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Abstract

The objective of this research was to analyse the stress and strain behaviours of the triaxiality specimens (specimens of different
shaping) of dual-phase steels, respectively DP600 and DP800, whose microstructures mainly comprise ferrite and martensite
phases. These steels find wide application in the automotive industry, which is constantly searching for better quality materials
in the aim of increasing vehicle safety, protecting the environment, and reducing fuel consumption. In this case, for all tested
specimens the experimental uniaxial tensile tests were performed at three different strain rates, 0.0083 s™', 0.042 s, and
0.16 577, to determine mechanical properties such as stress, strain, yield strength, and ultimate tensile strength of mentioned
steels. In addition, uniaxial tensile tests with characteristics similar to those experimental were carried out through the finite
element modelling method using the Mat_Picewise_Linear_Plasticity_024 model, to determine the mentioned mechanical
properties, but also to determine the failure parameters or plastic strain up to failure, of all triaxiality modelled specimens. The
obtained results were validated by comparing the experimental results with numerical simulation results. The comparative scale
of accuracy between both steels was made at the fracture strain, and the average accuracy of both steels for the standard (s)
specimens was < 1 %, for the (20a) specimens 1.50 %, for the (4a) specimens 4 %, and for (a) specimens 3.50 %. Finally, it was
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concluded that the proposed material model and calibrated failure data fitted very well.

Triaxiality, dual phase steel, numerical simulations, strain rate, failure limit

1 Introduction

Dual phase steels, (DP), are a new generation of high-
strength steel families, which were developed in the late
1970s, and are characterised by microstructure consisting
of ferrite and martensite phases.'® Since these materials
can meet criteria such as strength and formability, they are
particularly preferred in the automotive industry.” There
are two types of DP steels that can be produced in gener-
al: hot rolling dual phase steels (HRDP), and cold rolling
dual phase steels (CRDP). The advantages of hot rolling
and cold rolling were also demonstrated in the description
of the structure and microstructure of DP steels. Thus, a
DP structure develops during cooling after hot rolling in
the first example, while a DP structure develops after in-
tercritical annealing of a previously rolled product in the
second case. Cooling within a suitable speed range allows
some austenite to convert to ferrite and some to martensite
in both circumstances.’® On the other hand, to produce
the DP structure in these materials, cold-rolled steels are
typically intercritically annealed on a hot-dip galvanizing
line. Although martensite plays an essential role in the
mechanical characteristics of ferrite-martensite-DP steels,
according to the researchers, the crystallography and mi-
crostructure of lath martensite in DP-steels has not been
studied in depth.” Furthermore, the tensile and impact
strengths of the developed DP steels increased with inter-
critical annealing (ICA) temperatures, with optimal proper-
ties achieved at 790 °C, owing to the finer microstructure
of the phase components and the absence of carbide de-
posits, which allows for a slight dislocation flow.” On the
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other hand, the effect of temperature on the mechanical
properties and fracture behaviours of DP1000 steel, were
used to investigate the variations in mechanical properties,
by carrying out uniaxial tensile tests in various rolling direc-
tions (RD).">™

Nowadays, a variety of experimental techniques have
been developed by engineers to mechanically test engi-
neering materials exposed to stress, compression, bending,
or torsion loading. The most popular type of test used to
determine the mechanical properties of materials is the
tension test. The purpose of conducting the tension test
is to provide basic material strength design data. Tension
verification is also referred to as an approved test for the
quality of materials.’ Therefore, one of the most funda-
mental tests for engineering is the tensile test, which pro-
vides valuable information about a material and its prop-
erties. These properties can be used for the planning and
analysis of construction structures, as well as for the devel-
opment of new materials that are best suited for a specific
use. However, the tensile test is a mechanical test in which
an attractive force is exerted on both or one side of the
material until the sample changes shape or breaks down.
It is a general and important test that provides a variety
of information about the material being tested, including
elongation, yield strength, tensile strength, and tensile
failure.’®'® Due to their good mechanical qualities, dual
phase steels are finding a wide range of applications in the
automotive engineering sectors, and can be subjected to
forming/stamping processes.'¥3

In addition to experimental testing, there are now many
different softwares, where different hardening or failure
parameters can be defined by different models. Moreover,
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Table 1 — Chemical composition of DP600, and DP80O0 steels (wt-%)

Steel/ng P Si Cu Ni Cr Mn C — Ferrite C — Martensite
DP800 0.015 0.230 0.050 0.030 0.020 1.420 0.006 0.294
DP600 0.015 0.100 0.000 0.000 0.480 1.580 0.006 0.234

(Ceneralized Incremental Stress-State Dependent Damage
Model), GISSMO, is used to describe the evolution of duc-
tile damage and to predict the onset of fracture.** Based on
physical features of the microstructure, a hybrid composite
medium-field (Hy-MFC) model was developed to predict
the tensile properties of dual-phase steels under monoton-
ic loading.?

While considering the studies in the literature, it was ob-
served that the mechanical properties of some DP steels
have been investigated by other models,?*-*3 and that is no
study on triaxiality and strain rate behaviour of the DP600
and DP800 using specifically the Mat_Picewise_Linear_
Plasticity_024 model, which is found in LS-Dyna software,
from where an elasto-plastic material with an arbitrary
stress versus strain curve and arbitrary strain rate depend-
ency can be defined. In addition, it can be defined that
failure is based on plastic strain. Therefore, the purpose
and the novelty part of this research was to define failure
parameters (FAIL) for triaxiality specimens of DP600 and
DP80O steels, and to predict effective plastic strain at frac-
ture at three different strain rates. Thus, failure parameters
are plastic strains up to failure or when the plastic strain
reaches this value, the element is deleted from the FE cal-
culation.

2 Experimental methodologies

Based on the positive properties that DP steels possess, ef-
forts were made to do more in-depth or specific research
to better understand the stress and strain behaviours of
DP600 and DP800 steels by performing the uniaxial ten-
sile test at three various strain rates. All tests were carried
out in laboratory conditions at room temperature on a Shi-
madzu Autograph 100 kN testing machine equipped with
a data gathering system controlled by a digital interface
board and a specific computer program. A video-exten-
someter measurement device was used to measure ma-
terial deformation similar to.** Therefore, the specimens
were of different geometric shapes based on the standard
ASTM E8 (see Fig. 1), and cut at 0° degree of (RD). The
geometrical measurements of the specimens were made
with special focus on their thickness, which was 0.78 mm,
width was 12.5 mm, and gauge length was 50 mm. All
specimens were designated as: standard (s), 20a, 4a, and
a. Finally, after performing the uniaxial tensile tests, all the
results were collected as such and presented as engineer-
ing stress-strain, true stress-strain, or effective plastic strain
Hollomon's power law. These results are very significant
for the realisation of simulations, and for comparing the
final results.

2.1 Chemical Composition of DP600, DP800, and DP1000

The chemical compositions of the DP600, DP800, steels
are listed in Table 1, where P is present in a similar per-
centage in two steels; Si is found in a higher percentage in
DP800 with a value of 0.23 % compared to 0.1 % found in
both DP600; 0.05 % of Cu is detected in DP800; 0.02 %
of Cr is found in DP800 compared to 0.48 % in DP600,
and Mn is proportionally distributed in two steels. Regard-
ing the stress-strain curves of the steels, % C had the high-
est impact on strengthening. The percentage of carbon in
these two steels was measured at the level of both ferrite
and martensite phases.

2.2 Mathematical formulas and equations

Following the completion of the experimental testing, the
necessary calculations were completed to realise the ex-
perimental and simulation processes, as well as the option
of comparing the outcomes. Engineering stress-strain, true
stress-strains, and hardening curves were primarily used in
computations. Engineering and true stress-strains were car-
ried out based on general principles, Eq. (1)—(4):

F
eng = E (1
=1, Al
eng IO - IO (2)
gtrue = In(1+o-eng) (3)
Gtrue O-eng (1 + Ueng ) (4)

where o, is the engineering stress, «,,, is the engineering
strain, F is the external axial tensile load, A, is the original
cross-sectional area of specimen, |, is the original length of
specimen, and [ is the final length of specimen. Whereas,
Ere 1S true strain, oy is true stress. The yield strength is
often defined as the stress at which the plastic strain is 2 %
(Eg. (5)):

f
Oy = (5)
4 A()
The intersection of a line parallel to the elastic portion of
the curve and the stress-strain curve yields this result. The
stress-strain curve will reach its highest point, which is the
ultimate tensile strength when continuous loading is ap-
plied (oys) (Eq. (6)):
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max

(6)

Oyrs =
o

The specimen may be under the most stress at this point
before necking. This is seen as a local reduction in the
cross-sectional area of the specimen, which usually ap-
pears at the gauge length’s center.?> Equivalent strain at
fracture strength, is defined as the fracture strain (Eq. (7)):

F

_ "fracture

Efracture = AO

The fracture strain of the specimen can be calculated by
drawing a straight line parallel to the slope in the linear
relationship starting at the fracture point of the stress-strain
curve. The interception of the parallel line at the x axis
indicates the fracture strain.’ True plastic curve can be ap-
proximated by a power-law expression Eq. (8):

(7)

o =Ke" (8)

Here o can be interpreted as the new yield strength after a
cold reduction, and K is the hardening strength coefficient.
Because the tensile true stress, o, and true tensile strain,
g, in a tension test are the effective stress and strain." The
triaxiality values formed in the material for the samples in
Fig. 1 can be calculated from Eq. (12).

1 a
n=—+In| 1+ —
3 2R
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Equality is the depth of the notch, and R can be defined
as the notch width, which varies according to this value.
These values apply to the first value of the load condi-
tion of the material and can change with the deformation.
This value remains constant only for flat samples without
a notch and the triaxiality values for the tensile tested
specimens are presented by n (see values in Table 2).
Triaxiality specimens tested and their stress-strain result-
ing curve for each as well as for all of them together are
shown in Fig. 1.

2.3 Finite element modelling method

During this research, the model Mat Picewise_Line-
ar_Plasticity_024 was used. This model was integrated
into LS-DYNA software, from where it was possible to
define an elasto-plastic material with arbitrary stress ver-
sus strain curve and strain rate dependency. Additionally,
failure based on a plastic strain or a minimum time step
size could be defined. The solid element was used dur-
ing the construction of triaxiality specimen key cards, to
perform numerical simulations. All the properties of the
mechanical data placed on the key cards were similar to
the experimental data, including similarity to geometric
shapes of specimens, their size, thickness, width, time du-
ration, and strain rate applied to perform uniaxial tensile
testing. In both specimen key cards for DP600 and DP800
steels, mechanical characteristics were also included: den-
sity (p = 7.830 - 107%), Young module (E = 216), Pois-
son ratio (v = 0.28) as well as yield stress (o). In addition,
experimental Hollomon'’s curves were determined from
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— Experimental stress-strain relations of triaxiality specimens
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the standard samples used, being modified on the basis of
materials and on the basis of strain rates, then are placed
at Load curve ID (LCSS). Finally, failure parameters (FAIL)
were calibrated through rerunning the simulations up to
desired results.

3 Results and discussion

The results expressed in Figs. 2—7 and Table 2 show the
graphical and tabular comparisons of mechanical results
between the experimental and the numerical simulations
obtained after calibrated failure parameters. In this case,
the used materials were DP600 and DP800 steels, cut at

1000 T T T T
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0° of rolling direction (RD = 0°). In both cases, the uniaxial
tensile test was realised at strain rate of & = 0.0083 s7',
0.042 577, and 0.16 s7', to determine failure parameters
(FAIL) for both steels. In Figs. 2—7(a), comparisons of engi-
neering strain curves o,,, have emerged. In this case, the
fitting of the curves are in good agreement, see Figs. 2-3
for DP600 steel, and Figs. 5-6(a) for DP80O steel. In Fig. 4
for DP600 steel, and in Fig. 7 for DP80O0 steel at specimen
20a, the curve differs from the aforementioned two cases,
because the 20a curve obtained by numerical simulation is
lower than the curve of the experiments, while the curves
belonging to samples s, 4a, and a, also obtained by numer-
ical simulations, are in good agreement, while comparisons
for failure value derived from simulations are expressed as
effective plastic strain and are shown in Figs. 2-7(b).

| Effective Plastic Strain  Effective Plastic Strain  Effective Plastic Strain Effective Plastic Strain
DP600, ¢ =0.0083 s~ 2.100e-01 3.000e-01 3.277-01 3.000e-01
1.926e-01 2.750e-01 3.004e-01 2.750e-01
o 800 7 1.753e-01_| 2.500e-01_| 2.731e-01_| 2.500e-01 _|
% u » . 1.579-01 _ 2.250e-01 _ 2458201 _ 2.250e-01 _
z \ 1.405e-01 _ 2.000e-01 _ 2185601 _ 2.000e-01 _
2 600 1 1.231e-01 1.750e-01 1.911e-01 1.750e-01
g 1.058e-01 1.500e-01 1.638e-01 1.500e-01
;)o 8.839e-02_{| 1.250e-01 1.365e-01_| 1.250e-01
£ 400 1 7.101e-02_ | 9.9986-02_ 1.0926-01 _| 9.999¢.02 _‘
g 5.364e-02 7.499e-02 8.192e-02 7.499¢-02
go 3.627e-02 4.999e-02 5.461e-02 5.000e-02
< 200 —simulations _s " exper{ment _s i 1.889e-02 2.500e-02 2731e-02 2.500e-02
—S|mu|at|0ns —a v experlment —a 1.520e-03 _| .000e+00 _| 0.000e+00 _| 0.000e+00 _|
s simulations — 4a * experiment — 4a
m—— simulations — 20a ® experiment — 20a S 20a 4a a
0 T T T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.3 0.4 0.5 0.6 0.7 0.8

(a) engineering strain

(b) triaxiality

Fig. 2 — Experimental and numerical simulation results of DP600 steel, ¢, = 0.0083 s™', (a) comparisons of engineering stress-strain
curves, (b) predicted effective plastic strain at fracture
1000 T T
| Effective Plastic Strain  Effective Plastic Strain  Effective Plastic Strain  Effective Plastic Strain
DP600, ¢ =0.042 s 2.880-01 2.499¢-01 2677e-01 2.683e-01
264001 2.291e-01 2454601 ] 2.459¢-01
- 800 T 2400601 _ 2.083¢.01_| 2231601 _| 2.2366-01_
% = . 2160801 _ 1.875e-01 _ 200801 _ 2012601 _
1.920e-01 _ 1.6668-01 _ 1.7850-01 _ 1.789e-01 _
E 600 17 1.680e-01 1.458e-01 1.562e-01 1.665e-01
L 1.440e-01 1.250e-01 1.339e-01 1.342e-01
o 1200001 | 1.041e-01 1116001 | 1.118e-01_
£ 400 iy 9.600e-02_ 8.331e-02_ | 8.9248-02_ 8.944e-02 _ |
¥ 7.200e-02 6.248e-02 6.603e-02 6.708e-02
£ I ' ] 4.800e-02 4.166e-02 4.462e-02 4.472¢.02
S 200 == simulations - s " experiment —s 1 2.400e-02 2.083e-02 2231e-02 2.236e-02
== simulations —a v experiment —a : 0.000e+00 | 0.000e+00 _ 0.000e+00 _ 0.000e+00 _|
= simulations — 4a * experiment — 4a
= simulations — 20a ® experiment — 20a S 20a 4a a
0 b T T T T T T T T T T
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(a) engineering strain (b) triaxiality
Fig. 3 - Experimental and numerical simulation results of DP600 steel, ¢ = 0.042 s7', (a) comparison of engineering stress-strain

curves, (b) predicted effective plastic strain at fracture
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1000 ' ' | Effective Plastic Strain Effective Plastic Strain  Effective Plastic Strain Effective Plastic Strain
DP600, ¢ =0.16 57" 1.998e-01 1.896e-01 1572e-01 1.685e-01
] 1.831e-01 1.738e-01 1.441e-01 1.453e-01
= 800 7 1.665e-01 _ 1.580e-01 _ 1.310e-01_| 1.321e-01_
% o l 1 1.498e-01 _ 1.422e-01 _ 1.179e-01 _ 1.188e-01 _
" 1.332e-01 _ 1.26de-01 _ 1.048e-01 _ 1.056e-01 _
E 600 17 1.165e-01 1.106e-01 9.168e-02 9.244e-02
g ] 9.990e-02 9.480e-02 7.858e-02 7.923e-02
oo 8.326e-02 | 7.900e-02 6.6480-02 6.603e-02
£ 400 ny 6.660e-02_ | 6.320e-02 _ 5.239¢-02 _ 5.282e-02_
3 4.995¢-02 4.740e-02 3.929¢-02 3.962e-02
ch 1 3.330e-02 3.160e-02 25619¢-02 2.641e-02
S 200 = simulations —s = experiment s i 1.665e-02 1.580e-02 1.310e-02 1.321e-02
= simulations —a Y experiment-a 1 0.0006+00 _| 0.000e+00 _| 0.000e+00 _| 0.000¢+00 _|
= simulations — 4a * experiment — 4a
== simulations —20a ® experiment — 20a i s 20a 4a a
0% T T T T A | T T T T o T L T
0.00 0.05 0.10 0.15 0.20 0.25 0.3 0.4 0.5 0.6 0.7 0.8
(a) engineering strain (b) triaxiality

Fig. 4 - Experimental and numerical simulation results of DP600 steel, & = 0.16 s™', (a) comparison of engineering stress-strain
curves, (b) predicted effective plastic strain at fracture

1200 ' ' ]  Effective Plastic Strain  Effective Plastic Strain  Effective Plastic Strain  Effective Plastic Strain
DP800, & =0.0083 s~ 2.000e-01 2.400e-01 2.287e.01 2.398e-01
1000 | 1.833e.01 ] 2.200e-01 ] 2,097e-01 2198e-01 ]
o . 7 1.666e-01 2.000e-01_| 1.906e-01 _| 1.999¢-01 _|
o q 1 1.500-01 _ 1.800e-01 _ 1.7156-01 _ 1.799e-01 _
E 800 | 1.333e-01 _ 1.600e-01 _ 1.525e-01 _ 1.599e-01 _
2 . 1.167e-01 1.400e-01 1.334e-01 1.399e-01
i;) 600 ] s.ssse-oz] 1.200e-01 1.144e.01 1 1.199e.01
o 8.332¢-02 9.9998-02 9.530e-02 9.993e-02
£ 4] 6.6666-02_ 79902 || 7.624e.02 7.904e-02_| |
8 400 4.999¢-02 6.000e-02 5.718e.02 5.996e.02
5 : : : 1 3.333e-02 4,0006-02 3.812e.02 3.997e.02
< = simulations —s " experiment—s | | 1,686e-02 2000e-02 1.906e-02 1999602
200 = simulations —a v experiment -a 1 0.000e+00_| 0.000e+00 0.000e+00 _ 0.000
m— simulations — 4a * experiment — 4a ’ B 000e+00.
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Fig. 5 — Experimental and numerical simulation results of DP80O0 steel, ¢, = 0.0083 s™', (a) comparison of engineering stress-strain
curves, (b) predicted effective plastic strain at fracture

1200 ' ' ' ' | Effective Plastic Strain  Effective Plastic Strain  Effective Plastic Strain  Effective Plastic Strain
DP800, & =0.042 5" 2677e-01 2.487e-01 2177e-01 1.797e-01
1000 1 2454801 ] 2.280e-01 1.9956-01 1.648e-01
o 7 2231e-01_| 2.072e-01_| 1.814e-01 _| 1.498e-01 _
a 1 2.008e-01 _ 1.8656-01 _ 1632601 _ 1.348e-01 _
= 800 1.785e-01 _ 1.658e-01 _ 1.451e-01 _ 1.1986-01 _
E 1] 1.562¢-01 1.451e-01 1.270e-01 1.048e-01
£ 600 ] 1.339e-01 1.243e-01 1.088e-01 8.987e-02
o 1.115e-01 1.036e-01 9.069¢-02 7.489e-02
£ y 8.924e.02_ | 8.2896-02_| 7266602 _ 59916-02_|
§ 400 6.693e-02 6.217e-02 5.4426-02 4.493e-02
5 : : : 1 4462002 4.145e-02 3.628e-02 2.996e-02
51 == simulations —s " experiment—s i 2.231e-02 2.072e-02 1.814e-02 1.498e-02
200 === simulations —a v experiment —a 1 0.000e+00 _ 0.000e+00_ 0.0006+00 _ 0.000e+00 |
= simulations — 4a * experiment — 4a
= simulations — 20a ® experiment — 20a ] s 20a 4a a
(OF T T T T T T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.3 0.4 0.5 0.6 0.7 0.8
(a) engineering strain (b) triaxiality

Fig. 6 — Experimental and numerical simulation results of DP800 steel, &, = 0.042 s, (a) comparison of engineering stress-strain
curves, (b) predicted effective plastic strain at fracture
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1200
T T | Effective Plastic Strain Effective Plastic Strain  Effective Plastic Strain Effective Plastic Strain
DP800, & =0.16 5" 1.500e-01 1.284e-01 1.495e-01 1.095e-01
1000 1.375e-01 1.177e-01 1.371e-01 :I 1.003e-01 :I
. - 1.250e-01 _| 1.070e-01 _ 1.246e-01 _| 9.122e-02 _|
% 1 1.125e-01 _ 9.632e-02 _ 1.121e-01 _ 8.210e-02 _
z 800 1.000e-01 _ 8.562e-02 _ 9.968e-02 _ 7.298e-02 _
5 7 8.750e-02 7.492e-02 8.722e-02 6.386e-02
= 600 7.500e-02 6.422e-02 7.476e-02 5.473e-02
w
&o 6.250e-02 5.351e-02 ] 6.230e-02 4.561e-02
| 1
5 B 5.000e-02_| ‘ 4.281e-02 4984e-02 3.649e-02 _| ‘
qc_) 400 3.750e-02 3.211e-02 3.738e-02 2.737e-02
‘B0 - - - 2.500e-02 2141e-02 2.492e-02 1.824e-02
c e simulations — s = experiment —s
9] 200 simulations — a v experiment —a - 1.250e-02 1.070e-02 1.246e-02 9.122e-03
simulations — 4a * experiment — 4a 2.000e+00 | 0.000e+00 _| 0.000e+00 _| 0.000e+00 _|
m== simulations — 20a ® experiment — 20a S 20a 4a a
0 T T T T T T T T — T
0.00 0.05 0.10 0.15 0.20 0.3 0.4 0.5 0.6 0.7 0.8
(a) engineering strain (b) triaxiality

Fig. 7 — Experimental and numerical simulation results of DP800 steel, ¢ = 0.16 s™', (a) comparison of engineering stress-strain

curves, (b) predicted effective plastic strain at fracture

Comparisons of mechanical properties between exper-
imental and numerical simulation results concerning en-
gineering stress-strain properties are summarised in Ta-
ble 2. Table 2 shows the relative errors (RE) expressed by
percentage (%) of both steels. The RE was done for these
specific properties included ultimate tensile strength (o),
and engineering fractures strain (gqgacure) HOWever, even
the uniaxial tensile tests were realised at different strain
rates, generally all results were in good agreement. Specif-
ically, the most suitable results or RE were for standard (s)
specimens of both steels. Meanwhile, at the strain rate of
0.16 s7', the RE of o5 appears to have some noticeable
differences in the 20a specimens of both steels. Regardless
of the different degrees of strain rate, such RE does not

Table 2 — Comparison between experimental and numerical
simulation results

appear in samples (4a) DP800 and (a) DP600 and DP800,
except for samples 4a of DP600 steel, where in all three
strain rates RE and oy,rs has more pronounced percentage.

3.1 Finite element modelling results and discussion

Within this model, three options based on viscoplastic acti-
vations are possible to be accounted for strain rate effects.
In this case, the used option was with active viscoplastic
option VP = 1.0 and the yield strength (SIGY) is > 0. Then,
the dynamic yield stress is computed from the sum of the
static stress, which is typically given by a load curve ID,
and the initial yield stress, SIGY, multiplied by the Cowp-
er-Symonds rate term as follows, where the plastic strain
rate is used.

1
P

Eeff

-P
o, (egﬁ,seff] =07 (&b )+ SIGY - (10)
Designation DP600 steel DP800 steel
SpeCimen/ t”aX'ahtY (O-UTS) MPa (Eengfracture) (GUTS) MPa (Eengfracture)
where o, is the yield strength, ¢ is the effective plastic
H 0 0 [ [ X y . . ’oe .
n  Strainrate  RE % RE % RE % RE % strain, o} (esﬁ) is the static stress, and C and p are the strain
s 0.0083s" =1.69% —0.72% 111 %| 1.16 %  rate parameters.
-1 o/ | 0, o/ | o) . . . .
s 10.33] 0.0425 0.27% —~1.31%  1.64% —=3.19%  Therefore, the simulations were carried out in order to
s 0165 042% 1.77% 1.08% 1.39%  determine failure parameters (see Table 3), through which
20a 0.0083 s —4.24% 1.79% —0.22% —4.60%  the degree of effective plastic strain under different strain
20a/0.36| 0.042s"' —336% —1.44%| 1.39%| 6.47%
20a 0165 —8.10% —1.48% —3.97% 2.03%  fyple3 —Failure parameters for numerical simulations (FAIL)
4a 0.0083 57" —6.93 % —4.56 % 0.52% 5.32%
4a 045 0.042s' —3.05% 1.73% —1.49% 1.20%  Strain rates DP600 DP800
4a 0165 472% 1.80% 0.41% 6.42% /s s 20a 4a | a s 20a 4a a
a 0.0083s'  1.10% 0.63%| 3.45%  0.96% 0.0083 | 0.21 | 0.3 | 0.33 0.3 0.2 0.24| 0.23 0.24
a |0.74 0.042s"' —-0.48% —194%| 6.36%| 3.76 % 0.0420 | 0.29 |0.25| 0.27 0.27 0.27/0.25| 0.22 10.18
a 0.16s" —3.07% —5.05% 0.00% 5.45% 0.166 0.2 /019 0.16 1 0.15/0.15/ 0.15 | 0.12 |0.11
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rates was determined for the above materials. The numeri-
cal comparisons between triaxiality failure values shown by
curves for both steels are presented in Fig. 8 (dash spline
DP600 and solid spline DP800).

0.50 - DP800 DP600
1 _ —1 —_ _ —1
045 | = &=00083s v— £ =0.0083s
1| —— ¢=00425" —&— ¢ =0.0083 57"
0.40 1
| | —a— ¢ =0165" — <4 £=0.00835"
0.35+
v ]
=
$0.30
=
30.25 1
= ]
0.20+
0.15+
0.10+
0.05 T T T T T T T T T 1
0.3 0.4 0.5 0.6 0.7 0.8

triaxiality

Fig. 8 — Comparison between failure values of the numerical
simulation results of triaxiality specimens

4 Conclusion

The uniaxial tensile test was conducted on four different
test specimens, made of DP600 steel and DP80O steel, with
an approximate thickness of 0.78 mm, and with 12.5 mm,
and approximate gauge length GL = 50 mm, where the
uniaxial tensile test was done respectively at three different
strain rates. Based on the results, it was concluded that
the strain rate and triaxiality of the specimens had huge
effect on the properties of steel materials, mainly on yield
strength and ultimate tensile strength, and fracture strain.
Nevertheless, the maximum elongations at engineering
and true stress values appeared in standard (s) specimens.
It is important to note that in s specimens no huge differ-
ences at elongations as result of strain rate were noticed.
However, the most noticed effect as result of strain rate
appeared in specimens 20a, 4a, and a. On the other hand,
regarding ultimate tensile strength, there were some signif-
icant effects of strain rate that made some difference be-
tween specimens. Therefore, appropriate stress and strain
relations of the designated specimens should be defined
through finite element modelling. The failure value differs
from one specimen to another. The differences appear to
be at different strain rates also. Through these simulations,
adequate failure values were determined for all the men-
tioned species. Future research should publish fracture fail-
ure parameters for named steels even at the microstructure
level through Gurson and Johnson-Cook models.
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List of abbreviations and symbols
DP — dual phase

HRDP - hot rolling dual phase
CRDP - cold rolling dual phase

ICA  —intercritical annealing

LCSS  —load curve ID

FAIL - failure parameters

Oeng — engineering stress

Eeng — engineering strain

Eei — effective plastic strain

F — external axial tensile load
Ao — original cross-sectional area
ly — original length of the specimen
I — final length

e — true stress

Erve — true strain

o, — yield strength

ours - ultimate tensile strength

Eengiracture — ENGINEETING fractures strain

& — strain rate

& — fracture strain

K — hardening strength coefficient
n — hardening strength exponent
n — triaxiality

p — density

E - Young module

% — Poisson ratio
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SAZETAK

Mehanicko ponasanje dvofaznih Celika
pri razlicitim brzinama naprezanja
Labinot Topilla" i Serkan Toros

Cilj ovog istrazivanja bio je analizirati deformiranje troaksijalnih uzoraka dvofaznih celika DP600 i
DP800 pri naprezanju. Mikrostruktura analiziranih ¢elika uglavnom sastoji od feritne i martenzitne
faze. Ti Celici nalaze Siroku primjenu u automobilskoj industriji koja je u stalnoj potrazi za kvali-
tetnijim materijalima koji ¢e dovesti do povecanja sigurnosti vozila, zastite okolisa ili smanjenja
potrosnje goriva. U ovom radu su za sve uzorke provedeni jednoosni vla¢ni testovi pri trima brzi-
nama naprezanja: 0,0083, 0,042 10,16 s7', da bi se odredila mehanicka svojstva ispitivanih celika
kao Sto su naprezanje, deformacija, granica elasti¢nosti i granica kidanja. Osim toga, metodom
konacnih elemenata pomocu Mat_Picewise_Linear_Plasticity 024 modela simulirani su jednoosni
vlacni testovi s karakteristikama slicnim eksperimentalnim. Rezultati numericke simulacije uspore-
deni su s eksperimentalnim rezultatima. Usporedba je napravljena pri granici kidanja, a prosjecna
to¢nost oba celika za uzorke standarda (s) bila je < 1 %, za (20a) uzorke 1,50 %, za (4a) uzorke
4 % i za (a) uzorke 3,50 %, ukazujuéi na prikladnost modela.

Kljucne rijeci
Troosni, dvofazni Celik, numericke simulacije, brzina deformacije, granica neuspjeha
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