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1. Introduction

The hostile global environmental and eco-
nomic situations have compelled automo-
tive manufacturers to develop lightweight
components that meet stringent crash
safety requirements.[1] In this pursuit, the
continuous design and improvement of
new advanced materials, such as dual-
phase (DP) steels, aim to achieve an opti-
mal balance between strength and form-
ability. However, the complex multistep
forming processes involved in creating the
final product trigger several problems that
hinder the widespread application of these
materials. One of the unresolved challenges
in sheet forming of high-strength materials
is edge cracking, which appears despite
conventional forming limits anticipating
further deformation as a safe condition.[2]

To overcome this problem, there is a need
for new damage evaluation methods that
rely on a deep understanding of this phe-
nomenon to successfully design highly effi-
cient forming procedures.

Casellas et al.[3] conducted experiments to measure the hole
expansion ratios (HER) of various advanced high-strength steel
sheets as a quantitative factor of edge crack sensitivity. Their
HER results exhibited a similar trend as the materials’ essential
work of fracture. Heibel et al.[4] showed the relationship between
HER and local formability, which was defined by true thickness
strain at fracture. Although these methods were successful in the
studied cases, they should be verified under different stress states
as well, since the cutting and subsequent forming processes are
significantly influenced by loading modes. Therefore, employing
hybrid testing and simulation methods could be a promising
choice for considering various conditions even for various
scales.[5] Complex microstructure in multiphase steels causes dif-
ferent local formability behaviors and consequently edge crack
sensitivity.[6–9] Namely, phase fraction, phase distribution, tex-
ture, individual morphological characteristics, and mechanical
behavior of each phase could change the local formability of
the materials. The role of these features has also been
investigated through numerical approaches using representative
volume element models along with finite element (FE)
simulations.[10,11] These studies collectively suggest that a homo-
geneous strain distribution throughout the material can enhance
local formability under various loading conditions.
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The present study aims to thoroughly investigate the edge-cracking phenomenon
in high-strength sheets. Hence, the edge crack sensitivity of three dual-phase
steels is studied in various combinations of edge manufacturing and forming
processes. Finite element simulations are performed to elaborate the study.
In this regard, the Yoshida–Uemori kinematic hardening model is employed to
describe the plasticity behavior of the materials under multistep processes.
A stress-state fracture model is coupled with this plasticity model to illustrate the
distinguished local fracture strains of each material. Moreover, the effects of
strain rate and the consequent temperature rise on hardening and damage are
taken into account, which play significant roles during shear-cutting. The results
show that although the shear-cutting processes are applied at very low speed, the
strain rate and induced temperature are still high at the cutting area. The hole
expansion results show different fracture behaviors for different cases. In brief,
cracking is initiated at a location, which shows the highest damage accumulation
during edge manufacturing plus the subsequent forming process. Such a
complicated situation can only be successfully predicted by using a computer-
aided approach along with proper material modeling, like the applied model
in this study.
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In addition to the materials’ intrinsic properties, the tooling
design plays a critical role in exacerbating the issue of edge-
forming limitation. It encompasses the manufacturing tech-
nique utilized for edge creation and subsequent edge-forming
processes. Punching is widely employed as an initial manufactur-
ing process in the industry due to its great cost-effectiveness and
efficiency. However, it applies severe hardening and damage to
the shear-affected zone (SAZ). Consequently, a rough low-quality
edge is produced, which facilitates premature failure from the
edge. Wang et al.[12] have documented considerable dissimilar-
ities in the HER of DP780 steel across varying hole expansion
tests (HET). Their findings demonstrated HER of 38% and
35% for milled and waterjet cut holes, whereas 12% for the
punched holes. In addition, the relationship between clearance
and HER has garnered significant attention and various studies
tried to unravel underlying mechanisms and optimize hole
expansion performance.[13–15] The clearance parameter directly
impacts materials’ flow and deformation behavior during plastic
deformation. A larger clearance expands SAZ and produces a
larger burr, which leads to higher edge cracking sensitivity.
On the other hand, narrow clearance could also cause a
secondary burnish which reduces HER. Wu et al.[16] argued a
narrow clearance could suppress the main crack to develop
throughout the thickness. Therefore, a secondary shearing and
multiple subcracks form to separate the remaining thickness.
These microcracks create rougher surfaces and lower edge
quality.[17]

Moreover, the influences of hole expansion punches with
different shapes have been investigated. Wang et al.[12] showed
conical, flat, and spherical punches apply different contact con-
ditions and strain gradients. Conical punches maximize edge
stretching, causing specimen rotation and nonuniform strain
distributions. Flat punches cause minimal rotation near the edge
leading to edge cracks occurring away from it. Spherical punches
offer an intermediate loading condition with moderate strain gra-
dients. Paul[18] observed that failure initiation occurs at the hole
edge when employing a conical punch. However, in the case of
hemispherical and flat-bottom punches, failure initiation was
found to occur slightly away from that, that is, inside of the
sheet rather than at the edge. Krempaszky et al.[19] concluded
that higher contact pressure, resulting from a smaller initial
hole size and a smaller cone angle of the hole expansion punch,
facilitates local necking formation. This phenomenon plays a
key role in significant HER reduction. The explanation for this
behavior lies in the concept of applied strain gradient.[18,20]

The presence of higher strain gradients suppresses plain strain
necking at the punch-sheet contact site and allows edge cracking
to happen.

Prediction of various edge manufacturing and following
forming processes requires a powerful numerical tool to consider
the effects of stress states, strain rates, adiabatic heating, and
probable Bauschinger effect on hardening and damage behav-
iors. This study aims to propose a computer-aided approach to
take all the aforementioned factors into account, unlike the
existing studies which considered only part of them at the same
time. In addition, its accuracy was verified successfully for
different materials under various edgecutting and forming
procedures.

2. Experimental Section

2.1. Materials

For this work, three different dual-phase (DP) steel sheets were
studied with a thickness of 1.5 mm, and the commercial names
were CR440Y780T-DP, CR590Y980T-DP, and CR700Y980T-DP.
In these names, the first number addressed the yield stress and
the second number stood for the ultimate tensile strength. The
chemical compositions are listed in Table 1 and their as-received
microstructures are shown in Figure 1. All the microstructures
consisted of ferrite and martensite phases. The phase fractions
were calculated using Digimizer image analysis for several scan-
ning electron microscope (SEM) images, while the relatively ligh-
ter and darker phases were marked as martensite and ferrite,
respectively. To evaluate strength differences between the phases,
the carbon contents were measured by electron probe microanal-
ysis (EPMA) as 15 μm line scans of the microstructures.

2.2. Experimental Procedure

2.2.1. Experiments for Calibration of the Models

The plasticity model was calibrated using cyclic in-plane torsion
tests, which were described in another study.[21] Furthermore,
the effects of a wide range of stress states on damage behavior
were investigated for each material. In this regard, various test-
ing methods were applied, includingmonotonic in-plane torsion,
bulge, tensile tests with different notch geometries, and plane-
strain tests, as shown in Figure 2. For detailed information about
the technical drawings of specimens and experimental results,
see ref. [8]. Furthermore, SEM was used to investigate the frac-
ture surface and damage micromechanisms.

2.2.2. Shear-Cutting and Subsequent HET

In order to study the edge crack sensitivity, several edge condi-
tions were manufactured through shear-cutting process and
expanded with a conical or flat-bottom punch according to
ISO 16 630:2017.[22] The tool conditions for each step are sum-
marized in Table 2 and the speed of punches in both steps was
1mm s�1. The HER were measured as a quantitative parameter
of edge cracking sensitivity. According to the aforementioned
standard, HER should be calculated as a through-thickness edge
crack occured.

This evaluation was assisted by video recording techniques
which allowed precise results to be extracted. Note that

Table 1. Chemical composition of the studied DP steels.

C Si Mn Al Cr Mo Cu Ti

DP440/780 0.149 0.212 1.670 0.049 0.733 0.011 0.044 0.031

DP590/980 0.074 0.301 1.830 0.048 0.387 0.061 0.023 0.048

0.043 0.301 1.807 0.037 0.380 0.063 0.022 0.048

DP700/980 0.074 0.294 2.498 0.037 0.693 0.118 0.123 0.076

0.080 0.293 2.813 0.291 0.689 0.119 0.121 0.075
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similar hole sizes were manufactured by wire-cutting as well to
compare the potential of edge formability regarding predamage
effects.

2.3. Numerical Procedure

2.3.1. Material Model

Since the materials underwent complex multistep deformation
processes, that is, shear-cutting followed by HET, changes in

the yield stress should be considered. Therefore, a nonlinear
kinematic hardening model was used to describe the plasticity
behavior more precisely. The damage behavior was also modeled
using a stress state-dependent phenomenological damage crite-
rion which was coupled with the plasticity model. The models
and implementation method were explained in the following.
Note that all bold symbols showed tensor variables and the rest
were scalar variables.

Plasticity and Yielding Models: The general yielding function
(Φ) was described in stress space as follows

DP440/780 DP590/980 DP700/980

Ferrite: 65%

Martensite: 35%

Ferrite: 65%

Martensite: 35%

Ferrite: 55%

Martensite: 45%

Figure 1. The initial microstructure and phase fraction for the studied materials.

Plane strain_R15

Notched dog-bone_R50 Notched dog-bone_V-notch Central hole

Bulge In-plane torsion [21]

Figure 2. The specimen geometries of applied tests.
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Φ ¼ σ � σy ¼ 0 (1)

σ is equivalent stress and calculated according to von Mises
yield criterion (σvM) (Equation (2))

σ ¼ σ
vM

¼
ffiffiffi
3
2

r
ks� αk (2)

where s and α are deviatoric stress tensor and back stress tensor,
respectively. σy is yield stress. Since the strain rate could be high
especially during shear-cutting and generate adiabatic heating, a
multiplied function was used for yield stress calculation
(Equation (3))

σy ¼ σy ðεp, ε̇P0 ;T0Þ ⋅ σyðε̇pÞ ⋅ σyðTÞ (3)

σyðε p, ε̇P0 , T0Þ showed the stress–strain curve under the refer-

ence strain rate (ε̇P0 ) and temperature (T0). The strain rate and
temperature correction function are defined in Equation (4)
and (5), respectively

σy ðε̇pÞ ¼ cε̇
p

1 ⋅ lnε̇p þ cε̇
p

2 (4)

σy ðTÞ ¼ cT1 ⋅ expð�cT2 ⋅ TÞ þ cT3 (5)

The temperature changes (ΔT ) due to adiabatic heating could
be calculated in Equation (6)[23,24]

ΔT ¼ βTQ
ρ ⋅ Cp

⋅ σy ⋅ Δεp (6)

where βTQ is Taylor–Quinney coefficient, ρ is density, and Cp is
specific heat capacity. They were all material dependent. The
increment of plastic strain (Δεp) was determined by applying
the associated flow rule in the following equation

Δεp ¼ Δγn (7)

where n is the normal yield surface and is γ effective plastic
strain.

The Yoshida–Uemori (YU) two-surface plasticity model[25] was
employed in this work to satisfy the multistep deformation
requirements for capturing the Bauschinger effect. It contained
two surfaces, the yield surface (the inner one) with the radius of Y

and the bounding surface (the outer one) with the radius of Bþ R
(Figure 3). The yield surface represented the plastic deformation
occurrence by translating across the bounding surface while its
size remained constant (Y ), therefore

σy ðεp, ε̇P0 , T0Þ ¼ Y (8)

whereas the bounding surface was able to both move and expand.
The evolution of the yield surface is as follows

α̇ ¼ β̇ þ α̇� (9)

where β̇ is the kinematic hardening rate of the bounding
surface

β̇ ¼ k
b
Y
ðs� αÞ � β

� �
γ̇ (10)

and α̇� is the relative kinematic motion

α̇� ¼ C
Bþ R� Y

Y
ðs� αÞ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bþ R� Y

α∗

s
α�

 !
γ̇ (11)

Table 2. Tool conditions of used cutting and hole expansion processes.

Shear-cutting tool Hole expansion tool

Ø Die Ø Punch Clearance Conical 50°
Ø 100 mm

Flat-bottom
Ø 100mm; Rs15

30mm 29.7 mm 10.0%

29.6 mm 13.3%

39.97mm 39.67mm 10.0%

39.57mm 13.3%

Figure 3. Schematic illustration of the YU model. Reproduced with per-
mission.[25] Copyright 2002, Elsevier.
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C, B, and Y are material constants. R is the nonlinear isotropic
hardening component of bounding surface and it evolves as
follows

Ṙ ¼ kðRsat � RÞ γ̇ (12)

k and R are material constants.
Damage Evolution Model: A strain-based phenomenological

ductile damage criterion was used to describe damage initiation,
propagation, and fracture. The range of each stage was deter-
mined by two indicators, Iddi and Idf in damage parameter (D)
(Equation 13). The indicators calculated the accumulation of
damage throughout nonproportional loading paths and consid-
ered the stress state at each increment as stress triaxiality (η)
and normalized Lode angle parameter (θ) (Equation (14)–(17)).
Note that the relation between damage initiation and fracture
strains with loading condition was defined using the Bai–
Wierzbicki (BW) model.[26–28] A more detailed description of
the model can be found in the previous study.[29] Parameters
σcddi, Gf , Ci, and Di were material constants. It was noted that
a changeable cutoff value for damage was considered in this

study as ηc < � 3�θ

3
ffiffiffiffiffiffiffiffi
θ2þ3

p þ 1=3, which was proposed for a

DP980 steel.[30] Therefore, no damage would accumulate in
the case η < ηc

D ¼

8>>><
>>>:

0 Iddi < 1
σcddi
Gf

Z
εp

εpdi

dεp Iddi ≥ 1 ∧ Idf < 1

1 Iddi ≥ 1 ∧ Idf ≥ 1

(13)

Iddi ¼
Z

εp

0

dεp

εpddiðη, θÞ
(14)

where εpddiðη, θÞ ¼
�þ∞ η ≤ ηc
f ddiðη, θÞ η > ηc

.

f ddiðη, θÞ ¼
1
2
ðC1e�C2η þ C5e�C6ηÞ � C3e�C4η

� �
θ2

þ 1
2
ðC1e�C2η � C5e�C6ηÞθ þ C3e�C4η

(15)

Idf ¼
Z

εp

εpddi

dεp

εpdf ðη, θÞ � εpddiðη, θÞ
(16)

where εpdf ðη, θÞ ¼
�þ∞ η ≤ ηc
f df ðη, θÞ η > ηc

.

f df ðη, θÞ ¼
1
2
ðD1e�D2η þD5e�D6ηÞ � D3e�D4η

� �
θ2

þ 1
2
ðD1e�D2η � D5e�D6ηÞθ þ D3e�D4η

(17)

Implementation of Damage Model in the Plasticity Model: The
plasticity model was coupled with the damage model through
a user-defined VUMAT subroutine to use in Abaqus FE software,
as described in the following. Note that the crack initiation and
propagation were defined by element deletion.

In the FE context, for the time n, the current state variables
were known, such as εpn, ε

p
n, σn, αn, βn, α�n, σn, andDn. For fur-

ther plastic deformation at time step nþ 1, the plastic corrector/
radial return mapping method was employed. In this regard,
Hook’s law is written as

σnþ1 ¼ 2μεenþ1 þ λTrðεenþ1ÞI (18)

where μ and λ are the shear and Lame moduli, respectively. The
elastic strain at this time is

εenþ1 ¼ εen þ Δεe (19)

Δεe ¼ Δε � Δεp (20)

so that

σnþ1 ¼ 2μðεen þ Δε � ΔεpÞ þ λTrðεen þ Δε� ΔεpÞI (21)

Since

TrðΔεpÞ ¼ 0 (22)

The stress tensor could be written as [elastic predictor] �
[plastic corrector]

σnþ1 ¼ ½2μðεen þ ΔεÞ þ λTrðεen þ Δε ÞI� � ½2μΔεp� (23)

The elastic predictor or trial stress is

σtrialnþ1 ¼ 2μðεen þ ΔεÞ þ λTrðεen þ Δε ÞI (24)

The increment plastic strain tensor could be written according
to the plastic multiplier and the plastic flow direction tensor

Δεp ¼ Δγnnþ1 (25)

nnþ1 ¼
strialnþ1 � αnþ1

jjstrialnþ1 � αnþ1jj
¼ strialnþ1 � αn

jjstrialnþ1 � αnjj
(26)

Thus, the stress tensor becomes

σnþ1 ¼ σtrialnþ1 � 2μnnþ1Δγ (27)

Then, the yielding possibility was checked considering the
flow potential function as

Φnþ1 ¼ σnþ1 � ð1�Dnþ1Þσy ¼ 0 (28)

According to the aforementioned models and considering the
von Mises yielding criterion, the description of each parameter
would be

σnþ1 ¼
ffiffiffi
3
2

r
kstrialnþ1 � ð1�Dnþ1Þαnþ1 � 2μnnþ1Δγk (29)

αnþ1 ¼ αn þ Δβ þ Δα� (30)

Δβ ¼ k
b
Y
ðstrialnþ1 � ð1� Dnþ1Þαnþ1 � 2μnnþ1ΔγÞ � βn

� �
Δγ (31)
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Δα� ¼ C

Bþ R� Y
Y

ðstrialnþ1 � ð1�Dnþ1Þαnþ1 � 2μnnþ1ΔγÞ

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bþ R� Y
jjα�njj

s
α�n

2
6664

3
7775Δγ

(32)

ΔR ¼ kðRsat � RÞΔγ (33)

Note that since the strength differential effect was weak for DP
steels, especially DP980,[31] using the von Mises yield surface
model was sufficiently accurate. Calculating the damage param-
eter and assessing the initiation of ductile damage and fracture
by using the indicators Iddi ðnþ1Þ and Idf ðnþ1Þ

Dnþ1 ¼ Dn þ
σcdi
Gf

� �
Δγ (34)

Iddi ðnþ1Þ ¼ Iddi ðnÞ þ
Δγ

εpddi ðnþ1Þ
(35)

Idf ðnþ1Þ ¼ Idf ðnÞ þ
Δγ

εpdf ðnþ1Þ � εpddi ðnþ1Þ
(36)

The flow potential function could be written based on Δγ with
the form

Φnþ1 ¼ kAþ BΔγk þ C þ DΔγ ¼ aaþ bbΔγ þ cc þ ddΔγ (37)

Figure 4. The assembly (left) and mesh pattern (right) of the created model.
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*Taken from [34]
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Figure 5. Comparison between the flow curves of experiments (solid lines), simulations with YU plasticity (dotted lines), and isotropic hardening (black
dashed lines).[37]
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By assuming ðΔγÞ2 ≈ 0 is negligible

ðΔγÞ2 ≈ 0 (38)

The plastic multiplier is calculated as

Δγ ¼ � aaþ cc
bbþ dd

(39)

With the plastic corrector, deviatoric stress tensor s, stress
tensor σ, and equivalent stress σ can be updated backwardly
for time nþ 1.

2.3.2. Simulation Model

To study and analyze the deformation history and damage evo-
lution of the experiments, parallel FE models were employed
using Abaqus 2019/Explicit software. The details of the models
were described in the following section.

Calibration of Models: The constants of plasticity and
damage models were calibrated reversely by comparison of flow
curve and force–displacement curves between the simulations
and experiments. Since for high-strength DP steels, the
fracture happened immediately after damage initiation,[28,29]

the damage and fracture indicators were defined the same.
The eight-node brick elements with reduced integration
(C3D8R) and size of 0.1� 0.1� 0.1mm3 were applied at

Table 3. Calibrated parameters for YU plasticity and the fracture model for
the studied materials at reference stress rate (ε̇P0 = 0.001 s�1) and
temperature (T0 = 298 K).

Y B Rsat C K b D1 D2 D3 D4 D5 D6

DP440/780 440 830 190 100 2.4 5 1.20 1.50 0.68 2.43 0.35 0.20

DP590/980 610 1150 157 85 1 5 1.00 2.60 0.41 1.70 0.25 0.00

DP700/980 705 1100 133 100 1 5 2.00 2.20 0.86 1.90 0.41 0.00

Figure 6. Ductile fracture loci of the investigated DP steels.
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Figure 7. Responses of the materials through various testing techniques, experimental results (solid lines), and simulation results (dotted lines).
The torsion test was not performed for DP440/780 in this study.

www.advancedsciencenews.com
l

www.steel-research.de

steel research int. 2024, 2400178 2400178 (7 of 18) © 2024 The Author(s). Steel Research International published by Wiley-VCH GmbH

 1869344x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/srin.202400178 by R

w
th A

achen H
ochschulbibliothek, W

iley O
nline L

ibrary on [27/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.steel-research.de


the critical areas, where the deformation and damage
concentrated.

Shear-Cutting and the Subsequent Hole Expansion Processes: The
shear-cutting and the following HET were simulated as a one-
stroke two-step model. In this model, the cutting punch, holder,
die, and hole-expansion punch were designed as solid rigid parts,
while the sheet was a deformable solid. In order to reduce the
computational time and according to the symmetric axes, only
5° of setup was studied. The C3D8R elements with a size of
0.025� 0.025� 0.025mm3 were used in the critical areas to cap-
ture relatively accurate damage distribution at the shear-cut
edges. However, for the simulation of wire-cut edges, the ele-
ment size of 0.1� 0.1� 0.1 mm3 was used to decrease the run-
ning time. The setup assembly and mesh pattern are depicted in
Figure 4. The Coulomb friction coefficient of 0.1[32,33] was
applied between the contact pairs which were defined by a
node-to-surface algorithm. An optimal clamping force was

chosen such that the blank was neither drawn in nor torn
improperly during the forming processes.

3. Results and Discussion

The capability of the proposed method was assessed for 3 DP
steel sheets. At first, the model material parameters were cali-
brated for each material (Section 3.1) and then the calibrated
models were applied for the prediction of various shear-cutting
processes (Section 3.2) and HET (Section 3.3).

3.1. Materials Behavior and Calibration

The YU plasticity model was calibrated through monotonic
and cyclic torsion loading conditions (Figure 5 and Table 3).
The in-plane torsion test induced a shear stress state (η = 0)

Figure 8. SEM micrographs from different views of the fracture site for uniaxial tensile tests.
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with no deformation localization. Thus, the whole flow curves up
to fracture were considered for the calibration process.
To investigate the advantages of the YU model, the same
cyclic loading was also simulated using true stress–strain data
of the monotonic loadings along with the default isotropic
hardening in Abaqus. These results are shown in Figure 5 in
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Figure 10. Range of scattering data of plane strain with 7.5 mm
grooves for different studied materials, which is very large for
DP440/780.
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Figure 9. The EPMA line scan results for carbon content for each material. The area with zero carbon content represents ferrite grains.

Figure 11. Comparison of force–displacement between the experiment
and simulation for ØCutting die of 30 mm and clearance of 13%. The maxi-
mum temperature and strain rate throughout the cutting were derived
from the simulation.

Table 4. Calibrated parameters for plasticity correction due to strain rate
and plasticity, as well as fracture parameters for shear-cutting loading (as
dynamic fracture parameters at θ̇ = 0).

cε̇
p

1 cε̇
p

2 cT1 cT2 cT3 Dcut
3 Dcut

4

DP590/980 0.01b) 1.092a,b) 2.2b) 0.017b) 1.005b) 0.75 1.60

DP700/980 0.007c) 1.064a,c) 0.62c) 0.005c) 0.86c) 1.19 1.30

a)In the current formulation with ε̇P0 = 0.001 s�1 (cε̇
p

2 ¼ 1� cε̇
p

1 :lnε̇P0);
b)Taken from

the study;[38] c)Taken from the study.[29]
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Figure 12. Comparison of the calibrated D3 and D4 for quasistatic tests
(solid lines) and shear-cutting/intermediate speed tests (dashed lines).
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black dashed lines. Figure 5 reveals the earlier yielding was
successfully predicted using YU plasticity, while obviously
isotropic hardening approach was unable to. Since fracture
behavior occurs shortly after damage in many high-strength
DP steels as indicated in some studies,[28,29] using an uncoupled
fracture model could work properly and even accurately.
Therefore, the uncoupled version of the aforementioned
damage model was employed. The calibrated parameters are
listed in Table 3 and the calculated fracture strains are plotted
in the space of stress triaxiality, normalized Lode angle

parameter in Figure 6. The calibrated plasticity-damage model
showed the accurate prediction of material response for different
stress states (Figure 7). The fracture locus of DP700/980 was
significantly higher than others, which implies higher local
deformation.

Accordingly, the thickness reduction, damage micromechan-
isms, and fracture surface of these specimens were observed
through the SEMmicrographs as each material endured necking
differently (Figure 8). The thickness measurement at the central
part of the fracture site reveals that the thickness reduced from

DP440/780 DP590/980 DP700/980
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Figure 13. Comparison of the cut edge in simulations (colorful pattern of fracture indicator distribution) and experiments (gray background).
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1.5 mm to 1.10mm and 1.22mm for DP440/780 and DP590/980
by small localization and through-thickness shearing and to
0.75mm for DP700/980 by severe necking. In addition, distin-
guished damage micromechanisms were observed for each stud-
ied steel. Martensite cracking is the dominant failure mechanism
in DP440/780 (mostly in the martensite bands) and DP590/980,
while decohesion between ferrite and martensite interfaces is the
main damagemechanism for DP700/980. These distinct damage
behaviors were dictated by deformation distribution through the
material and between the phases, as a result of microstructural
features. Phase fractions, their distributions, and morphologies
in Figure 1, as well as phase strength differences, which were
estimated by the local carbon content in Figure 9, play the main
roles. Therefore, it can be briefly concluded that the closer phase
fractions, finer grain sizes, phase distribution consistency, and
lower strength differences of individual phases led DP700/980

to accommodate the deformation more homogeneously and
retard the damage initiation. It is worth mentioning that due
to wide martensitic band structures, DP440/780 showed large
scatter data for its local formability, which was even more con-
siderable in specific stress states. For example, Figure 10 displays
the reproducibility of results for a plane-strain tensile test for the
studied DP steels. The three repeats for DP440/780 fractured at a
wide range of displacement, which made the numerical study of
the failure behavior of this material difficult.

3.2. Shear-Cutting

Shear-cutting induces severe hardening and some damage on the
edge as well as the adjacent material, which could drastically
reduce the edge formability. To describe accurately the SAZ
in simulations, the effects of strain rate and generated adiabatic

Figure 14. Microcrack formation at the shear cut edge for different cutting conditions.
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heating were considered in both plasticity and fracture behaviors.
The implementation of strain rate and temperature functions
into plasticity was explained before, and the calibrated parame-
ters were extracted from previous works for exactly the same
DP590/980 and DP700/980 (Table 3). Although the punching
speed was 1mm s�1, which is usually not considered a very fast
condition, the simulations showed intermediate strain rates in
the deformed zone (Figure 11). The strain rate increased gradu-
ally from 2 to 30 s�1 before the crack appeared and afterwards
rose to over 60 s�1. Consequently, the temperature increased
locally up to 450 and 620 K before and right after the crack initi-
ation. Since these loading conditions were different from the
tests for calibration of fracture loci, the fracture parameters were
recalibrated for shear-cutting using a reverse approach of fitting
force–displacement curves. Fortunately, the stress state through-
out this process evolves at θ ≈ 0.[33] Therefore, only D3 and D4

were required to be adjusted (Table 4). The new loci represented
higher fracture strains for an intermediate range of strain rates
(Figure 12), as expected from previous reports.[34,35]

The edge characteristics of different conditions for experimen-
tal tests are compared with the simulations in Figure 13.
The darker figures with dot patterns show the experiment images
with black-marked edges and the colorful patterns represent the
simulated ones. The colors indicate the distribution of the frac-
ture indicator. Due to the lack of experimental data, simulations
were not performed for DP440/780. According to the results, the

highest amount of damage concentrated at fracture and burr
parts of the edge, because the final separations happened also
there. The burr sizes are negligible for all cases. The SAZ size
was smaller in smaller hole size as well as smaller clearance.
Secondary burnishes were observed in the 10% clearance for
all the studied steels. As the crack path was not wide enough
to let the crack propagate easily, a second crack appeared to
accomplish the cutting.[16] In this case, usually several micro-
cracks form which create rougher surfaces than relatively larger
clearances. Since the applied element size was not sufficiently
fine, the simulation edges could not perfectly match the experi-
ments. However, the accumulated hardening and damage play
the main role in edge cracking during subsequent forming
processes.[36]

The size of SAZ was also experimentally investigated by mea-
suring the size and distribution of formed microcracks in an area
of 300� 300 μm at the middle of the fracture zone which is
marked in Figure 13 with a red square. The experimental void
distribution is shown in Figure 14. The larger voids were discov-
ered in lower clearances, which implies the difficulties that the
main crack has faced with propagating. It therefore needed a sec-
ondary crack to occur. Besides cutting tool conditions, the dam-
age behavior of materials is another contributing factor to the
size of SAZ. Figure 14 displays the furthest voids from the
cut edge which were observed about 90, 75, and 25 μm for
DP440/780, DP590/980, and DP700/980, respectively, which
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Figure 16. Comparison of HER between different materials, cutting conditions, and hole expansion punches.

Figure 15. The HER of the wire-cut holes for different conditions, (left) for different materials with HET conical punch, and (right) with a hole size of 29.7
with a HET flat-bottom punch.
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could indicate the SAZ size for each material. Furthermore, the
void sizes were significantly different for each material. The size
of the largest observed void was about 4.2, 1.6, and 0.65 μm for
DP440/780, DP590/980, and DP700/980, respectively. Note that
the microcracks around the inclusions were not considered. This
trend is expected as each steel endured deformation and fractur-
ing differently, as discussed in the previous section. Also, the
numerical fracture distribution in Figure 13 illustrates a smaller
SAZ for DP700/980.

3.3. HET

The HET were also performed on both the wire-cut edges and
shear-cut edges, by using conical as well as flat-bottom punches.
This test is massively employed as a simulative test to quantify
the edge crack sensitivity by offering the HER parameter.
However, because of differing setup and forming parameters,
the standard HER needs to be reconsidered and it cannot be
directly used in production procedures. For instance, according

DP590/980 DP700/980

Final stage Crack development Final stage Crack development

W
ir

e-
cu

t 
ed

g
e

S
h
ea

re
d

-c
u
t 

ed
g
e

0

0.2

0.4

0.6

0.8

1

0

20

40

60

80

100

0 25 50 75 100

P

Fo
rc

e 
(k

N
)

HET punch stroke (mm)

Exp.

Sim.

ε
f(W−c)

P =0.80

W-c

Sh-c

0

0.2

0.4

0.6

0.8

1

0

20

40

60

80

100

0 25 50 75 100

P

Fo
rc

e 
(k

N
)

HET punch stroke (mm)

Exp.

Sim.

Sh-c

W-c

ε
f(W−c)

P =0.49

burrburr

Figure 17. Comparison of damage evolution during HET between wire-cut and sheared-cut edges. The initial hole size is 29.7 mm. Also, the plastic strain
changes history for the critical elements throughout the HET are plotted.
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to the definition of HER (Equation (40)), decreasing the initial
hole size (D0) could increase the HER, which does not necessar-
ily imply that the forming limits are higher in the specific con-
dition. Dh is the average hole diameter after rupture during
HET. Hence, the HER values are only comparable within one
set of tool conditions.

HER ¼ Dh � D0

D0
� 100 ¼ Dh

D0
� 1

� �
� 100 (40)

The conventional HER was calculated for each case and is plot-
ted in Figure 15 and 16. The key findings are summarized as
follows: 1) DP700/980 represented notably higher HERs.
HERs for DP440/780 are slightly higher than DP590/980.
These responses were predictable based on the different damage
behavior of the studied materials; 2) The shear-cutting reduced
the edge flangeability to even one-quarter in comparison to the
wire-cutting technique; 3) Applying the higher clearance (13.3%)
might cause higher HER. Forming of the secondary burnished
part and more microcracks in clearance of 10% led to a rougher
surface and lower edge quality; and 4) The HET flat-bottom
punch could decrease HER significantly, and in the case of

DP700/980, HER remained constant, regardless of edge
condition.

These phenomena are discussed more elaborately below,
assisted by simulation outcomes. Besides employing accurate
material modeling and inputs, considering the loading history
is crucial in the simulation of complex forming processes.
This approach provides in-depth information on the failure
happenings.

Figure 17 shows the damage evolution during the HET with a
conical punch for four specimens, a combination of two materi-
als (DP590/980 and DP700/980) and two hole-manufacturing
processes (wire-cutting or shear-cutting). The initial hole size
was 29.7mm for all the specimens in this figure. It demonstrates
good agreement between the simulations and experiments in
terms of the force–displacement response and crack initiation
site. Since the shear-cut edges underwent higher prior damage,
their HE forces dropped significantly earlier than the wire-cut
edges. However, it was not the only effect of predamage.
Figure 17 reveals the crack site also altered and edge cracking
was promoted. In other words, for wire-cut edges during the
HET, cracks were initiated for DP590/980 at the edge inner
corner (next to the HET punch) and for DP700/980 a bit away
from the edge. In contrast, it happened at the outer corner of
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Figure 18. Crack evolution for wire-cut edges of hole size 39.67mm.
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sheared-cut edges for both materials, where the burr parts with
higher residual damage were located.

The crack initiation site could vary also for different initial hole
sizes. Figure 18 shows the results for the wire-cut hole with an
initial size of 39.67mm. For DP700/980, the final crack formed
by the initiation of two cracks, from the inner edge like DP590/
980, and the other far from the edge. The comparison of force–
displacement between different hole sizes (Figure 17 and 18)
shows the failure happened earlier for the smaller hole size,
although the measured HERs are higher for them in
Figure 16. Nevertheless, the derived fracture strains from the

first deleted elements were very close, which signifies the form-
ability was not affected by the size of the hole. As suggested in the
previous works,[19,20] a larger strain gradient leads to a delay in
localization and exceeds the forming limits. Therefore, the equiv-
alent plastic strains and fracture indicators (Idf ) were plotted
regarding the distance in the radial direction at the frame that
a crack initiated (Figure 19). When the value of Idf reaches
the threshold of one, the element is deleted. Surprisingly, the
results reveal that the cracks initiated from the same distance
from the manufactured edges. In other words, for DP590/980,
the crack initiated from the edge likewise the smaller hole.
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Figure 19. Gradients of strain and fracture indicator for wire-cut holes with different initial sizes, 29.7 mm (lighter colors) and 39.67mm (darker colors).
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980 (red solid line) between the wire-cut holes with sizes of 29.7 mm (first row) and 39.67mm (second row). Note that the stress states for the same
elements but different materials are almost identical here.
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For DP700/980, the failure initiated with a plane-strain necking
far from the edge, which triggered the cracking similar to the
smaller hole. However, in addition, some edge cracks appeared
and were connected to the former one. To disclose the loading
conditions of critical sites for each specimen, the stress states
were extracted for different elements in terms of stress triaxiality
and normalized Lode angle parameter. Also, the damage behav-
ior of the studied materials for each element is displayed in
Figure 20, with respect to fracture indicator evolution. It seems
the stress state histories are approximately identical for both hole
sizes, only proportionally shrank/extended regarding the failure
time (= force drop displacement). The steep slope of damage evo-
lution in DP590/980 versus DP700/980 recalls the significant dif-
ference in the levels of their fracture strains. Based on the
extracted damage evolution, for DP590/980, the edge elements
failed earlier than the ones at the contact site with the HET
punch. In contrast, for DP700/980, the elements at the
contact site met Idf= 1 faster than the edge elements.
According to the results, it can be roughly concluded that the
crack initiation site is dictated by fracture strain differences
between η ≈ 0.33_θ ≈ 1.00 and η ≈ 0.6_θ ≈ �0.25. In case
the former is not sufficiently higher than the latter, the probabil-
ity of edge cracking increases.

Additionally, the shape of the HET punch diversifies damage
evolution in the specimens. Although the HER values were

strongly diminished in comparison to the results of the conical
punch, the formability was only material dependent and
remained constant, while only the employed stress states were
different. As a reminder, HER values are not comparable for dif-
ferent HET setups. The comparison of crack initiation sites
between the sheared-cut and wire-cut edges for DP440/980 shows
two critical locations are prone to cracking. One is at the edge and
the other one is in the middle of the punch contact area
(Figure 21). In case the accumulated damage from the edge
manufacturing step is high enough, the crack appears at the edge,
which is counted as the edge cracking category. Otherwise, the
crack initiates far from the edge. Therefore, edge cracking was
observed for DP440/980 with the sheared-cut edge, while
plane-strain localization occurred in the specimen with the
wire-cut edge.

Although the HER values for DP440/780 and DP590/980 were
slightly different for different sheared-cut edge conditions
with HET flat-bottom punches, they remained constant for
DP700/980. In fact for this material, although some small cracks
were observed at the edge, the main failure was not due to edge
cracking (Figure 22). Therefore, the crack sensitivity was not
influenced by the edge quality. Tracking the stress state and
damage evolution for shear-cut edges during applying the
HET flat-bottom punch (Figure 23) shows the uniaxial tension
loading (η ≈ 0.33_θ ≈ 1.00) at the edge and the stress state of

Wire-cut edge Sheared-cut edge

Final stage Crack development Final stage Crack development

D
P

4
4
0
/7

8
0

Figure 21. Crack initiation and propagation during hole expansion of DP440/980 with the flat-bottom punch for wire-cut and sheared-cut holes with a size
of 29.7 mm.

DP590/980_ Sheared-cut edge DP700/980_ Sheared-cut edge

Final stage Crack development Final stage Crack development

Figure 22. Crack initiation and propagation during hole expansion with the flat-bottom punch for sheared-cut holes with the size of 29.7 mm.
The simulations are taken from the force drop frame.
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η ≈ 0.5_θ ≈ 0.5 through the contact area with the punch. The
results reveal that the deformation at the edge for DP590/980
is highly sensitive to cracking. Therefore, this material is more
sensitive to the effects of edge quality. It should be mentioned
that despite the crack sites being predicted correctly for
DP700/980 in the simulations with HET flat-bottom punch,
the force drop displacements were quite late, and the predicted
HERs were almost double the experimental results. This prob-
lem could be solved by defining a much lower fracture strain
for η ≈ 0.5_θ ≈ 0.5 versus η ≈ 0.33_θ ≈ 1.00. Unfortunately,
it is not feasible considering the equation of fracture strains
and experimental results for the calibration. In brief, edge
manufacturing and further edge forming do not change the
intrinsic formability of materials. Only the accumulated damage
should be considered throughout the entire production process,
which could be easier andmore accurate with a proper computer-
aided method, since some DP steels could show high local form-
ability which is not obvious from the experimental assessment of
their global formability.

4. Conclusion

This study introduces a groundbreaking approach to investigat-
ing edge cracking in multistep forming processes, addressing a
gap in traditional experimental methods like HET, which have
proven unreliable for evaluating edge crack sensitivity in
manufacturing. By employing FE methods in computer-aided
engineering, this research provides a powerful tool for accurately
predicting mechanical and failure behaviors of the materials
throughout the complex forming processes. The novelty lies
in the incorporation of precise material models, such as the
YU isotropic–kinematic hardening model coupled with the
BW fracture model, which are essential for designing complex
forming processes. Additionally, the influence of strain rate, adi-
abatic heating, and the Bauschinger effect were taken into the
account. According to the results, the following conclusions
can be drawn: 1) The microstructural features impose the

deformation distribution throughout the material and facili-
tate/retard the failure. In brief, a material with more homoge-
nous microstructural and micromechanical characteristics
represents higher local formability limits. In this work, the void
sizes and their distribution throughout the SAZ area as well as
the standard HER illustrated approved the important role of
microstructure on the damage behavior; 2) The YU isotropic–
kinematic hardening model coupled with the BW fracture model
is a promising approach for designing a complex multistep form-
ing process. However, it requires cyclic loading for calibration of
the YU model and at least 6 different stress states for calibration
of BW. The suggested testing techniques in this work satisfied all
the requirements; 3) In case of rapid fracture after damage initi-
ation, like for studied DP steels, the uncoupled fracture version
could still show high accuracy; 4) The effects of strain rate and
induced adiabatic heating were also considered. Although the
speed of the cutting process was quite low (1mm s�1), high
strain rates of up to 60mm s�1 were observed in the deformed
zone, which generated temperatures up to 620 K at the end.
Therefore, using the fracture loci for quasistatic conditions
was not feasible, and a second fracture locus was proposed
through the shear-cutting process; 5) Failure through HE tests
is affected by the setup design besides the edge quality; and
6) Cracking happens when the accumulated damage reaches
its threshold, whether at the edge or far from it. Therefore, a com-
prehensive tool, like the computer-aided method, is required to
consider the evolution of the whole component throughout the
entire process.
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