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ANALYSIS OF THE FRACTURE BEHAVIOUR OF DUAL-PHASE
STEELS USING THE GISSMO AND JOHNSON-COOK MODELS

Summary

This research explores an extended method of fracture mechanics to determine the
parameters of the Johnson Cook and GISSMO models. The primary objective of the
optimization process and iterative finite element method (FEM) was to identify optimised
modelling parameters suitable for specimens with different shapes to predict the failure
behaviour of dual-phase steels (DP), specifically DP600 and DP800 steels. Numerous
experimental tests were conducted on these DP steels, which mainly consist of ferrite and
martensite phases. The specimens underwent deformation at three different tensile velocities.
To determine the flow curves, a Simplified Johnson-Cook model (MAT_SJC 098) was
employed, while the Johnson-Cook model (MAT JC 015) was used to identify failure, and a
combined JC-GISSMO model was used to determine damage. The numerical simulation results
were then compared with the experimental results. In conclusion, all modelling methods used
in this research yielded the desired results.
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1. Introduction

Advanced high-strength steels (AHSS) are commonly used in the production of
lightweight body-in-white (BIW) structures [1]. AHSS are a cost-effective solution with a high
strength-to-weight ratio, superior formability, and excellent crashworthiness when compared to
standard steels [2]. The combination of high strength and ductility makes AHSS a suitable
material for manufacturing lightweight automobile components [3]. However, during stamping
and forming operations, AHSS sheets may develop cracks at the cutting edges, as predicted by
the formation of the limit diagram [4]. Quality control is therefore a very important process in
this respect [5].

Dual-phase (DP) steels are advanced high-strength steels (AHSS) that have found
widespread use in the automotive industry [6]. Developed in the late 1970s, DP steels are
characterized by a microstructure consisting of ferrite and martensite phases [7]. As a new
generation of high-strength steel, DP steels possess properties such as strength and formability
[8]. These materials are often used in important safety components, as highlighted in [9], where
the predictive failure of DP steel is compared to software simulations.
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The specific mechanical properties of DP steels, such as high tensile strength, a high
degree of hardening in the early stages of plastic deformation, and good ductility, are a result
of their unique microstructure, which comprises ferrite and martensite phases. These
properties set DP steels apart from high-strength low-alloy (HSLA) steels. In addition to these
favourable features, DP steels exhibit good formability and ductility, which are important for
their applications [10]. DP steels as ferritic-martensitic phase steels have a pronounced
nonlinear unloading behaviour, which is subject to major changes and depends on the
complex interaction of the sheet production process, resulting in a heterogeneous
microstructure, as highlighted in [11].

An increase in the strength of DP steels can be achieved by increasing the volume fraction
of martensite, which can be done by altering the carbon content or the intercritical annealing
temperature, as noted by [12]. Compared to conventional low-carbon steels, DP steels have
characteristic mechanical properties, such as low yield strength and high tensile strength, as
stated by [13]. [1] conducted a study to investigate the damage mechanisms of DP1000 steel
under various stress states and loading rates. The study showed that DP1000 steel exhibits more
pronounced stress localization and a lower degree of damage during plastic deformation when
compared to DP600 steel. The continuity of damage behaviour investigations in DP600 and
DP800 steels was evaluated by [15] through standard uniaxial tensile testing, microstructural
characterization, and finite element modelling. By determining the damage parameters of the
Gurson-Tvergaard-Needleman (GTN) damage model and comparing the predicted outcomes
with the experimental results, satisfactory agreement was achieved. This agreement facilitated
an identification of the complete set of parameters for the GTN damage model specific to
DP600 and DP80O steels.

Nowadays, computer simulations are contributing significantly to an understanding of
materials behaviour, and even the behaviour of human bones [16], during stresses [17],
deformations and failure. LS-DYNA is one software application used to study material
behaviours, including models that determine cracking and failure. These models include the
Gurson-Tvergaard-Needleman (GTN) damage model, micromechanics damage modelling
(MDM), continuum damage mechanics (CDM) [18], and the Johnson-Cook model, etc. [19].
Additionally, a recent physical model called Hy-MFC has been developed to predict the
mechanical properties of DP steels based on microstructural features such as chemical
composition, martensite fraction, and grain size [20]. Several researchers have used the
Johnson-Cook (JC) and Generalized Incremental Stress State Dependent Damage Model
(GISSMO) models to investigate metal behaviour, and we will discuss some of their work in
the following sections.

It is evident that the Johnson-Cook model has been extensively studied by various
researchers in the field of materials science and engineering. The model's ability to predict the
material's behaviour under different stress and temperature conditions has made it a popular
choice in the industry. The determination of constitutive parameters such as A, B, n, and C for
different materials is a crucial step in the model's implementation, as highlighted by [21].
Moreover, [22] and [23] have investigated the prediction of the model parameters under various
stress and temperature conditions, while [2] has proposed an optimization approach to increase
the model's predictability, taking into account strain rate hardening and thermal softening
parameters. The JC model has also been applied to predict the ductility of Ti6Al4V titanium
alloy sheets, as proposed by [25], where the model considers the effects of stress triaxiality,
strain rate, temperature, and load parameters. The validation of the proposed model was done
through tensile and shear performance tests, which showed promising results.

On the topic of material damage and failure prediction using the GISSMO model,
extensive research has been conducted by [26], who compared the GISSMO and Damage
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Initiation and Evolution Model DIEM models to predict material failure in LS-DYNA.
Additionally, [27] verified the GISSMO characteristics for 980GEN3 steel by calibrating it
with fracture testing in different deformation modes. They proposed an extended iterative
FEM method to obtain GISSMO parameters. In another study, during the self-pierce riveting
of thin aluminium sheets, the GISSMO damage model was used to describe the evolution of
ductile damage and predict the onset of fracture, pre-damage, and material separation in the
joining process simulation. The accuracy of crashworthiness capability simulations can be
improved by using this model, as the results are comparable with good certainty. Therefore,
the GISSMO damage model has shown promising results in predicting material separation,
as reported by [28].

In this study, DP600 and DP800 steels underwent various mechanical property evaluation
experiments. The obtained data were then used in several simulation studies, including the
Johnson Cook model, where parameters such as A, B, n, C, and D1-D4 were calibrated. The
GISSMO model was also utilized in a computer environment to assess the impact of materials
on system performance.

In this study, the mechanical properties of DP600 and DP800 steel were evaluated
through various experiments. The Simplified Johnson-Cook model (MAT SJC 098) was used
as the hardening/flow curve parameter model, and the Johnson-Cook model (Mat 0.15) and
GISSMO damage/failure model available in LS-DYNA were used as the damage/failure model
to calibrate the fracture behaviour of typical dual-phase steel. After the completion of the
optimization and simulation processes, the results were validated through comparisons of the
experimental and numerical data. The comparisons were based on stress-strain curves, effective
plastic strains, and triaxiality factors, and their validity was assessed by relative error, where
the results were in good agreement.

2. Materials and methods

2.1 Experimental methods

Two types of steel, DP600 and DP800, were prepared as materials for experimental
testing in accordance with the ASTM E-8 standard [44]. These materials are widely used in the
automotive industry due to their desirable properties, such as ease of use and low cost compared
to other advanced high-strength steel (AHSS) types. Fig. 1 shows the four types of specimens
that were tested, and their dimensions are presented in Tables 1 and 2. All uniaxial tensile tests
were conducted using a Shimadzu Autograph 100 kN universal testing machine at three
different tensile velocities: v=25 mm/min, v=125 mm/min, and v=500 mm/min. The elongation
to final failure was measured by the video extensometer Digital Image Correlation (DIC)
method, while the force results were measured by the tension loads exerted. All tests were
conducted at constant room temperature based on the measurement method of [29]. Tables 1
and 2 present the experimental and numerical characteristics of specimens of the tested metals,
as reported in [27]. These values are crucial in the simulation and optimisation process
conducted in LS-OPT.

Py

Gauge Length
50

- —

Fig. 1 Experimental smooth and notches tensile specimens.
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Table 1 Summary of experimental and numerical specimen properties of DP600 steels. (¢=3.125 mm)

Material Velocity Time Time Duration Thickness Width Gauge
EXP-SIMJC  Duration  jC- GISSMO EXP EXP Length
& GISSMO EXP s SIM SIM GL
BSL LS-OPT S mm mm mm
DP600 - s 25 mm/min 35 42.5 0.77 12.5 50.4
DP600 - a 7.05 7.05 0.78 6.46 50.01
DP600 - 4a 7.07 7.07 0.77 6.35 50.46
DP600 - 20a 13.35 13.35 0.79 6.24 50.44
DP600 - s 125 mm/min 9.39 9.39 0.78 12.5 50.44
DP600 - a 1.3 1.3 0.78 6.49 50.27
DP600 - 4a 1.73 1.73 0.78 6.28 50.51
DP600 - 20a 2.44 2.44 0.79 6.32 50.24
DP600 - s 500 mm/min 2.14 2.16 0.78 12.52 50.51
DP600 - a 0.425 0.425 0.78 6.24 50.8
DP600 - 4a 0.41 0.41 0.78 6.25 50.48
DP600 - 20a 0.6 0.6 0.79 6.35 50.88

Table 2 Summary of experimental and numerical specimen properties of DP800 steels. (¢=3.125 mm)

Material Velocity Time Time Duration Thickness Width Gauge

EXP - SIM JC Duration JC- GISSMO EXP EXP Length

& GISSMO EXP s SIM SIM GL
BSL LS-OPT s mm mm mm
DP800 - s 25 mm/min 33 34.5 0.78 12.5 50.56
DP800 - a 8.35 8.35 0.76 6.2 51.03
DP800 - 4a 7.9 7.9 0.78 6.33 50.42
DP800 - 20a 8.65 8.65 0.78 6.36 50.64
DP800 - s 125 mm/min 7 7 0.77 12.56 50.68
DP800 - a 1.45 1.45 0.78 6.39 50.67
DP800 - 4a 343 343 0.77 6.23 50.7
DP800 - 20a 1.85 1.85 0.78 6.26 50.63
DP800 - s 500 mm/min 2.14 2.2 0.78 12.5 50.35
DP800 - a 0.38 0.38 0.78 6.4 504
DP800 - 4a 0.52 0.52 0.78 6.32 50.43
DP800 - 20a 0.88 0.88 0.78 6.42 50.37
2.1.1 Stress and strain curve calculations

After conducting the experimental tests, calculations were performed to optimize the
process, simulate different scenarios, and compare the results. The calculations focused on
engineering stress-strain, true stress-strain, and hardening curves. First, the engineering stress-
strain curve was generated using a general equation (see Egs. 1 and 2), which was then
converted to a true stress-strain curve similar to that in [45] using other general equations (see

Egs. 3 and 4):
Oeng
8eng
Strue
Otrue
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2.1.2 Discussion of experimental results

Fig. 2 (a, b, ¢, DP600, and d, e, f, DP80O0 steels) gives a graphical representation of the
engineering stress-strain curves, derived from the experimental results. The smooth and notch
specimens used in the experiment are named (s, 20a, 4a, and a), which are cut in the rolling
direction (0°). The tensile test was performed at tensile velocity (v) of: v=25 mm/min,
v=125 mm/min, and v=500 mm/min.
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Fig. 2 Engineering stress-strain curves of DP600 and DP80O steels, tested at different tensile velocities.

Fig. 3 compares the tensile mechanical properties of DP600 and DP800 steels obtained
experimentally, whose characteristics are described in Tables 1 and 2. The graphical
representation shows the comparison between the engineering stress-strain results of the tested
specimens at the tensile velocities mentioned earlier and for all points of interest. A detailed
description of these points is displayed below.
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Fig. 3 Comparisons of the experimental results regarding yield strength (YP), ultimate tensile strength (UTS),
and fracture failure (FF) of DP600 and DP80O steels tested at different tensile velocities.

Fig. 3 (a, d) expresses the comparisons of yield strength (YP) for the DP600 and DP800
steels of the tested specimens. The YP of the specimen (s) was significantly lower than the other
specimens for both materials, while the YP of the other specimens (20a and a) had almost the
same trajectory for both materials. The YP of the specimen (a) was higher than all other
specimens for both materials at a tensile velocity of 500 mm/min. The experimental results
suggest that the ultimate tensile strength (UTS) trajectory of specimens (s and a) is the same for
both materials in all cases. However, for specimens (20a and 4a), the UTS trajectory was not
similar in terms of testing velocity. For the DP600 steel specimen (20a), at a tensile velocity of
125 mm/min, it had a higher UTS compared to other specimens. On the other hand, for the
DP800 steel specimens tested at a tensile velocity of 500 mm/min, the UTS was higher
compared to other specimens. Fig. 3 (c) shows a comparison of elongation for the experimental
measurements. The maximum elongation for both cases appears to be in specimen (s), while
the minimum elongation for both cases appears to be in specimen (a).

2.1.3  Stress triaxiality

The stress triaxiality of four different geometrical shape specimens can be calculated
using the equations below similar to [30]. Stress triaxiality is an important influential factor,
where metal ductility decreases with increasing stress triaxiality [31]:

=1 G
n =3+ ln(1+2R0) (5)
a, - is the half of the total width of the narrowest region,
R, — is the notch radius.
The stress triaxiality is defined as the ratio of hydrostatic stress to von Mises equivalent stress

n =" (©6)
op = %(ql +q2 + q3) Hydrostatic stress (7)

Mises equivalent stress [32]. (8)

_ \/(ql—qZ)Z+(q2—q3)2+(q1—q3)2
q= 2
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2.2 Finite element analysis and failure models

Finite element (FE) analysis was conducted using the LS-DYNA commercial finite
element software [33] with the clear mechanical finisher. The FE models of the specimens were
based on the ASTM ES8 standard, and the tensile velocity and time duration used were similar
to those of the experimental tensile test. The FE models were generated using the HyperMesh-
LS-DYNA 971 Template Version, as shown in Fig. 4. The plastic flow curve was determined
first in these FE analyses, followed by the determination of the fracture parameters and failure
behaviours.

It is common to use different failure/damage models in studies, depending on the
materials and their properties. In this study, the Simplified Johnson-Cook model was used to
determine the flow curves, while the Johnson-Cook and JC-GISSMO models were used for
failure/damage analysis. The Johnson Cook parameters can be determined by various methods,
but in this study an optimization process was used to obtain the parameters that resulted in
curves similar to the experimental ones. The aim was also to determine the tensile velocity that
achieved results most similar to the experimental ones. The comparisons of the results obtained
through LS-OPT for DP600 and DP80O0 steels are shown in Figs. 5 and 6, while Fig. 4 (a and
b) shows the prepared specimens used for simulations.

Standard

20a

4a

u:

(a) (b)

Fig. 4 Numerical FEM model specimen used to define a) Simplified Johnson-Cook parameters,
b) Johnson-Cook parameters.

2.2.1 Simplified Johnson Cook model

Determination of the flow plastic curve was done using a simplified Johnson-Cook
(MAT _SJC 098) model included in LS-DYNA for the examination of the above materials.
Stress sensitivity J-C, material type 98, was used for difficulties when tensile velocities varied
over a wide range. Thermal effects and damage were not taken into account in this updated
model. This model is half as fast as the full J-C execution [34]. J-C expresses flow stress as:

de = (A+B&")(1 + Cln&") 9)

where A4 is the materials constant, B is the modulus of strain hardening, » is the exponent of
strain hardening, and strain rate sensitivity index C, [35], o, is the Mises flow stress, €Pis the

equivalent plastic strain, and € = ESEPO is the normalized effective strain rate. For the

determination of the parameters 4, B, n, and C, the optimization process was done through the
LS-OPT software (see the results in Table 3). Optimized comparisons can be seen in Fig. 5.
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Fig. 5 Example of the process of optimizing and visually comparing the results
of the Simplified Johnson-Cook curves.

Table 3 Optimization results for the Simplified Johnson Cook model.

Velocity

Mat (mm/min) A B n C
DP600 v=25

DP600 v=125 0.295 1.1 0.3515 0.00835
DP600 v=500

DP800 v=25

DP800 v=125 0.4451 1.2 0.3048 0.0136

DP800 v=500

2.2.2  Johnson Cook damage/failure model

The constitutive relationship between Johnson and Cook (JC) is intended to characterize
the material reaction under various stress conditions using a simple material model. Johnson
developed the following relationship for failure and stress [36]. Johnson and Cook (1985) added
a model for fracture based on cumulative damage to their basic model; this extra model feature
is included in the LS-DYNA implementation of the Johnson-Cook model (Mat 0.15). The
cumulative-damage fracture model entails the following equation: [37]

e/ = max ([D; + D, exp D36*][1 + Duln £°1(1 + DsT*), EFMIN) , (10)

where o * is the ratio of pressure divided by effective stress, € is the strain rate, and e/ is the
fracture strain. The constants D/ through D4 are material constants and are obtained from
optimization, and T is the homologous temperature

P
o' = . 11
— (11)

Fracture occurs when the damage parameter reaches the value of 1:

P

The variable D is stored as an extra history variable (4 in shell elements and 6 in solid
elements), as indicated by reference [33]. Table 4 presents the parameters obtained from the
optimizations performed for the Johnson-Cook model. Additionally, graphical comparisons
using LS-OPT-history are shown in Fig. 6.
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Fig. 6 Example of the process of optimizing and visually comparing the results of the Johnson-Cook curves.

Table 4 Optimization results for the Johnson-Cook model.

Mat ?ﬁiﬁfgn) DI D3 D4

DP600  v=25

DP600 =125 0.15371 0.10058  -2.9967  0.008
DP600 =500

DP800 =25

DP800 =125 0.14284 031999 95536  0.00354

DP800 v=500

2.2.3  GISSMO model

The Generalized Incremental Stress State Dependent Damage Model (GISSMO) is a
model developed to predict ductile damage based on incremental damage accumulation,
including hardening and failure. This model was implemented in the finite element code
LS-DYNA by [38]. The fracture strain limit curve, the equivalent plastic strain versus stress
triaxiality, and the under plane stress state £/ (57) can be determined by several experiments [39].

Using this model, it is possible to define the properties and neck elongation values of
materials with a certain load-bearing characteristic up to the point of fracture by analysing the

constriction behaviour during shaping [40]. GISSMO is a damage accumulation rule that is
explained and given by equations 13, 14, and 15 [41].

1. .-
AD = Eifu(1 w &, (13)

If GISSMO is active, this equation is evaluated at any working time in LS-DYNA. The
damage value D is accumulated in each element during deformation, and when the value of D
reaches 1, it is considered that fracture has occurred. The values of triaxiality (1) and the
increment of plastic strain (E'p) represent the equivalent failure strain, which allows for an
arbitrary definition of triaxiality-dependent failure strains £ (1) by inputting a tabulated curve.

A very useful aspect of GISSMO is the ability to accumulate a measure of instability,
determined as:

1 .
AF = ZpO=) b, (14)
where €€ is the triaxiality dependent critical strain €°(n), while material instability noted by the

letter /' means that if /' = 0 the material is undeformed, and if /" = 1 it corresponds to the start
of localization.
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At the time when F reaches the effect, the element stress is reduced by

_ .\m

a=6[1—(w) J (15)
1—=Dcri¢

where o is the modified stress and 4 is the current stress. D,;; 1s the damage which only comes

to some value when F reaches unity. The m is a fading exponent intended to better depict the

rate of material hardening.

To define the flow curve, fracture parameters, and damage behaviours, the GISSMO
model included in the ADD EROSION with the Johnson-Cook model is combined and
functions together as a single body. Understandably, the ADD EROSION model includes
failure and erosion options. The DEFINE velocity used in the key file for the GISSMO model
was similar to that of the Johnson Cook model. The significance of velocity is also explained
in the work of [42]. By combining these two models, the following main parameters are defined:
fracture strain curve, €/, critical strain curve, €, the fading exponent m FADEXP, which was
set arbitrarily to 5 to achieve the fracture, while the damage exponent n = 2 (DMGEXP) was
set based on [43], and equivalent plastic strain (LCSDG) was set for each case taken from
previous Johnson Cook results. Figs. 10-11 show the comparative values of the Johnson-Cook
and GISSMO models regarding effective plastic strain.

3. Results and discussion

3.1 Comparisons of experimental and numerical simulation results and validation

Fig. 7 (a, b, and ¢ for DP600 and d, e, and f for DP800 steels) graphically compares the
experimental and numerical results for engineering stress and strain. For both types of steel, the
relative errors in fracture failure (FF) were less than 3% for the standard (s) specimens, while
the relative errors were close to and up to 3% for other specimens named (20a) and more than
the standard % for the named specimens (4a and a). For DP600 steel, the average relative errors
for all standard specimens were about 1-3%, while for specimens (20a, 4a, and a), the average
value of relative errors was higher than 3%. For DP800 steel, the average relative errors for all
standard specimens were under 1%, while the average relative errors for specimens such as
(20a, 4a, and a) were higher than 4%. It is important to note that all simulations were defined
by the same parameters, and the best results were observed in standard (s) specimens, followed
by specimens named (20a).
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Fig. 7 Comparisons of experimental and numerical results regarding the engineering stress-strain curves of
DP600 and DP80O steels tested at different tensile velocities.

Table 5 shows the relative errors in (YP), (UTS), and (FF) for each specimen separately.
The numerical results are in good agreement with the experimental ones. Additionally, visual
representations of the fractures of DP600 and DP800 steel samples obtained through the
simulation are presented in Fig. 7.

The engineering force and displacement comparisons between the experimental and numerical
results regarding DP600 and DP800 for certain points such as YP, UTS, and FF are presented
in Figs. 8 and 9 in the (a-c) graphs.
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Fig. 8 Comparisons of experimental and numerical results regarding YP, UTS, and FF of DP600 steel tested at

different tensile velocities.

TRANSACTIONS OF FAMENA XLVII-3 (2023)

&9



L. Topilla, S. Toros Analysis of the Fracture Behaviour of Dual-phase Steels
Using the GISSMO and Johnson Cook Models

1100 0.30
DP; Yield Strength j i B EXP v=25 —§— GISSMO v=25 —p— JC v=25
1000 a) 00 Yield Streng Cle exp ‘;=125+G|ssrv|o :2125+JC \\//=125
1000 0.25 4 |_a— EXP v=500 ~4— GISSMO v=500 —— JC v=500
E Fracture Fail
— | L~ ] € 020 racture Failure
& 800 Iy 900 o
2 S 200l 2 0.15 1
@ 600 20a a (2 L
g s g 700 < 0.10
7 Z £ 20a a
400 4 C—Expv-25 —A— GISSMO V=25 —@— JCve25 600 | [®—EXPv=25 —A—GISSMO v=25 —@—JCv=25 ® 0.05 1 4a
—m— EXP v=125 —A— GISSMO v=125 —@— JC v=125 —8— EXP v=125 —A— GISSMO v=125 —8— JC v=125
—m— EXP v=500 —A— GISSMO v=500 —@— JC v=500 —8— EXP v=500 —A— GISSMO v=500 —@— JC v=500 0.00
200 T T T T T 500 T T T T T T T T T T
0.3 0.4 0.5 0.6 0.7 0.8 0.3 0.4 0.5 0.6 0.7 0.8 0.3 0.4 0.5 0.6 0.7 0.8
Triaxiality YP Triaxiality UTS Triaxiality FF

Fig. 9 Comparisons of experimental and numerical results regarding YP, UTS, and FF of DP80O steel tested at
different tensile velocities.

The YP comparisons for all specimens are graphically shown in Figs. 8a and 9a where
both types of metals can be visually compared. The most appropriate results were obtained at a
tensile velocity of 25 mm/min, while the least desirable results were observed at a tensile
velocity of 500 mm/min, as the tensile velocity had an effect. The UTS comparisons for both
materials are presented in graphs (8b and 9b) for all cases. Based on the relative errors and
graphics, it can be concluded that the most accurate results were obtained for the specimens
where the displacement speed was 25 mm/min and 125 mm/min. Finally, the comparisons
between the experimental and numerical measurements for fracture failure are shown in Figs.
(8c and 9c). It can be concluded that the values achieved in all standard cases are within the
standard of a fracture failure value below 3%, similar to [42], with a relative error standard
between A/ (FEM) and A/ (Exp) below 3%.

3.2 Relative errors

This section presents the relative errors between the experimental results and the
numerical results, which are presented in Table 5. Comparisons were made for all specimens
tested, with a particular emphasis on tensile velocity, yield strength, ultimate tensile strength,
and fracture failure. The relative errors were computed as:

(exp — num)

error = —=x 100. (16)
num

In Eq. 16, "exp" represents the experimental results, while "num" represents the numerical
results for all the points compared [46]. The results obtained are within the standard limit set
by [27], which states that the standard deviation between experimental and numerical curves
should be below 3% [27] and [42].

Table 5 Summary of relative errors (RE) between the experimental and numerical results for DP600 and
DP800 steels.

Material Tensile RE RE Engineering strain up to failure

Velocity YP UTS Fracture Failure

Exp & Sim Exp vs Sim Exp vs Sim Exp Sim RE (%)
DP600 - s 0.41666 -2.31% -3.74% 0.21694 0.21666 0.13%
DP600 - s 2.08333 8.37% -3.70% 0.22897 0.21412 2.94%
DP600 - s 8.33333 2.14% -6.14% 0.208 0.21067 -1.27%
DP800 - s 0.41666 1.12% -2.92% 0.17269 0.17504 -1.34%
DP800 - s 2.08333 -1.51% -3.85% 0.171 0.17164 -0.37%
DP800 - s 8.33333 5.65% -3.24% 0.177 0.17493 1.18%

Based on the data presented in Table 5, it is clear that the best results for all specimens
and both types of steel were achieved when the tensile velocity was 25 mm/min for DP600 steel
and 125 mm/min for DP800 steel.
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3.3 Numerical effective plastic strain values

In the following section, numerical values of effective plastic strain (EPS) are presented for
DP600 and DP800 steels, taking into consideration their different tensile velocities. Fig. 10 (a, b,
and ¢ DP600) and Fig. 11 (a, b, and ¢ DP800) show the numerical effective plastic strain for all
specimens analysed. In this case, a comparison was made between the JC model numerical results
and the numerical results belonging to the GISSMO-JC model. The results were obtained directly
from the software, specifically from the last value of EPS from all specimens.
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Fig. 10 Numerical data of the effective plastic strain of DP600 steel derived by the JC and GISSMO-JC models.
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Fig. 11 Numerical data of the effective plastic strain of DP800 steel derived by the JC and GISSMO-JC models.

3.4 Numerical evolution of stress triaxiality

Fig. 12 (a, b, and c) presents the effective plastic strain vs. stress triaxiality for DP600
steel specimens with four different geometric shapes and tested at three different tensile
velocities. Similarly, Fig. 13 (a, b, and ¢) shows the same comparison for DP800 steel. It is
important to mention that stress triaxiality is an important influential factor, and metal ductility
decreases with increasing stress triaxiality [31].

To investigate the impact of stress triaxiality on the specimen scale, shape, and tensile
velocities of DP600 and DP800 steels in smooth and notch specimens, the development of stress
triaxiality was determined and observed using the FEM results presented in Figs. 12—13.
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Fig. 12 Effective plastic strain and triaxiality curves for DP600 steel at different tensile velocities.
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Fig. 13 Effective plastic strain and triaxiality curves for DP800 steel at different tensile velocities.

A point at the centre of each simulated specimen was selected to analyse the evolution of
stress triaxiality with the displacement load. To compare the stress triaxiality in terms of
specimen shape and tensile velocity, we divided them into three levels: an upper level with
increasing stress triaxiality, a middle level with medium stress triaxiality, and a lower level with
low stress triaxiality.

Based on Figs. 12—13, it is evident that an increase in the stress triaxiality factor results
in a decrease in the ductility of the materials. Specimen (a) demonstrates the highest level of
the triaxiality factor, indicating the greatest decrease in ductility. The middle level of the
triaxiality factor is observed in specimens (4a and 20a), with specimen (4a) showing a higher
triaxiality factor but with a shorter strain compared to specimen (20a), except for the
comparison in Fig. 12 (¢ DP600). However, in Fig. 13 (b DP800), specimen 20a exhibits the
highest ductility among all specimens at a tensile velocity of 125 mm/min. The standard (s)
specimens exhibit the lowest level of the triaxiality factor but demonstrate the longest strain, as
shown in Fig. 12 (a, b, and ¢ DP600) and Fig. 13 (¢ DP800).

4. Conclusion

The paper describes both experimental and simulation methods used to predict fracture
and failure of ductile steels. Through these methods, and by finding parameters, curves such as
the stress-strain curve, flow curve, and effective plastic strain curve are determined, and the
accuracy of these predictions is validated by comparing them with the experimental results.

From the two methods mentioned above, firstly the engineering and true stress-strain
curves are defined, and then the parameters A, B, n, and C are defined from true plastic strain
for both types of steel analysed at three different tensile velocities of 25 mm/min, 125 mm/min,
and 500 mm/min. Subsequently, the failure parameters are defined.

To realize fractures, the JC model with the obtained parameters A, B, n, C, D1, D2, D3,
and D4 is combined and functions together with GISSMO as a single mode. This interaction of
models leads to the desired results. To achieve more believable results and a better fit of the
curve, especially at fracture failure, it is important to note that the velocity set during the
numerical simulations was the same as in the experimental cases.

The validation of the results was based on comparisons between the numerical and
experimental results. Firstly, comparisons were made between the stress-strain curves, where
almost all the results derived from the standard specimens were below 3% of relative errors,
and the most accurate results were displayed in the sample named (s). Secondly, comparisons
were made between the yield strength, ultimate tensile strength, and fracture failure, and Table
5 shows that the most accurate results in all cases appeared at fracture failure, which was the
main objective. Finally, comparisons were made regarding the effective plastic strain and
triaxiality factor, and, even in this case, very similar results appeared. In previous studies, we
investigated the crack propagation of standard specimens and of microstructures using finite
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element modelling [47] [48]. However, in this study, the J-C hardening and failure parameters
are already determined, as are the GISSMO damage parameters. Additionally, the plan is to
simulate the damages/failure on 3D microstructures via finite element modelling.
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