behaves differently when coupled with anisotropic plasticity. Accounting for this interplay will enhance
reliability in forming simulations, guiding future research toward unified, anisotropic constitutive and fracture frameworks for high-
performance steels.
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