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Abstract

The main purpose of this study is to exhibit failure prediction capability of polynomial-based yield functions with a basic
damage model. For this purpose, a constitutive model considering anisotropic plasticity and ductile fracture was developed.
In this model, anisotropic plastic behavior of dual phase steels, namely DP600 and DP800, was described by quadratic
Hill48 and non-quadratic anisotropic homogeneous the fourth-order polynomial (HomPol4) stress potentials and the gener-
alized plastic work criterion from ductile damage models was used for the prediction of fracture initiation. The model has
been implemented into an implicit finite element (FE) code. The parameters of the constitutive model were calibrated with
uniaxial tensile tests performed in different directions with respect to the rolling direction of the materials and anisotropic
stress potentials were evaluated by comparison of the predicted in-plane variations of the plastic properties (yield stress
ratios and Lankford coefficients), and yield locus contours with experimental data. The calibrated model was firstly applied
to uniaxial tensile test and then to a hole expansion test to predict fracture. The stroke values at fracture, hole expansion ratios
(HER) and fracture locations were investigated. Any significant difference between the anisotropic stress potentials was not
observed in terms of HER predictions, however plastic work criterion in conjunction with HomPol4 function predicted the
crack initiation locations accurately on the fractured samples. Afterward, the Lode parameter and stress triaxiality effects
were investigated in fracture stroke prediction. Since the HomPol4 predictions of fracture initiation locations are accurate,
the predicted HomPol4 results from the generalized plastic work criterion were compared with the modified Mohr-Coulomb
ductile fracture model results. A significant improvement was observed in the fracture displacement predictions. However,
it is seen that the failure location predictions of both models were the same. From these results, it can be concluded that the
HomPol4 yield criterion has an effective potential to predict the failure locations even though with a basic damage model.
In the current study, the out-of-plane anisotropy effect was assessed as well. To this end, Hill48’s parameter correlated with
the out-of-plane shear components were adjusted. It was found that the out-of-plane anisotropy has a negligible effect on
the predictions of HER and fracture initiation location.
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Introduction

In order to decrease the issues of fuel consumption and air

pollution, several alternative materials have been continu-

ously developed in the automotive industry. Among them,

54 M. Firat advanced high strength steels (AHSS) are prominent mate-
firat @sakarya.edu.tr rials due to their high strengths and strain hardening capa-
bilities. These properties enable engineers to manufacture
lightweight vehicles with high crash performance. Although
AHSS have superior properties, edge fracture phenomenon
is frequently observed in these steels during stretch-flanging
process used in manufacturing of several parts such as door
outer panel, control arms, cross members etc. [1]. Therefore,

Department of Mechanical Engineering, The University
of Sakarya, Sakarya 54187, Turkey

Department of Mechanical Engineering, Yildiz Technical
University, Istanbul 34349, Turkey

Department of Mechanical Engineering, Bilecik Seyh
Edebali University, Bilecik 11230, Turkey

SEM


http://crossmark.crossref.org/dialog/?doi=10.1007/s40799-023-00676-8&domain=pdf
http://orcid.org/0000-0002-3973-4736
http://orcid.org/0000-0002-7087-3216
http://orcid.org/0000-0002-8237-1950
http://orcid.org/0000-0001-5854-4834

502

Experimental Techniques (2024) 48:501-522

it has been crucial to predict edge fracture of AHSS in the
automotive industry. Although uniaxial tensile test (UTT)
could ascertain mechanical behavior of materials, it is inad-
equate to provide information about the stretch-flangeability.
Edge stretchability of materials has been evaluated by hole
expansion test (HET). In this test, a hole is made by punch-
ing or machining processes on the sheet, then it is expanded
by a punch until the onset of edge fracture [2].

HET can be conducted using a standard conical punch,
flat bottom punch, or hemispherical punch. In all methods,
the deformation path is different from each other. In coni-
cal punch, the deformation path is roughly similar to the
uniaxial tension conditions along the radial direction of the
deformed sample. For the flat bottom punch and the hemi-
spherical punch, although the deformation mode is uniaxial
tension at the hole edge, it rapidly changes to plane strain
in a narrow range [3]. Besides, in the report of Sadagopan
et al. [4], the HETSs conducted using conical and flat-bottom
punches were separately investigated. The formability limit
obtained by a conical punch was found to be higher than the
flat-bottom punch configuration. In the report, the reason
for this situation was attributed to the different strain paths,
which is also consistent with the work of Paul [3]. In addi-
tion, it is emphasized in the related report that the conical
punch configuration is more simulative and suitable for pro-
duction. Paul [3] also reported that only the conical punch
configuration provides the true stretch formability limit of
the sheets.

The hole expansion ratio (HER) is the fundamental
parameter obtained from the aforementioned HETs. Expan-
sion in the hole diameter is considered as an indicator of the
edge formability, and the ratio of the diameter after test to
initial hole diameter is called as HER.

In the literature, several studies have been performed
focusing on the prediction of HER. In a part of these stud-
ies, researchers have attempted to determine a relationship
between HER and mechanical properties of the materials by
using regression techniques. Chatterjee and Bhadeshia [5]
investigated the stretch-flangeability of the steels with differ-
ent microstructures and determined that HER decreases lin-
early as the increase of ultimate tensile strength (UTS) of the
materials. However, Hance [6] carried out a study with 980
MPa steel grades and determined that although the investigated
steels have the same UTS values, they exhibit different edge
stretchability performances based on the classification system
developed in the study. Heibel et al. 7] found a strong correla-
tion between HER and the true thickness strain value at fracture
obtained from the tensile test. They introduced it as an index
for assessing the local formability of a wide range of AHSS.
Larour et al. [8] showed that the parameters (the area reduction
and minimum thickness at fracture) obtained from the punched
tensile test specimen better represent the edge crack sensitivity
of AHSS grades than EDM or milled specimen. Fang et al.

[9] carried out on an experimental study on C-Mn steels and
found that the ratio of yield stress to UTS has positive effect
on HER. Yoon et al. [10] studied hole-flangeability of a low
carbon steel, 304 stainless steel and TWIP steel. Researchers
indicated that HER increases as strain rate sensitivity of the
materials increases. Adamczyk and Michal [11] conducted
HET on high strength steels (HSS) and derived an analytical
expression for HER is based on average anisotropy coefficient
(r,,) and total elongation of the materials. Then, Comstock et al.
[12] expanded the study of Adamczyk and Michal for different
materials and edge conditions. They also considered the effect
of thickness and strain hardening exponent on the prediction
of HER. Unlike these studies, Paul [13] derived a nonlinear
equation between HER and mechanical properties (UTS, r,,
and the percentage total elongation). In addition to mechanical
properties, hole-cutting methods and the parameters related to
the shearing process also effect the HER value. Larour et al.
[14] compared the HER values of the drilled and punched
specimens for AHSS. They investigated the effect of numerous
factors (cutting clearance, tool geometry, and wear in punch and
die) regarding the shearing process. Researchers determined
the optimum cutting clearance value for AHSS and found a
linear correlation between the ratio of burnish to fracture from
the sheared edge parameters and HER. Besides, the maximum
HER value was obtained with orthogonal cutting punch geom-
etry (ISO standard) compared to the other geometries (convex
and concave) due to the uniform cutting clearance along the
hole perimeter. Although the abovementioned studies give con-
sistent results related to the prediction of HER, the developed
equations are empirical, and their usage are limited. Therefore,
application of a generalized methodology is required for the
prediction of HER. From this viewpoint, computer modeling
and various numerical methods are applied on the solving of
different engineering problems by several scientists [15—19].
Among the numerical methods, the finite element method is the
most preferred technique in the metal forming industry. Defi-
nition of plastic behavior of the material is an indispensable
in FE modelling of a process and determination of a proper
stress potential for material has a profound effect in terms of
reliability of FE analyses. This phenomenon has been studied
for HET by various researchers. Kuwabara et al. [20] studied
the plastic behavior of a dual-phase steel sheet (DP780) during
HET and performed FE analyses of the test with three different
stress potentials (von Mises, Hill48 and Y1d2000-2d). They
compared the numerical and experimental thickness distribu-
tions along both the hole edge and radial directions of the part
and declared that the most compatible results were obtained
with Y1d2000-2d criterion. A similar study was performed by
Tizuka et al. [21] for a HSS sheet and the most successful results
were obtained with same yield criterion. Kuwabara et al. [22]
modeled the anisotropic behaviors of AA6016-O and AA6016-
T4 aluminum alloys by Y1d2000-2d and different hardening
laws. They determined that thickness distribution profiles could
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better predicted with anisotropic hardening law for AA6016-O
alloy. Lee et al. [23] investigated the effect of both yield crite-
ria and parameter optimization on hole expansion simulation.
They applied Y1d2000-2d and Y1d2004-18p yield criteria and
determined that the prediction accuracy of FE analyses highly
depend on the parameter identification. Korkolis et al. [24], Ha
and Korkolis [25] calibrated Y1d2000-2d coefficients with uni-
axial and plane strain tension tests for AA6022-T4 aluminum
alloy and obtained significant enhancements in the thinning
predictions by including anisotropic behavior in plane strain
stress state. In these studies, researchers focused on thinning
predictions in the HET, whereas they didn’t give the detailed
information about the prediction of HER. In order to predict
HER, application of a failure criterion coupled with FE analysis
is required. Chung et al. [26] applied a stress triaxiality-based
failure criterion as well as Hill48 anisotropic criterion to HET
of TWIP940, TRIP590 and R340 steels and predicted HERs
of these materials. Takuda et al. [27] investigated the forming
limit of a mild steel and two types of HSS. They applied Cock-
croft and Latham ductile damage model combined with Hill48
yield function and predicted HERs of these materials. Yoon
et al. [28] applied a different method to predict HER. They
considered fracture toughness of the materials and predicted
HERSs by applying a strain-based fracture criterion along with
Hill48 yield criterion. Chinara et al. [29] described the aniso-
tropic behavior of DP590 steel with Hill48 stress potential and
applied a strain-based failure criterion in order to predict HER.
Mu et al. [30] used three uncoupled ductile fracture criteria,
namely Lou-Huh [31], Oh [32] and Brozzo [33], to predict
HER of DP780 steel and reported that the best predictions were
achieved by the Lou-Huh model. In these studies, scientists
accurately predicted HERs of the materials with anisotropic
material models and ductile fracture criteria. However, it should
be emphasized that anisotropic stress potentials have effect on
the prediction of the not only HER but also fracture location
and this phenomenon needs further detailed investigation at
the material locations prone cracking. In addition, as it is seen
from the literature review, linear transformation based aniso-
tropic material models, namely Y1d2000-2d or Y1d2004-18p,
have been widely used to model material anisotropy in the stud-
ies. These functions are convex and have powerful modeling
capability. However, computations of their first and second
order gradients are difficult, and they have highly nonlinear
formulas in the parameter identification. When compared with
linear transformation-based models, polynomial yield functions
have simpler and generalized structure and also their deriva-
tives could be easily computed, therefore they could be eas-
ily implemented into any FE software. When considered from
this point of view, extension of their range of applications and
evaluation of their modeling capability have great importance
in the literature.

In this article, the effect of material anisotropy on the
prediction of both HER and edge fracture location was

investigated. For this purpose, a constitutive model that
considers material anisotropy and damage was developed.
The study consists of two stages. In the first stage, two
anisotropic stress potentials (the quadratic Hill48 and
non-quadratic homogeneous polynomial functions) and a
basic ductile fracture criterion were used. The functions
along with the ductile fracture criterion were separately
applied to investigate the effect of different anisotropic
stress potentials on fracture prediction. In the second stage,
an advanced ductile fracture model considering stress tri-
axiality and Lode angle was included, and the differences
between the predictions of damage models were investi-
gated. Application of the constitutive model was firstly
performed on UTT and then on HET. DP steels from the
AHSS family were selected. Fracture displacements, HERs
and fracture locations of the materials were predicted with
the selected stress functions and the numerical results were
compared with experiments.

The present study is divided into six sections: In the
second section, the developed constitutive model and its
components are briefly introduced. In the third section,
experimental studies which were performed within the
scope of the work are explained. In the fourth section, cali-
bration of the constitutive model parameters is discussed,
and functions are evaluated. In the fifth section, applica-
tions of the constitutive model, the predicted results from
model and comparisons with experiments are presented.
Finally, In the sixth section, main conclusions obtained
from the study are highlighted.

Constitutive Model

In the present study, a constitutive model that considers mate-
rial anisotropy and damage was performed. Two anisotropic
stress potentials, a basic and an advanced ductile fracture cri-
teria were used in the developed model. In this section, the
theory of the selected yield criteria and ductile fracture models
are briefly explained.

Anisotropic Stress Potentials

The yield criterion is an important step in the plasticity model
definition. The bounds of the onset of the plastic deformation
in 3D stress space is characterized by the yield surface, which
is described by the yield criterion. The generalized form of the
yield criterion is given below.

f =5(cy) —0o(€p) (1)

Where, f denotes yield function, & is equivalent stress
and o is yield stress of the material, respectively. As yield
criteria, quadratic Hill48 and non-quadratic homogeneous
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the fourth-order polynomial yield functions were applied to
reproduce anisotropic behaviors of two DP sheets (DP600
and DP800). Their formulations and the coefficient identifi-
cation procedures are given below:

Hill48 stress potential

The first anisotropic stress potential was proposed by Hill [34]
and this criterion is broadly employed for the characterization
of the steels [26, 35] and some alloys [36]. For general 3-D
stress state, the function could be written as the following form:

predicted and experimental values of yield stress ratios and
Lankford coefficients at interval angles.

I LRS! W \2 . (6 o\
E= 2 Zi:l (w) (rﬁ,prcdiclinn - re.exp) +w, (Gﬁ,prcdlcll(m - "g,exp> ] (6)

Where, w, and w, are the weight functions for r values and
yield stress ratios, respectively. 15° and 75° were chosen as inter-
val angles. In this study, the least square method was used to
minimize the objective function. The remaining two coefficients
a; and a, are determined with the equations given below:

[ \/F(ny - Gzz)z +G(o,, - Gxx)z +H (o, — ny)2

+2Lx,,? + 2Mr,, 2 + 2Nt, 2 @)

In the equation above, F, G, H, L, M and N are the mate-
rial constants. These parameters could be calibrated with
either stress ratios or Lankford coefficients (r values). In this
study, an identification based on r values was preferred and
the model parameters for both materials were determined by
using following equations:

Ty 1 Iy

_ @+ Too)(1 + 2ry5)
201 + 1) 3)

1) T Tar T Ty
As it is seen from Eq. (3), the constants are determined
with Lankford coefficients in rolling (RD), diagonal (DD) and
transverse directions (TD) which are denoted by r, r45 and ry,.

The fourth-order homogeneous polynomial stress potential

In the present work, the fourth-order homogeneous polynomial
anisotropic stress potential (HomPol4) from non-quadratic
criteria was used. HomPol4 stress potential was proposed by
Soare et al. [37] and it can be written as following equation:

—4(2D)

_ 4 2 2 3
HomPold = 810y, T 8,0 + 30,0, +8,0,,0,

3
vy Oxx

4 2 2 2 4
+as56, + Ty <a(,cxx +a;6,,6, + agcyy) +agT @)

Soare et al. considered convexity issue in the parameter
identification. They introduced constraints on the parameters
to acquire a convex yield locus. According to the identifica-
tion procedure, the first five coefficients could be directly
calculated that the equations are given below:

a; =1,a,=- 4 a; = L
TR A4 T\

—(a; +a, + a4 +as),as

1 @ = 4asrgy
= %=
S 1+ ryg) (5)

The coefficients a, and ag are obtained by the optimiza-
tion of an objective function given in Eq. (6). This func-
tion is defined as the sum of squared deviations between the

5\
— | I 4
a; = 2 2 —(ag + ag), a9 = M+ <_l>
(14745)5, O L1y Ob
(N
Eleven mechanical parameters such as yield stress ratios
and r-values at 0°, 150, 450, 75° and 90° and as well as yield
stress ratio at equi-biaxial stress state (Eb) are required to
determine the model parameters. In original, the HomPol4
criterion is applicable for plane stress conditions. In this
study, HomPol4 criterion was generalized for 3D stress
space in order to include the effect of out of plane stresses.
The 3D form of HomPol4 criterion is given in Eq. (8).

= 3D)
O HomPol4 (o-xx’ O-yy’ Oz Txy* Tyz’ Tu)

T ©, — o

— 2 2
HomPol4 [ o ‘L'),y) + 2k5 Tyz + 2]{6‘["_} (8)

Since it is difficult to obtain the mechanical properties in
out of plane direction, k5 and k, parameters related to the out of
plane shear components were adjusted considering the isotropy
in out of plane direction. Sener et al. [38, 39] used HomPol4
criterion to define anisotropic behavior of AISI 304 stainless
steels. They applied the material model to rectangular cup deep
drawing process and could accurately predict the thickness dis-
tributions and flange geometry of the formed part.

Within the scope of this study, associated flow rule
given in Eq. (9) was adopted to specify the direction of
the incremental plastic strain [40].

af

P _ .,
deij =y dO’[j 9)

Here, y denotes a non-negative multiplier.
Ductile Damage Criteria

In the present work, the generalized plastic work and
the modified Mohr-Coulomb (MMC) criteria were used
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as basic and advanced damage models, respectively. The
theory of these damage models is explained below:

The generalized plastic work criterion

Conventionally, ductile fracture criteria assume that the
failure occurs when the integration of a weight function
over the plastic strain attains a threshold. It yields,

€f
C =/ w(o;)de” (10)
0

Here, w (o) represents a weight function which is also a
function of a Cauchy stress tensor. C is a material constant
called as damage indicator. In the present work, an energy
based ductile damage criterion was used as basic model. This
damage model considers the distortional plastic energy stored
within the material and assumes that the failure will begin
when the distortional energy reaches the critical value [41].
Simple and the expanded form of this criterion are given in
Eq. (11).

@
c= / GdE,
0

= / ! (0 dey + 0y, dey, + 0, de, + 2z, de,, + 7, dey, + T .de )
0 1D
Here, ¢ and de, denote equivalent stress and equivalent
plastic strain increment, respectively. Besides, 0, T; are
normal and shear stress components, de; denotes the plastic
strain increment components and €; is the equivalent fracture
strain. C,, is referred as critical damage parameter and it is
determined by calculating of the area under the equivalent
stress — equivalent plastic strain curve of the material. The
detailed information about the determination of critical dam-
age parameter will be explained in “Calibration of Ductile
Damage Models” section. This ductile damage function was
previously applied by Aksen et al. [42] and the successful
results were obtained for DP60O0 steel.

The Modified Mohr-Coulomb (MMC) criterion

Bai and Wierzbicki [43] improved the classical stress-based
Mohr-Coulomb criterion and introduced MMC for the
spherical coordinate system. This criterion is extensively
used in the literature [44—46] and is expressed in Eq. (12).

where, K and n are hardening parameters, b, b, and bs

are the parameters related to the fracture behavior of the
material. The stress triaxiality (n) and Lode parameter (L)
describe the stress state together and are expressed in Egs.
(13) and (14).

" 30 (13

20, — 6, —C
L= 2 1 3 (14)
6; — 03

Experimental Studies

In the present work, experimental studies are investigated
within two groups: Firstly, uniaxial tensile tests (UTTs) were
performed to calibrate the yield functions and the general-
ized plastic work ductile damage criterion, and then HETSs
were carried out to evaluate the edge stretchability of the
materials.

Uniaxial Tensile Test (UTT)

DP steels were considered in this study. These steels are a mem-
ber of AHSS family, and they become prominent due to their
high strength, high formability performance and good weldabil-
ity properties in the automotive industry. DP steels contain soft
ferrite matrix and hard martensitic islands in their microstruc-
tures as reported by Alaie et al. [47]. Soft ferrite matrix ensures
the ductility, while the hard martensite provides high strength
[48]. The difference in hardness between the phases signifi-
cantly influences the local formability performances, such as
edge stretchability or stretch-bending of DP steels, as deter-
mined in the study of Heibel et al. [49]. In the present study,
DP600 (t,=0.7 mm) and DP800 (t,=1.17 mm) were consid-
ered as test materials. UTTs were conducted on an Instron 8872
testing machine with 25 kN capacity. The specimens were cut
by laser cutting process along seven orientations (0°, 15°, 30°,
45°, 60°, 75°, and 90°) with respect to the RD. Uniaxial testing
machine used in the experiments is shown in Fig. 1.

Tensile tests were repeated three times for each direc-
tion and 1 x 10™* s™! strain rate was applied. Yield stresses
and Lankford coefficients of the materials were deter-
mined for each direction. ASTM E517-19 [50] standard

_l/n
1+b'2+b1 bl __L> (12)
3412 3 V3 +12
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Fig. 1 Tensile test machine

Table 1 Yield stress ratios of the materials in different orientations

Material oy~ G5 G 3 G y4s G 4 G 75 G g oy

DP600 1.0000 1.0053 0.9565 0.9456 0.9510 0.9324 0.9397 0.8414

DPS$00 1.0000 1.0013 1.0226 1.0216 1.0266 1.0105 1.0253 1.0140

Table 2 1 f th .

materialsr i\rlladligfse;)ent ‘ Material To f1s T30 Tys Teo I75 Ty

orientations DP600 0.86 0.85 0.74 0.96 0.76 0.60 1.02
DP800 0.75 0.89 0.98 0.74 0.70 0.85 0.84

was considered in the determination of r values. Yield
stress ratios and Lankford coefficients of DP600 and
DP800 steels are presented in Tables 1 and 2, respectively.
Biaxial yield stresses of the DP600 and DP800 were taken
from Stoughton et al. [51] and Cardoso and Moreira [52],
respectively.

Flow curve of the materials were defined with Swift isotropic
hardening law (Eq. (15)). Experimental data in the RD was taken
as reference in the determination of Swift parameters and the
hardening parameters were determined by using Levenberg-Mar-
quardt algorithm. Hardening parameters and flow curves of both
steels are shown in Table 3 and in Fig. 2, respectively.

Otrue = K(eo + €p)n (15)

Table 3 Hardening parameters of the materials

Material K (MPa) n €
DP600 1071 0.1935 0.0110
DP800 1375 0.1754 0.0001
Hole Expansion Test

HETs were performed in compliance with ISO 16,630 standard
[53]. Experiments were conducted on a 30-ton hydraulic press.
Force and position control of the hydraulic press are provided
by using Programmable Logic Controller (PLC). In the experi-
ments, firstly, a hole with 10 mm diameter was punched in the
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Fig.2 Flow curves of the materials: a DP600; b DP800

center of each sheet sample (100 x 100 mm). Numerous factors
regarding the hole punching process, such as the cutting speed,
alignment of punch and die, the press type, and its stiffness, are
simultaneously involved in HET. Levin et al. [54] conducted
experiments with different types of presses in different labs and
studied the effect of stiffness and coaxiality of tools on HER.
From these investigations, they declared that the hole-punching
process accounts for 10% of the variability in HER values.

In the present work, a C-frame mechanical press with
a 40-ton capacity was used for the hole-punching process
(Fig. 3(a)). According to ISO 16,630 standard, 12% of sheet
thickness was considered for the clearance and two pierc-
ing dies with different diameters were used for DP600 and
DP800 to provide the desired clearance due to the different
thickness of the materials. After hole piercing process, the
holes were expanded with conical punch until a visible crack
was observed. Experimental set-up and tool dimensions of
HET were shown in Figs. 3(b) and 4.

Piercing die and punch

D T ———

Fig.3 Experimental set-up a Hole punching equipment, b HET

1200

1000

800

600

True stress (MPa)

400

200 — —Experiment
— Swift

0 0.04 0.08 0.12
(b) True plastic strain (-)

During the experiments, 21.63 kN and 28.77 kN binder
forces were applied to prevent material flow into die cavity
for DP600 and DP800, respectively and any lubricant was
not applied to the tool and blank interfaces. HETs were
repeated five times for each material. When visible cracks
through the thickness were observed, the punch movement
was stopped (Fig. 5), and the force value was identified
with the load cell on the hydraulic press. After performing
HETs, the final hole diameters were precisely measured by
three-dimensional (3D) scanning method and HERS of the
materials were calculated by using the following equation:

d1 - dO
HER = .100 (16)
dO

Where, d, and d, denote the initial and the final hole
diameters, respectively. The determined HERs were




508

Experimental Techniques (2024) 48:501-522

) 100 ,

Upper Die @56

Lower Die

250

Fig.4 Dimensions of the test tools

compared to evaluate the edge stretchability of the mate-
rials. HER values of the samples were calculated as 70.9%
and 50.9% for DP600 and DP80O0 steels, respectively. From
these comparisons, it was shown that DP600 exhibited
higher edge formability than DP800.

Determination of Constitutive Model
Parameters

In this section, the constitutive model parameters were calculated.
Initially, the coefficients of the anisotropic stress potentials, then
the parameters of the ductile fracture models were calibrated.

Calibration of Anisotropic Stress Potentials
Firstly, anisotropic stress potentials were calibrated with

UTT data and then their prediction capabilities were evalu-
ated. The coefficients of Hill48 and HomPol4 yield functions

were determined by applying the identification methods
explained in “Hill48 stress potential” and “The fourth-order
homogeneous polynomial stress potential” sections, respec-
tively. Four experimental data (ry, rys, Iqg, 0¢) for Hill48,
eleven experimental data (G, 6,5, G45, G55, Gog» O Lgs I155 Lus,
I75, Igo) for HomPol4 were used. The coefficients of Hill48
and HomPol4 stress potentials for DP600 and DP800 are
shown in Tables 4 and 5, respectively.

The planar variations of the plastic properties (yield stress
ratio and Lankford coefficient) were determined according to
these functions by using yield condition and normality rule
in plasticity theory. The calculated results were compared
with experiments to evaluate the stress potentials. The com-
parison results for DP600 and DP800 are shown Figs. 6 and
7, respectively.

It is seen from the Fig. 6 that HomPol4 yield function
could simultaneously predict stress ratio and r-value vari-
ations, while Hill48 criterion could only predict r-value
anisotropy. As for DP800, a different result was observed.
HomPol4 showed oscillations in the predictions of the angu-
lar variations of the stress ratios and the predictions of the
model were worse than Hill48 at interval angles in contrast
to the angular variations of the r-values. Although Hill48
parameters were defined with r values, accurate description
of stress anisotropy by the criterion was completely coin-
cidental. DP800 exhibited weak stress anisotropy, there-
fore Hill48 could capture the stress variations in the sheet
plane. As the second stage in the evaluation of the aniso-
tropic stress potentials, yield locus contours were taken into
account, and they were compared with experimental stress
ratios for both of the materials. Figure 8(a) and (b) show
the comparisons of the predicted yield locus contours from
Hill48 and HomPol4 functions with experimental data for
DP600 and DP800, respectively.
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Table 4 Hill48 coefficients

Table 5 HomPol4 coefficients

1.2
10
0.8
0.6
04
0.2

Yield stressratio

Material F G H L M N
DP600 0.453 0.538 0.462 1.5 1.5 1.447
DP800 0.510 0.571 0.429 1.5 1.5 1.341
Material a a, as a, as ag a, ag ay
DP600 1.000 -1.849 4.152 -2.590 1.282 6.499 -7.663 7.386 11.798
DP800 1.000 -1.714 2.408 -1.653 0.905 9.258 -5.436 2.728 7.193
| 12
0.8
2 . *
= 06 i
>
- - 04 -
® Experment ® Experment
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It is seen from Fig. 8 that both uniaxial and biaxial yield
stress ratios could accurately be predicted by HomPol4 yield
criterion, whereas Hill48 couldn’t predict the uniaxial stress ratio
along TD and biaxial stress ratio of DP600 as well as the biaxial
stress ratio of DP800. These results are related to the inputs used

15 30

45

60 75

Angle (degree)

(b)

in the coefficient identification of the stress potentials. Hill48
stress function is calibrated with only r-values, while HomPol4
criterion accepts both stress ratio and r-values as input. There-
fore, HomPol4 criterion could describe the planar anisotropy of
the materials more accurately than Hill48 criterion.
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Table 6 The sizes and number of elements used in FE models

Element size in gauge length Number of ele-

(mm) ments through
thickness
Case 1 1.00x1.00
Case 2 0.50%0.50
Case 3 0.25%0.25

Calibration of Ductile Damage Models

In this section, the parameters of the ductile damage models
were calibrated: Firstly, the generalized plastic work and
then MMC criteria were calibrated. Before the ductile dam-
age models are calibrated, a mesh independence study was
carried out to determine an optimum element size in terms
of both accuracy and computation time. Therefore, three dif-
ferent quarter FE models of UTT were created with eight
node hexahedral fully integrated solid elements. In the mesh
sensitivity study, the gauge length was discretized with dif-
ferent mesh sizes and the number of elements through the
thickness direction of the specimen was varied. Element
sizes used in mesh sensitivity study are given in Table 6.
After definition of the numerical parameters, FE analyses
for each case were carried out in Marc software and Case 2
was selected. HomPol4 yield function was used in the mesh
sensitivity analyses. After the determination of the optimum
mesh size, critical damage parameter (C,,) of the general-
ized plastic work criterion was calculated for both mate-
rials. As mentioned in the “The generalized plastic work
criterion” section, C,, is determined by calculating of the
area under the flow curve up to fracture strain. However, it
is mentioned that classical transformation equations, which
determines the relationship between engineering and true
stress vs. strain data, are valid up to the peak point due to
the initiation of tri-axial stress state [55]. Beyond the neck-
ing point, the true stress-strain curve can be obtained by

-1.5

(b)

inverse method. Therefore, flow curves of the materials were
inversely identified by replicating the experimental force-
displacement curves in this study. Figure 9(a) and (b) show
that force-displacement responses of the FE analyses agree
well with the experimental curves without any correction.

Equivalent stress-equivalent strain curves were acquired
from FE analyses and the area of the curves up to equivalent
fracture strain were calculated by using trapezoidal rule. The
values of C.., for two materials are given in Table 7.

The values of C,, were separately determined according
to yield functions. However, only the damage parameters
obtained from HomPol4 yield criterion were considered
due to the small differences between the predicted force-
displacement curves.

After calibration of the generalized plastic work crite-
rion, the MMC model was calibrated. The required experi-
mental data for the calibration of DP600 and DP800 were
taken from the studies performed by Qin and Beese [56]
and Kusche et al. [57], respectively. The model parameters
were determined and their values for both materials were
given in Table 8. After the determination of the param-
eters, the fracture locus of the calibrated MMC model
was obtained and compared with the experimental data,
as shown in Fig. 10.

The results obtained for DP600 steel were acquired from
the central hole tension, butterfly, punch, and notched (over
width notches with the radius values of 6.67 mm, 10 mm, and
20 mm) tensile test specimens, which represent different stress
states. Among these specimens, central hole tension and punch
specimens represent the uniaxial tension (1=0.33) and bal-
anced biaxial tension lines (n=0.66), respectively. The notched
specimens cover the range from uniaxial tension (n=0.33) and
plane strain tension (1=0.58) lines. The different combinations
of horizontal and vertical forces were applied to the butterfly
specimen. Thereby, pure shear (n=0) and plane strain tension
(n=0.58) stress states were characterized [56]. As shown in
Fig. 10, experimental data corresponding to the uniaxial, plane
strain and the balanced biaxial tension were considered for
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Fig.9 Comparison of numerical and experimental force-displacement curves: a DP600; b DP800

Table 7 Critical damage parameters for DP600 and DP800

Materials Cer
DP600 426.900
DP800 497.569

the calibration of DP600 due to the variation of stress state
between uniaxial and plane strain along the width of the sam-
ple in conical HET [56]. For DP800, plane strain (notched
over thickness), notched (over width) tensile test, and standard
tensile test specimens were utilized, and two notched tensile
test specimens referred to as DB-20 (20 mm notch radius) and
DB-50 (50 mm notch radius) in the study [57] were utilized
in the calibration due to the observation of the scatter experi-
mental points at the high-stress triaxiality region. In addition,
2D fracture loci, 3D fracture loci were also constructed and
demonstrated in Fig. 11 for both materials.

Application Study

Table 8 MMC ductile fracture model parameters

Materials b, b, by
DP600 0.07 519 0.950
DP300 0.01 622 0.902

The developed constitutive model was implemented into
implicit FE code Marc via developed material subroutine
HYPELAZ2. The model was firstly applied to uniaxial ten-
sile and then hole expansion tests to predict fracture. In
order to predict fracture initiation with the generalized
plastic work ductile damage model, energy value and

damage percentage for each integration point were calcu-
lated throughout the analysis by using Egs. (10) and (17),
respectively. When the damage percentage of an element
reaches 100%, fracture initiates in the FE model [58].

Energy value

% Failure = < > X 100 17

Critical damage parameter

The computation steps related to the prediction of damage
are shown in the flow chart given in Fig. 12 and the obtained
results are explained below:

Application to Uniaxial Tensile Test (UTT)

The developed model was firstly applied to UTT to predict
fracture initiation. In order to evaluate the effect of aniso-
tropic yield functions on the fracture prediction, the vari-
ations of the equivalent plastic strains predicted from the
yield functions during the deformation were obtained and
the equivalent fracture strains were determined for each
yield function, because the displacement to the fracture is
known from the tensile test. Investigation was conducted at
the center of the specimen. Figure 13(a) and (b) show the
variation of the equivalent plastic strain with displacement
for DP600 and DP800, respectively.

It is seen from Fig. 13(a) and (b) that both yield func-
tions predicted the onset of diffuse necking at the same
displacement values and small differences between the
equivalent fracture strains predicted from the yield criteria
were observed. Besides, the variation rate of the equivalent
plastic strain consistently increased after the diffuse neck-
ing point due to occurrence of non-uniform strain distri-
bution. Plastic work distributions were investigated, and
failure locations were evaluated according to the stress
potentials. Figures 14 and 15 show the plastic work dis-
tributions predicted from the material models for DP600
and DP800, respectively.

SEM
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Fig. 10 Comparison of the
calibrated MMC fracture locus
with experimental data

Equivalent plastic fracture strain
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As it is seen from Figs. 14 and 15 that the predicted
plastic work distributions from both yield functions were
concentrated at the center of the specimen and failure was
predicted at the same location.

Application to Hole Expansion Test (HET)

FE model of HET was prepared in Marc FE program. Due
to symmetry, only quarter model was created. Tools were
considered as rigid and the blank was discretized with fully
integrated eight-node solid elements known as Hex7 in Marc
2018 Volume A and Volume B [59, 60]. Four elements were
used along the thickness direction in the model. Blank was
divided into two regions and element density was increased
at the hole edge to predict strains precisely. The in-plane
mesh size was taken as 0.5 mm x 0.27 mm and 32 elements
were used along the circumferential direction at the hole
edge. A similar mesh structure to that in tensile test (Case
2) was created in FE model of HET. Global X direction was

Equivalent Fracture Strain
o
=
L
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0.4 Stress Triaxiality

a)

Fig. 11 3D Fracture loci for a DP600, b DPS00
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Stress triaxiality
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defined as RD in the model and friction coefficient between
the surfaces was assumed as 0.1 which was recommend
from Choi et al. [61]. FE model of the HET and the mesh
layout of the blank are demonstrated in Fig. 16(a) and (b),
respectively.

FE analyses of HET were performed for both yield func-
tion and firstly the fracture displacements were predicted.
The fracture displacements were extracted from simulation
at the moment when the damage percentage value of the
critical element reached one hundred (Fig. 17(a) and (b)).
Then the predicted fracture displacement values were com-
pared with experimental values for both materials (Fig. 18).

It is seen from Fig. 18 that the predicted fracture displace-
ments from the models were compatible with the experimen-
tal data for both materials. This result showed that damage
model was accurately calibrated. When the predictions of the
yield criteria were investigated, small differences (about %3)
were observed between Hill48 and HomPol4 predictions for
both of the materials. However, anisotropic yield functions

0.6

0.55 4

Equivalent Fracture Strain

0.6

9 0.2

-0.5
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Fig. 12 Flow chart of the general-
ized plastic work implementation
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Fig. 13 Evolution of equivalent plastic strain with displacement: a DP600; b DP800

aren’t evaluated according to only fracture displacement
predictions, investigation of the HER values and fracture
location predictions are also required. Therefore, these out-
puts were taken into consideration and the predictions were
compared with experimental results in the second phase of
the work. In order to accurately examine the effect of yield
functions, the numerical and experimental comparisons were
performed at same punch displacement values which edge

fracture is observed in the experiments. Figure 19 shows
the predicted and experimental HER values at the fracture
displacements of DP600 and DP800.

It is seen from the comparisons that the numerical HER
values were slightly higher than experimental values for both
materials and small differences were observed between the
predictions of the anisotropic stress functions. For DP600,
Hill48 and HomPol4 models predicted HER with only 1.64%

SEM



514

Experimental Techniques (2024) 48:501-522

(a)

(b)

Fig. 14 Plastic work distributions of DP600: a Hill48; b HomPol4

(a)

(b)

Fig. 15 Plastic work distributions of DP800: a Hill48; b HomPol4

and 0.31% errors. While for DP800, these anisotropic functions
predicted with 9.51% and 9.9% errors, respectively. As the third
criterion, fracture locations on the samples were considered to
investigate the influence of anisotropy. The angles between the
cracks and RD of the samples were measured by using 3D scan-
ning method and fracture locations were determined experi-
mentally. Then, these locations were compared with FE results.
Plastic work distributions along the hole edge were taken into
consideration in the numerical results. Figures 20 and 21 show
the comparisons of the numerical and experimental crack loca-
tions for DP600 and DP800, respectively.

Figures 20 and 21 show that HomPol4 yield function
predicted quite well fracture locations of the materials.
Accurate description of in-plane anisotropy has effect on
the prediction of the fracture location. According to Hill48
criterion, stress ratios and r-values of DP600 increased
monotonically from RD to TD (Fig. 6). However, in
the experimental results, stress ratios of the material
decreased along the mentioned direction and oscillations
were observed in its r-values. This behavior could well
be represented by HomPol4 yield criterion and thus the
model could more accurately predict the fracture location
at the hole edge. As for DP800, this material showed weak
stress anisotropy as mentioned previously, while it exhib-
ited strong r-values anisotropy (Fig. 7). Therefore, it can

be said that the planar distributions of the r-values could
play more dominant role in the prediction of fracture loca-
tion. R values of the material especially at interval angles
could more accurately predicted with HomPol4 criterion
and therefore the crack orientation was predicted from the
criterion is more compatible with the experiment.

Comparison with MMC criterion

The studies performed by Bao and Wierzbicki [62] and Lou
et al. [63] showed that equivalent plastic strain value at fracture
depends on the stress triaxiality and Lode parameter. In order
to investigate the effect of these parameters on the predictions,
the MMC criterion was implemented into Hypela2, and FE
simulations of the conical HET were performed with HomPol4
anisotropic model. Fracture displacements and fracture loca-
tion predictions of both damage models were compared with
each other, and experiments as shown in Figs. 22, 23 and 24.
It is seen from Fig. 22 that the numerical results predicted
from the MMC model showed better agreement with the
experimental results. The error in the predictions decreased
from 9.34 to 3.30% for DP600 and from 7.19 to 0.72% for
DP800 compared to the generalized plastic work criterion.
In this regard, the MMC criterion showed and enhancement
in punch stroke prediction over the plastic work criterion. As
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for the fracture location predictions, it is seen from Figs. 23
and 24 that both models predicted the edge fracture in the
same location for DP600 and DP800. This result shows that
the prediction of fracture location is directly associated with
the prediction capability of the anisotropic stress potential.

Effect of out-of-plane anisotropy

In the present work, the effect of the out-of-plane anisot-
ropy on fracture predictions was also investigated. In order

to investigate this effect, two different cases were consid-
ered for the Hill48 criterion (L=M=2and L=M=1), and
FE analyses of conical HET were performed for each case.
HER values at the experimental fracture displacements and
the fracture locations for both materials were predicted and
compared, as shown in Figs. 25, 26, and 27.

As it is seen from Fig. 25 that, the predicted HER value
decreases with the increase of M and N for both DP steels.
However, the amount of decrease in HER value was not sig-
nificant. When the predictions of the fracture location are
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experimental HER values 72.06 7112 70.9
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Fig.20 Experimental and numerical fracture locations of DP600: a Experiment; b Hill48; ¢ HomPol4
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investigated, it is seen that the failure was predicted at the
same location for all coefficients. In this regard, the out-of-
plane anisotropy has a negligible effect on predicting the
fracture initiation location.

Variation of Stress-Triaxiality at the Hole Edge

In order to investigate the stress state and to also deter-
mine fracture mode, the variation of stress-triaxiality at
the hole edge during deformation was evaluated. Stress-
triaxiality is a significant parameter which has effect on
the fracture strain of the material, and it can be described
as the ratio of the hydrostatic stress (o-h) to the equiva-
lent stress (E) [64]. The value of this parameter changes
based on the loading type, and it is equal to 1/3 under
uniaxial tension. Figure 28 shows the evolution of the
stress-triaxiality with equivalent strain during UTT and
HETSs. Two nodes, which one of them is from center of
specimen for UTT and the other is from the outer edge
of the hole for HET, were selected and the evolutions of
the stress-triaxiality with equivalent strain were obtained
both materials.

Fig. 22 Comparison of the pre- 20

dicted and experimental fracture

displacements 18
16

14
12
10

Fracture displacement (mm)

o N B O

" ©:-84.03°

It is seen from Fig. 28 that stress-triaxiality in UTT
reached immediately to 0.33, however it could converge to
the same value after a certain deformation in HET. It can
be said from this result that the deformation behavior in the
outer region of the hole is close to the UTT conditions, but
hole edge is subjected to larger deformations than UTT. This
additional deformation could be attributed to the compat-
ibility between the hole edge and its adjacent region. Similar
results were also obtained by Lee et al. [23], Chung et al.
[26] and Paul [65].

Conclusions

The main purpose of this study is to exhibit failure predic-
tion capability of polynomial-based yield functions with a
basic and an advanced ductile damage models. In the present
work, a constitutive model considering material anisotropy
and ductile fracture was developed and the effect of anisot-
ropy on fracture prediction was investigated. The proposed
model consists of an anisotropic yield function and a ductile
fracture criterion. The model was applied firstly to uniaxial
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M Plastic work
M Experiment

DP800
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>

Fig. 23 Experimental and numerical fracture locations of DP600: a Experiment, b Plastic work, ¢ MMC
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tensile tests (UTT) and then to hole expansion tests (HET)
of dual phase steel sheets for validation. The study was
conducted as two stages: In the first stage, quadratic Hill48
and non-quadratic HomPol4 criteria were used in conjunc-
tion with generalized plastic work ductile fracture criterion
as basic damage model in order to investigate the effect of
anisotropy on the fracture prediction. In the second stage,

6,=28.1613°

the MMC criterion was considered as advanced damage
model to investigate the effect of stress triaxiality and Lode
parameters on the predictions. Stroke values at fracture,
hole expansion ratios (HER), and fracture locations on the
samples were predicted by these models and the numerical
results were compared with the experiments. Based on the
obtained results, the following conclusions could be drawn:

0,=28.1613°
e

Fig. 24 Experimental and numerical fracture locations of DP800: a Experiment, b Plastic work, ¢ MMC
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Fig. 27 The numerical fracture locations of DP800: aL=M=1,bL=M=15,cL=M=2

a) High difference between engineering fracture strains  c¢) Even if the generalized plastic work criterion is a prac-
in UTT and HER values was observed for both DP600 tical method in terms of calibration process, this cri-
and DP800. This indicates that strain localization and terion may lead to inaccurate results for the materials
plastic instability are delayed at the hole edge, although exhibiting significant instability. However, it can ensure
it deforms uniaxial tension mode. In addition to that precise results for the materials showing limited amount
the variation of the stress-triaxiality at the outer region of strain localization. Although the HomPol4 yield crite-
of the hole edge also confirmed this result because it rion in conjunction with the plastic work criterion could
reached to 1/3 at higher strain level than that of UTT. provide a compatible prediction of the crack initiation

b) When the predicted fracture displacements, HER values locations for both steels, the implemented theoretical
and fracture locations were investigated, no significant model with the generalized plastic work criterion could
differences were observed between the anisotropic stress not predict the fracture stroke. When the MMC criterion
potentials in the predictions of fracture displacement was included in the material model, the HomPol4 crite-
and HER values, while crack locations were predicted rion could better predict the fracture initiation stroke in
in different angles by the models. HomPol4 yield crite- HET. Therefore, by involving the stress triaxiality and
rion could accurately predict the crack orientation for Lode parameter in the ductile fracture model, fracture
both DP600 and DP800. This result could be associ- initiation strain can be better predicted for the wide-
ated with the description of the in-plane anisotropy. spread stamping operations.

HomPol4 model could reproduce the planar anisotropy ~ d) When the differences between the predictions of the gen-
of the materials more accurately than Hill48 criterion. eralized plastic work and MMC ductile fracture criteria
Therefore, the predicted crack locations by Hill48 model were investigated, significant enhancements in the fracture
couldn’t satisfy with the experiments. displacement predictions were observed due to the inclu-
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sion of the stress triaxiality and Lode parameters. How-
ever, fracture initiation location predictions of both criteria
were the same. This result showed the importance of the
anisotropic stress potential used in the constitutive model.

e) Itis seen from the FE simulations performed with different
out-of-plane anisotropy coefficients that the out-of-plane
anisotropy has no significant effect on the fracture predic-
tions in conical punch configuration of HET. The effect of
out-of-plane stresses was also discussed in the study of Lee
et al. [23], and the out-of-plane stress effect is found to be
negligible in HET. The reason is that the out-of-plane stress
was observed to be much lower than the in-plane stresses.
In the current study, the maximum out-of-plane stresses
were predicted as %4.7 and %10.8 of the in-plane stress
values for DP600 and DP80O steels, respectively. Since
the out-of-plane stresses have no dramatic effect, the out-
of-plane anisotropy could not influence the results notable
as well in HET. On the other hand, the effect of out-of-
plane anisotropy and stress may be significant for different
stamping operations, such as the Nakajima test and the cup
drawing process. Bettaieb and Meraim [66] stated that the
out-of-plane compressive stresses could postpone the early
localization and increase the failure strain in FLC predic-
tion. Besides, Liu et al. [67] pointed out that incorporating
the out-of-plane anisotropy increased the prediction capa-
bility in the cup drawing process.

f) It was observed that, with a precisely defined yield locus,
the damage prediction capability of the generalized plas-
tic work criterion was significantly increased. It was also
concluded that a proper yield locus definition is required
to determine the failure initiation location accurately.

g) HomPol4 yield criterion is an effective potential to predict
the failure locations even with a basic damage model. It
predicts the crack initiation near the TD for DP600 and
between RD and DD for DP800, which are compatible
with the experimental crack locations. The crack location
of DP600 was precisely captured, but there was a minor
discrepancy for the DP800 steel. Adopting the yield crite-
ria having higher anisotropy parameters, such as HomPol6,
Cazacu2018 [68], may provide better r-value representa-
tion and can increase the prediction performance; accord-
ingly, the crack initiation location for DP80O steel may be
captured more accurately. For the cases in which the crack
initiates between RD and DD or DD and TD, the yield
criteria having higher number of parameters, which make
it possible to capture the plastic properties in intermediate
orientations, may provide better correlations.
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