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Abstract

In this thesis, cyclic load experiments are conducted by use of an anti-buckling de-
vice to investigate the influence of martensite volume fraction on the Bauschinger
effect in dual-phase (DP) steels. Four different DP steels are tested: Docol 500DP,
600DP, 800DP and 1000DP. Then, microstructure-based modelling and simulations
are conducted to study the influence of martensite volume fraction and distribu-
tion on yielding, work-hardening and ductility of the DP steels. Finally, material
models for the DP steels applicable to large-scale FE simulations based on the ex-
perimental data and the micromechanical analyses are proposed.

The cyclic load experiments were successfully conducted by use of an anti-buckling
device. The Bauschinger effect was found to increase with the DP steel quality and
the martensite volume fraction in the experiments.

The microstructure-based modelling was done by establishing a micromechanical
FE modelling framework for plasticity and fracture. Four different representative
volume elements (RVEs) with idealized geometry were considered. An RVE with a
single cubical martensite island in the centre was established as the micromechan-
ical FE modelling framework since it in general was superior to the other three
when compared to stress-strain curves from experimental data.

The RVEs were used to perform a numerical study on yielding, work-hardening and
ductile fracture. It was found that the yielding resembled the Hershey yield locus
with an exponent of m = 6. Further, it was reported that the ferrite-martensite
strength difference did not capture all of the Bauschinger effect experienced in
experiments. The numerical study of ductile fracture was based on the implemen-
tation of the Gurson model in the ferrite material model. The influence of the
Gurson parameters and the obtained fracture mechanisms were discussed. It was
concluded that the Gurson model with only the initial void volume fraction fea-
ture and the porous failure criterion was not sufficient when the martensite volume
fraction increased.

Lastly, material models were proposed for DP steels applicable to large-scale FE
simulations based on experiments and idealized RVEs. This was done by con-
ducting a micro-macro transition approach. The final material models were Gur-
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son models, where the work-hardening was described by Voce hardening laws and
damage was included through nucleation and growth of voids.
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1 Introduction

In the automotive industry it is crucial to improve performance of the cars and
reducing production costs in order to be competitive. This could be done by im-
proving the engine, enhancing the crash safety, reducing the fuel consumption,
increasing the efficiency of the production etc. For instance, by decreasing the ve-
hicle weight the fuel consumption could be reduced. This could be done by using
thinner sheets. However, the requirements regarding the crash safety are becoming
more stringent, and high-strength materials with good formability are a prerequi-
site for success. It is challenging to develop such materials, since the strength of
the material often is inversely proportional to its ductility (Davies 1978). Thus,
many researchers have the last decades given their effort to develop such materials.

The advanced high-strength steels (AHSS) are steels with superior mechanical
properties. They are complex materials with selected chemical compositions and
multiphase microstructures obtained by using controlled thermomechanical treat-
ment. Various physical mechanisms are used to achieve a variety of strength, duc-
tility, toughness and fatigue properties. In the automotive industry, AHSS are used
in load-bearing components, bumper systems, battery protection, door joists, etc.
Several types of AHSS have been given attention to since the 1970s. Dual-phase
(DP) steels were the first AHSS presented. In addition to the desired properties
regarding strength and ductility, only a simple thermomechanical treatment is nec-
essary to create DP steels. Other advanced high-strength steels exist today, such as
transformation-induced plasticity (TRIP) and twinning-induced plasticity (TWIP)
steels, which have superior ductility without the expense of reduction of strength
compared to DP steels. However, disadvantages such as more complex thermome-
chanical treatment, welding and casting issues limit the use of such AHSS, and DP
steels are often preferable (Fonstein 2015).

DP steels have a microstructure that mainly consists of two phases, where marten-
site islands are randomly distributed in a ferrite matrix. The ferrite phase is soft,
ensuring early yield and great ductility, while the martensite phase is brittle and
contributes with high strength. Several grades of DP steel exists today and the

1



2 CHAPTER 1. INTRODUCTION

most familiar types are DP500, DP600, DP800 and DP1000. The number indicates
ultimate tensile strength of the DP steel, and the ductility decreases with the in-
crease of the ultimate tensile strength. Furthermore, the DP steels are known for
their continuous yield, low yield to ultimate tensile strength ratio, and high initial
work-hardening rate (Tasan et al. 2015). These characteristics ensure distribution
of the plastic deformation, which is important when considering the energy absorp-
tion during crash situations.

Important parameters that affect the properties of DP steels are the martensite
volume fraction, distribution of martensite islands, carbon content, ferrite and
martensite grain size and shape. The investigation of how these parameters affect
the properties of DP steels is extensive (e.g. Abid et al. (2017), Bag et al. (1999),
Jiang et al. (1995), Pierman et al. (2014)). Significant progress has been accom-
plished the last decades due to systematic investigation of the parameters, but
also the development of the experimental and the numerical methods are impor-
tant factors for these achievements. For instance, micromechanical finite element
(FE) simulations and representative volume elements (RVE) are frequently used to
model the microstructure. An RVE is a material volume that has the general char-
acteristics of the whole microstructure, but is small enough to be computationally
efficient. This progress has made it possible to study how the phases interact with
each other. Moreover, it is possible to obtain new information about the stress
fields and how the energy distributes in the microstructure, which increase the un-
derstanding of yielding, work-hardening, and fracture in DP steels.

It is a desire that numerical simulations could eventually be used instead of ex-
perimental studies, since laboratory tests are costly to carry out. For instance, the
number of tests a new car goes through before it is approved can be greatly reduced
if the corresponding numerical simulations are sufficiently accurate. However, it is
a challenge to capture the complex material behaviour in the material model used
in the simulations. An appealing approach may be to use the micromechanical FE
simulations as a basis. The micromechanical FE simulations are too computation-
ally expensive to directly be used in large scale simulations. However, the plasticity
and fracture behaviour from the micromechanical FE simulations may be used in
the large scale material models (Kouznetsova 2002).

The objective of this thesis is to use micromechancical FE simulations to study
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how yielding, work-hardening, and ductile fracture are influenced by the marten-
site volume fraction and distribution in DP steels. Laboratory tests are conducted
to investigate the Bauschinger effect as a function of martensite volume fraction in
DP steels by using a specially designed anti-buckling device. Material models are
established for DP steels with different martensite volume fraction based on the
plasticity and fracture experienced in experimental work and micromechanical FE
simulations. An overview is presented in the following.

In Chapter 2, a brief overview of the state of the art of the topic is given. The
microstructure, the mechanical behaviour, and the microstructure-based modelling
and simulation of DP steels are covered. The objective is to give an introduction
to DP steels and present some of the latest, most relevant research done in this
field relevant to this study.

All of the methods that are used are presented in Chapter 3. The three differ-
ent experiments used in this study are introduced. The cyclic load tests conducted
in this study are presented in detail, while only a brief overview of the uniaxial
tension and central hole experiments conducted in advance of this study is given.
The post-processing of the experimental data and the different numerical models
used then follow. The construction of the RVEs is described in detail such that it
should be possible to repeat the study.

The results and discussion from the cyclic load laboratory tests are presented in
Chapter 4. An evaluation of the anti-buckling device is first presented before the
findings regarding how the martensite volume fraction influences the Bauschinger
effect in DP steels are addressed. Similar chapters for the uniaxial tension and
central hole experiments are omitted since they were conducted in advance of this
study.

The contents in the following chapters cover the establishment of the microme-
chanical FE framework for plasticity and fracture of DP steels and are presented in
Figure 1.1, where the numbers signify the chapters where the corresponding step is
covered. Chapter 5 contains preliminary sensitivity studies and addresses the issue
of volumetric locking. The numerical study of yielding, work-hardening and ductile
fracture of DP steels is presented in Chapter 6. Yielding and work-hardening of
DP steels in uniaxial tension are considered in Section 6.1, where the behaviour of
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different RVEs are examined with focus on the role of martensite volume fraction
and its distribution. Section 6.2 and 6.3 consider yielding in different stress states
(iso-curves) and the kinematic hardening obtained by using the different RVEs,
respectively. In Section 6.4, fracture in the DP steel is considered. Here, the ob-
jective is to investigate the fracture mechanics in the RVEs. Lastly, in Chapter
7 a micro-macro homogenization procedure is presented, where the behaviour of
the highly heterogeneous microstructure of DP steels is homogenized. The Gurson
model is utilized to represent the void evolution where both initial voids and void
nucleation are studied. A homogenization process is established in order to use the
micromechanical results in large scale simulations.

❼

❻❻

❻

❻

Figure 1.1: An overview of the micromechanical FE modelling conducted in this thesis.
The idealized RVEs are the basis. Yielding and work-hardening of the RVEs are presented
in Section 6.1. The RVEs are used to obtain iso-curves for yielding, to investigate kine-
matic hardening, and to consider ductile fracture in Section 6.2, 6.3 and 6.4, respectively.
Then, material models for the DP steels are calibrated by conducting a homogenization
procedure in Chapter 7.



2 State of the Art

A literature review covering the microstructure, the mechanical behaviour and
microstructure-based modelling and simulation of DP steels is presented in this
chapter. It includes basic theory on DP steels in addition to an overview of the
state of the art research. Since the research of DP steels is extensive and the
objective of this literature review is to provide an overview, only a limited number
of references are included.

2.1 Microstructure of DP Steels

DP steels have a two-phase microstructure, where the strength comes from the
hard martensite phase, which is dispersed in a soft ferrite matrix. Figure 2.1
shows typical microstructures of DP steel of different quality and martensite vol-
ume fraction, where the ferrite and the martensite are the dark and the light parts,
respectively. Typically, the martensite volume fraction, Vm, varies between 10 and
50% in DP steels. A DP steel microstructure could be obtained by a simple ther-
momechanical treatment, as shown in Figure 2.2. In this case, a ferrite-pearlite
(α + Fe3C) microstructure is heated to an intercritical annealing temperature (a
temperature between A1 and A3 in Figure 2.2), where a ferrite-austenite (α + γ)
microstructure appears. The temperature is held constant for a few minutes be-
fore the microstructure is quenched below the martensite start temperature (Ms).
Then, the austenite transformes to martensite, α′, and the ferrite-martensite mi-
crostructure is obtained.

In addition, small amounts of pearlite, bainite and austenite may be present in the
microstructure depending on the heating process. The obtained ferrite-martensite
microstructure can be controlled by changing the intercritical annealing tempera-
ture, heating rate to this temperature and the cooling rate. According to Mazinani
& Poole (2007), the martensite volume fraction and the size of the martensite is-
lands increase with the intercritical annealing temperature. Further, it was stated
that the morphology changed when the heating rate to this intercritical annealing
temperature was increased. Equiaxed and elongated martensite islands were ob-

5



6 CHAPTER 2. STATE OF THE ART

tained when low and high heating rates to this temperature were used, respectively.
Additionally, a high cooling rate is necessary in order to transform all the austenite
into martensite.

Figure 2.1: Microstructure of Docol 500DP, 600DP, 800DP and 1000DP. The ferrite
phase is dark, while martensite phase is light.

Alloying elements are introduced to improve the properties of DP steels. The most
important is carbon, which increases both the yield stress and ultimate tension
stress. The amount of carbon in DP steels is often in the range of 0.06-0.15-wt%.
About 1.3-3% manganese is included in DP steel to obtain solid-solution strength-
ening in the ferrite. Other elements that can occur in DP steels are chromium
and molybdenum to hold back the formation of pearlite; silicon to facilitate the
ferrite transformation; and vanadium and niobium for microstructure refinement
and precipitation strengthening (Tasan et al. 2015).
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Figure 2.2: How to obtain a typical ferrite-martensite microstructure. The left figure
shows a schematic phase diagram for steel. The right figure shows a thermal treatment
(Landron 2011).

2.2 Mechanical Behaviour of DP Steels

The mechanical behaviour of DP steels depends on the properties of the soft ferrite
phase and the hard martensite phase. In addition to its composition, the behaviour
of the ferrite phase depends on the grain size. It is reported by Jiang et al. (1995)
that the effect of ferrite grain size in DP steels follows the Hall-Petch relation.
Meaning, both the yield stress and ultimate tensile strength of DP steels are in-
versely proportional to the ferrite grain size. The influence of carbon content on the
martensite strength is frequently investigated in the literature. An experimental
study was conducted by Pierman et al. (2014). The study showed that the yield
stress of the martensite phase was independent of the martensite carbon content,
while the ultimate tensile strength increased. However, it is often assumed linear
relationships between both the yield stress and ultimate tensile strength and the
carbon content as a simplification (Byun & Kim 1993, Concepcion et al. 2015,
Leslie 1981).

The mechanical behaviour of DP steels does not only depend on the properties
of the ferrite and martensite itself, but the morphology and their volume fraction
are also key microstructural characteristics. In general, it is established that the
martensite volume fraction increases the ultimate tensile strength and decreases the
ductility of the DP steel (Byun & Kim 1993, Davies 1978, Peng-Heng & Preban
1985, Pierman et al. 2014). Furthermore, Bag et al. (1999) investigated the influ-
ence of martensite volume fraction in an experimental study. It was reported that
the strength of the DP steel increased with the martensite volume fraction up to
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55%, where a further increase of martensite volume fraction reduced the strength.
Several experimental studies have investigated the influence of martensite morphol-
ogy. It is reported that elongated martensite phases are beneficial for strength and
ductility compared to equiaxed martensite particles, since the martensite particles
to a greater extent constrain the plastic flow in the ferrite phase (Abid et al. 2017,
Adamczyk & Grajcar 2007, Pierman et al. 2014).

As previously mentioned, the continuous yield of DP steels is a beneficial prop-
erty. It is caused by the volume expansion that occurs during austenite to marten-
site transformation. Martensite has a body centred cubic (BCC) or a body cen-
tred tetragonal (BCT) crystal structure while austenite has a face centred cubic
(FCC) crystal structure. This expansion causes residual stresses in the microstruc-
ture to occur, which leads to geometrically necessary dislocations at the ferrite-
martensite interfaces. The number of dislocations increases with the volume frac-
tion of martensite and leads to an increasingly smooth flow curve. This is the
reason for why the stress-strain curves of DP steels do not have the characteris-
tic yield point elongation of conventional steels, but rather a continuous yielding
(Amirmaleki et al. 2016, Kadkhodapour et al. 2011). Furthermore, the yield sur-
face of DP steels has been investigated in the literature. Hou et al. (2019) described
the evolution of yield behaviour for DP590, DP780 and DP980 experimentally. It
was stated that an anisotropic yield criterion and a non-associated flow rule were
necessary to accurately describe the behaviour.

Cyclic loading is frequently investigated in order to determine the Bauschinger
effect in a material. The Bauschinger effect is recognized as early yield after load
reversal, and it has several contributions. For instance, the Bauschinger effect may
appear in polycrystalline materials due to a so-called Masing effect. The orienta-
tion of the polycrystals causes yield to not occur simultaneously in every grain,
and the amount of plastic flow in the different crystals varies. This gives rise to
residual stresses in the material, which contributes to the Bauschinger effect when
the load is reversed. It is also reported that the Bauschinger effect could appear
in single crystals (Kocks & Mecking 2003, Milligan et al. 1966). Regarding the
Bauschinger effect in DP steels, a compression-tension load experimental study
was conducted by Yoshida et al. (2002), which revealed that DP590 exhibited a
Bauschinger effect. Another experimental study conducted by Erdogan & Priest-
ner (2002) investigated the effect of martensite content and prestrain (the strain
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before load reversal) on the Bauschinger effect in DP steels. A lower Bauschinger
effect with 18% martensite volume fraction than with 25% was reported. Addi-
tionally, it was found that whether the load started in tension or compression had
no influence on the Bauschinger effect, and that the Bauschinger effect increased
when the prestrain increased from 0.4% to 2.2%.

The DP steels fracture in a ductile manner, and the fracture mechanism is charac-
terized by nucleation, growth and coalescence of voids. According to Paul (2013),
fracture in DP steels is caused by the incompatible deformation between the two
phases. The strain in the soft ferrite localizes close to the hard martensite par-
ticles where the voids nucleate either by martensite particle cracking or ferrite-
martensite decohesion. Generally, particle cracking dominates when the material
matrix is hard, while decohesion of the particle-matrix interface often occurs in
materials with softer matrix. Ahmad et al. (2000) found that for DP steels where
the martensite volume fraction is low, decohesion is the primary mode, while for
higher martensite volume fractions, the martensite particle cracking is the main
mode. The void evolution continues with void growth as the plastic strain in-
creases, where the stress triaxiality and the Lode parameter have been shown to be
important parameters. The stress triaxiality is the ratio between the hydrostatic
stress and the von Mises equivalent stress, while the Lode parameter describes the
deviatoric stress state. The plastic strain to failure decreases when the stress triax-
iality and Lode parameter increases and decreases, respectively (Dunand & Mohr
2014, Gruben et al. 2013, Hancock & Mackenzie 1976, Hopperstad et al. 2003).
Lastly, the growing voids coalesce, which accelerates the void evolution, and could
be considered as a precursor for failure (Garrison & Moody 1987).

2.3 Microstructure-Based Modelling of DP Steels

When modelling DP steels, special attention should be given to the microstruc-
ture. This is important because the behaviour of DP steels depends heavily on the
microstructure. As a result of this, a micromechanical modelling technique called
the representative volume element (RVE) method is often used when modelling
DP steels. An RVE is a small representative volume of the microstructure of a
multi-phase material in which the different phases are modelled with their respec-
tive characteristics such as volume fraction, morphology and plasticity. It could
be considered as a volume large enough to represent the macroscopic properties of
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interest, but small enough to be computational efficient. Through RVE modelling,
the general characteristics of the entire microstructure of the material should be
described properly (Thomser et al. 2009, Uthaisangsuk et al. 2011).

The RVE method facilitates a clear connection between the microscopic proper-
ties, such as chemical composition, volume fraction, morphology and grain size,
and the macroscopic properties, such as Young’s modulus, yield stress, hardening
and Bauschinger effect (Tasan et al. 2015). This allows for streamlined paramet-
ric studies of the micromechanical effects of the microstructure. Micromechanical
modelling using the RVE method can be summarized in four steps; defining the
RVE, defining mechanical behaviour of each material phase, application of bound-
ary conditions and simulation of deformation, and homogenization (Amirmaleki
et al. 2016). There are many ways of executing these steps, and methods based
on newer works are presented below. In addition, methods of microstructure-based
modelling of fracture are proposed.

In general, there are two different methods of representing the RVE. The first
method generates RVEs based on the microstructure observed by use of microscopy.
By use of this, the phase fraction and distribution of martensite and ferrite can be
described properly in the RVEs. Because two dimensional (2D) modelling requires
less computational power than three dimensional (3D) modelling, a considerable
amount of research has been devoted to 2D RVEs (Amirmaleki et al. 2016, Ra-
mazani, Schwedt, Aretz, Prahl & Bleck 2013). However, it is reported that 3D
modelling is more accurate as the 2D RVEs underestimated the flow curves (Ra-
mazani, Mukherjee, Quade, Prahl & Bleck 2013, Uthaisangsuk et al. 2011). For
3D RVEs, an effective approach is to model the DP steel as a matrix of the ferrite
phase with a distribution of inclusions of the martensite phase (Mori & Tanaka
1973). Here, the 3D RVE is generated based on the average microstructure of the
phase map from scanning electron microscopy (SEM) (Ramazani et al. 2012, Saai
2019). Amirmaleki et al. (2016) did this to generate 3D RVEs. The 3D RVEs
resembled the actual microstructure in terms of martensite morphology in a sta-
tistical sense, and resulted in an accurate model. This method can, however, lead
to large RVEs if the microstructure is highly irregular. Examples of RVEs based
on real microstructure are shown in Figure 2.3 and 2.4 for a 2D and a 3D RVE,
respectively.
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Figure 2.3: 2D RVE based
on real microstructure ob-
tained from scanning elec-
tron microscopy (Uthaisang-
suk et al. 2011).

Figure 2.4: 3D RVE based
on real microstructure (Ra-
mazani, Mukherjee, Quade,
Prahl & Bleck 2013).

Figure 2.5: Example of
an idealized 3D RVE with
only one martensite parti-
cle. Such an approach is
used herein.

The second method is defining the smallest RVE where the macroscopic properties
can be represented. These RVEs are in general smaller than those created through
statistical representation (Kouznetsova 2002). This method allows for simplistic
and idealized RVEs that are less computationally demanding, like the one shown
in Figure 2.5.

The second step when using RVEs is to define the phase characteristics, where
it is often assumed that the plasticity of the two phases can be modelled sepa-
rately. To model the plasticity of both phases in the DP steels, dislocation based
modelling is often used as it takes into account the intra-phase micromechanical at-
tributes. A commonly used dislocation based model for defining the flow behaviour
of both phases was developed by Rodriguez & Gutiérrez (2003). They defined the
flow stress of the single phase, σ, as a function of equivalent plastic strain, p, as

σ = σ0 + ∆σc + α ·M · µ ·
√
b ·

√
1− exp(−Mkrp)

kr · L
(2.1)

where σ0 takes lattice friction based upon chemical composition into account (Buessler
1999). Added strength from precipitations and carbon in the solution is included
through ∆σc. Additionally, α is a constant, M is the Taylor factor, µ is the shear
modulus and b is Burgers vector. The recovery rate, kr, and the dislocation mean
free path, L, are also included (Bergström 1970). The final term constitutes the
work-hardening in the material.
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In the third step when using an RVE, boundary conditions are applied. Bound-
ary conditions are important as they impose the constraints that allow the RVEs
to be compatible with themselves. There are two different boundary conditions
commonly used; namely homogeneous and periodic boundary conditions. Homo-
geneous boundary conditions ensures either no displacements or no slope at the
boundary (Chang 2015). Periodic boundary conditions allow the RVE to have an
arbitrary deformation on the boundary, but constrain the boundary to allow for
an arrangement of periodic RVEs. This is done by constraining the displacements
of the nodes on the boundary to be compatible with the displacements of the cor-
responding nodes on the opposite boundary. This is shown in Figure 2.6 with the
pairs of equivalent edges A-B, C-D and E-F. When the RVEs are stacked peri-
odically, equivalent nodes from two neighbouring RVEs will move in unison and
the boundary between the RVEs will coincide (Nygårds & Gudmundson 2002).
Ramazani et al. (2012) showed the influence of choosing either homogeneous or pe-
riodic boundary conditions. For both boundary conditions, the solution converged
when the size of the RVE and the number of martensite islands increased. Further,
it was shown a slower convergence and overestimation of the stress-strain curve
when homogeneous boundary condition was used compared to periodic boundary
condition.

Figure 2.6: An RVE with three pairs of equivalent edges; A-B, C-D and E-F, where the
ends of the edges are marked by circles (Nygårds & Gudmundson 2002).

To apply loading to the RVE, Nygårds & Gudmundson (2002) proposed the use of
dummy nodes. These dummy nodes have degrees of freedom that corresponds to
the average strains, εij , obtained at the macroscopic level. The dummy nodes are
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then coupled with the nodal degrees of freedom at the boundaries. The coupling is
done through the Equation (2.2), where α and β are equivalent nodes as explained
above, while ui is the displacement vector and xj is the position vector. The same
nodes that are used to impose the displacement are also used to extract the average
stresses through reaction forces.

uβi − u
α
i = εij(xβj − xαj ). (2.2)

The final step in the micromechanical modelling is the homogenization strategy.
This step relates the micro-scale behaviour of the RVEs to the macro-scale be-
haviour of the material. The main difference between the micro-scale and macro-
scale is that in the macro-scale, the material can be assumed homogeneous, but in
the micro-scale it is highly heterogeneous. Thus, the non-uniform stress and strain
fields in micro-scale are averaged in order to obtain uniform stress and strain in
macro-scale. The first-order homogenization procedure could be used to include
micromechanical modelling into large scale simulations, and it can be broken down
into the three following steps.

The first step is to calculate the deformation at every macroscopic integration
point. This deformation is used to impose boundary conditions on the RVEs at
micro-scale. The next step is to solve the boundary value problems at the micro-
scale by using the corresponding RVE at that material point. In the final step, the
solution to the boundary value problem is used to calculate the macroscopic aver-
age stresses as explained earlier. Figure 2.7 illustrates these three steps. Through
this homogenization procedure, the stress-strain relation on the macro-scale is ob-
tained (Kouznetsova 2002). This homogenization procedure is computationally
heavy, especially for 3D RVEs. Therefore, it may be beneficial to use the micro-
scale modelling only to calibrate the characteristics of a homogeneous material
model to be used at the macro-scale.
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Figure 2.7: First-order computational homogenization procedure (Kouznetsova 2002).

Several numerical studies have been conducted with an RVE to investigate fracture
in DP steel. In the following, an introduction of some often used approaches based
on an RVE are presented. However, only details regarding the Gurson model are
given. It is frequently stated in the literature that strain localization caused by the
incompatible deformation between the ferrite and martensite phase could be con-
sidered as a precursor to failure. Thus, the influence of stress state on the failure
mode and ductility in DP steels has been investigated by considering the plastic
strain localization in an RVE (Paul 2013, Sun et al. 2009). Both the failure mode
and ductility were found to depend on the stress state.

Other numerical studies introduce damage models in the different phases in order
to reproduce the reported failure mechanisms. For instance, the Gurson-Tvergaard-
Needleman porous plasticity model introduces material softening in the RVE, while
cohesive zone modelling could be used to control the ferrite-martensite decohe-
sion or martensite particle cracking. In combination with a cohesive zone model,
Uthaisangsuk et al. (2009) used the Gurson-Tvergaard-Needleman model to esti-
mate the void evolution in the ferrite matrix and to describe the ferrite-martensite
decohesion. West et al. (2012) used the Gurson-Tvergaard-Needleman model to
calibrate a damage model for DP steels. Ramazani, Schwedt, Aretz, Prahl & Bleck
(2013) used cohesive zone modelling in the martensite phase to represent the ob-
served martensite cracking for a DP steel with 46% martensite volume fraction.
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As indicated above, porous plasticity models could be used to represent the effect
of void evolution in a material. In such cases, the work-hardening of the material
matrix is countered by the material softening due to void growth. Porous plasticity
models are called coupled damage models since they introduce damage into the
constitutive relations. An example is the Gurson model, where the void volume
fraction, f = Vf

Vf +VM
, is added to the yield criterion. Vf and VM are the total

volume of voids and matrix material, respectively. It was first proposed by Gurson
(1977), but it was later modified by Chu & Needleman (1980), Tvergaard (1981)
and Tvergaard (1982) in order to take void nucleation and coalescence into account.
The yield criterion, Φ, is shown in Equation (2.3) and is known as the Gurson-
Tvergaard-Needleman (GTN) model. Several other extensions of the Gurson model
have been published to improve the performance of the model in other stress states.
For instance, Madou & Leblond (2012) extended the Gurson model to improve
the performance at low stress triaxialities. However, the extensions increase the
complexity of the yield criterion and are not discussed herein.

Φ =
(σVMeq
σM

)2
+ 2q1f

∗cosh
(3

2q2
σH
σM

)
− 1− q3f

∗2 ≤ 0. (2.3)

The damage parameters q1, q2 and q3 in Equation (2.3) were introduced by Tver-
gaard, and q1 = 1.5, q2 = 1.0 and q3 = q1

2 were proposed as standard values for
metals. σVMeq and σH are the macroscopic von Mises equivalent stress and hydro-
static stress, while σM is the flow stress of the matrix material. The effective void
volume fraction, f∗, includes the decrease of load-carrying capacity associated with
void volume fraction and void coalescence, and is explained when Equation (2.8)
is presented. The void evolution, ḟ , in the GTN model is described by

ḟ = ḟn + ḟg. (2.4)

The former term, ḟn, denotes the void evolution caused by nucleation of voids and
the latter, ḟg, represents the void growth and is described by

ḟg = (1− f)ε̇pv, (2.5)

where ε̇pv = V̇f

V is the plastic volumetric strain rate. The nucleation could either
be stress- or strain-driven. However, only a strain-driven nucleation is available in
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Abaqus (ABAQUS 2019), and is described as

ḟn = A(εpM )ε̇pM , (2.6)

where εpM is the plastic strain of the matrix material and

A(εpM ) = fN

sN
√

2π
exp

[
− 1

2

(εpM − εN
sN

)2
]
. (2.7)

Evidently, Equation (2.7) is a normal distribution with the three statistical param-
eters fN , sN , and εN , which are the volume fraction of void-nucleating particles,
the associated standard deviation and expected plastic strain at nucleation, respec-
tively.

Void coalescence is accounted for in the GTN model by the effective void vol-
ume fraction, f∗. The void evolution is accelerated beyond a critical void volume
fraction, fc, and all stress carrying capacity is lost when the void volume fraction
at fracture, fF , is reached. f∗ is defined as

f∗ =


f if f ≤ fc
fc + (f̄F−fc)

fF−fc
(f − fc) if fc < f < fF , f̄F = q1+

√
q2

1−q3
q3

f̄F if f ≥ fF .

(2.8)

Throughout this study, it is varied whether or not the void nucelation and void
coalescence are included in the model. Thus, the model is not called GTN model
herein, but consequently denoted as the Gurson model.



3 Methods

Both experimental and numerical methods used in this study are described in this
chapter. The experimental methods are presented first. Then follow the numeri-
cal methods, focusing on the plasticity and fracture of DP steels. The numerical
methods section is composed of the use of different representative volume elements.
Which representative volume elements that were used and how they were estab-
lished are presented first. The application of them follows where yielding, work-
hardening, fracture and micro-macro transition are the main topics. The same
sequence of topics is maintained throughout the thesis.

3.1 Experiments

In this study, experimental data from uniaxial tension tests (UT), central hole tests
(CH), and cyclic load tension-compression tests were used. The two former tests
were conducted in advance of this study by the research group SIMLab (SIMLab
2020), and the data were supplied by Postdoctoral Researcher Maria Jesus Perez
Martin. It is emphasized that these experiments were not conducted by the authors
of this study, and few details regarding these test procedures are given. The cyclic
load tension-compression tests were conducted in this study, and of that reason, a
more detailed description of the procedure follows. That being said, except for the
anti-buckling device used in the cyclic load tests, the steps in the different tests
resemble each other. Meaning, the details presented below are to a great extent
also applicable for the uniaxial tension tests and the central hole tests. The shape
of the specimens are shown in Figure 3.1.

The cyclic load laboratory tests were conducted in order to investigate the ef-
fect of load reversal in DP steels, where the influence of martensite volume fraction
on the Bauschinger effect was of particular interest. The DP steels tested were
Docol 500DP, 600DP, 800DP and 1000DP. The shape of the specimens is shown in
Figure 3.1 to the right. It was chosen to obtain uniformly distributed strains over
the gauge length without experiencing buckling during compression. In general,
the specimens were loaded both in tension and compression during the tests, and
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a specially designed anti-buckling device was utilized to prevent buckling during
compression. The anti-buckling device was similar to the one used by Marcadet &
Mohr (2015), and is depicted in Figure 3.2. The device consisted of three plates,
six springs and six bolts, and the specimens and the spacers were clamped by use
of high pressure grips.

Figure 3.1: Drawing of the specimens used in the uniaxial tension tests (left), central
hole tests (middle), and the cyclic load tests (right).

Figure 3.2: Drawing of the anti-buckling device (Marcadet & Mohr 2015).

As Figure 3.2 shows, the plates and the springs provided pressure in the slender
part of the specimens. To be consistent with Marcadet & Mohr (2015), the de-
sired transverse pressure for Docol 800DP was 3 MPa. Linear interpolation gave
the desired transverse pressures for the other steel qualities, which were 3.75 MPa,
2.25 MPa and 1.88 MPa for Docol 1000DP, 600DP and 500DP, respectively. In
the experiments however, the transverse pressure was limited by the length of the
threaded part of the bolts. The applied transverse pressure was 2.47 MPa for all
steels except for Docol 500DP, where the applied pressure was 1.75 MPa. Fur-
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thermore, the plates were provided with an opening in the centre. This was due
to the desire to utilize Digital Image Correlation (DIC) to accurately capture the
displacement in the gauge area. Teflon tape was used on the two plates in contact
with the specimens to lower the friction.

Prior to testing, the area of the specimens in the gauge length was measured with
a micrometer with an accuracy of ±0.01 mm. The width of all specimens was
10.00mm. The thickness of Docol 500DP was 1.90mm, while for Docol 600DP,
800DP and 1000DP it was 1.02mm. Further, the specimens were sandpapered
in the clamped areas to create better grip, and they were washed with alcohol
to rinse away the rust on the surface. After the specimens were mounted in the
anti-buckling device they were painted with a black and white speckle pattern in
the opening to facilitate a 2D DIC. Pictures were taken with a frequency of 1Hz
by two high resolution cameras during testing. Both of them were located per-
pendicular to the plane of motion, where one of them captured the motion of the
whole specimen, while the other only captured the motion in the gauge area. The
cameras used were of type BASLER acA2440-75. Both on left and right side of
the cameras, lights were mounted in order to reduce the shadow in the gauge area
caused by the anti-buckling device.

The machine conducting the tests was an Instron 5985 with a 100 kN load cell.
The load cell measured applied force with a frequency equal to that of the cam-
eras. To achieve quasi-static loading conditions, the desired nominal strain rate in
each test was set to ε̇ = 5 · 10−41/s. Thus, the displacement rate of the tests was
v = 0.42 mm/min. Five specimens of each DP steel quality were at disposal. In
general, four load reversal tests were conducted for each DP steel quality, where the
magnitude of prescribed displacement varied. For these tests, two cycles of load
reversal were done. In the first three tests, the specimens were first compressed and
then stretched in tension, before the loading sequence was repeated. The fourth
test started in tension and was then compressed. The fifth specimen for Docol
500DP and 800DP was spent when the clamping system was calibrated. For Docol
600DP and 1000DP, the fifth specimen was loaded in tension until fracture with
the anti-buckling device detached.

The first test was conducted with a specimen of the Docol 800DP where the pre-
scribed displacement was −1 mm in compression and then stretched to 0.5 mm in
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tension. The applied torque on the bolts in the high pressure grips was 8 Nm, and
resulted in slipping. Further, the torque was through trial and error incrementally
increased to 32 Nm, where no slipping of the specimen was observed. The subse-
quent tests were successfully conducted with a torque of 32 Nm, and the loading
sequences are listed in Table 3.1. Except for Docol 800DP, two specimens of each
steel quality were at disposal after successfully completing the three first load re-
versal tests. The first experiment with load reversal, which started with tension
(Docol 500DP, RL4), failed because of slipping. From this point on, the torque on
the bolts was increased to 50 Nm. Further, one tension-compression load reversal
test of each steel quality was successfully completed. The two remaining specimens
were of type Docol 600DP and 1000DP, and were used to conduct pure tension
to fracture experiments without the anti-buckling device. This was done in order
to evaluate the effect of the anti-buckling device. Of 20 possible tests, 18 valid
experimental data sets were obtained from the experiments: Four data sets from
Docol 500DP and 800DP, and five data sets from Docol 600DP and 1000DP.

Table 3.1: Loading sequence of the different tests with respect to prescribed displace-
ment. As an example, -1 to 0.5 means that specimen first was loaded to -1mm in com-
pression then stretched to 0.5mm in tension.

Test Docol 500DP [mm] Docol 600DP [mm] Docol 800DP [mm] Docol 1000DP [mm]
RL1 -1 to 0.5 -0.8 to 0.4 Failed -0.8 to 0.4
RL2 -0.8 to 0.4 -0.6 to 0.3 -1 to 0.5 -0.6 to 0.3
RL3 -0.5 to 0.25 -0.4 to 0.2 -0.8 to 0.4 -0.4 to 0.2
RL4 Failed 2 to 0 -0.5 to 0.35 1.5 to 0
RL5 2 to 0 - 1.5 to 0 -
T1 - Tension to Fracture - Tension to Fracture

3.2 Post-Processing Experimental Data

DIC was used in order to obtain sufficient accuracy of the displacements within the
specimens for all the tests. It measures the displacement by tracing the movement
in the black and white speckle pattern. In this case, eCorr (Fagerholt et al. 2013,
Fagerholt 2019) has been used. The tracing was done by meshing the specimen in
the initial frame, where the specimen was not yet loaded. Having a finely meshed
grid allows for accurate representation of high displacement gradients, but it intro-
duces grey-value noise. On the other hand, a coarse mesh negates the grey-value
noise, but it is less accurate and it is unable to represent the same gradients as a
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fine mesh. Of this reason, both a coarse (50 x 50 pixels) and a fine mesh (25 x 25
pixels) were tested initially to ensure that the results of the analysis was not mesh
dependent. Resultingly, the fine mesh was used for every analysis.

Further, to minimize the effect of noise in grey-values, a vector over the gauge
length of the specimens was used to obtain the elongation of the specimens. When
possible, a vector with initial length of 11mm was chosen for the cyclic load spec-
imens. Both a global and a local extensometer were used when post-processing
the uniaxial tension tests and the central hole tests in order to capture both the
overall and localized behaviour. The global vector covered the whole gauge length
with a vector length of 20 mm. The local vector length was 2 mm and the vector
was located in the diffuse neck in the uniaxial tension tests and at one of the sides
of the central hole in the central hole tests. In the tests with the anti-buckling
device attached, a couple of restricting phenomena occurred occasionally. Firstly,
when the specimens were deformed to a certain extent, parts of the speckle-pattern
moved out of the well-lit zone. The second phenomenon was that the front plate
cast shadows in the semicircle parts of the window. These phenomena were cir-
cumvented by the use of a shorter vector, which should not have a consequential
effect on the overall accuracy.

Thus, the output from the DIC in this case was the engineering strain, εe, of
the defined vector. The corresponding engineering stress, σe, was obtained by use
of force, F , measurements from the testing machine and the initial measured area,
A0, of the specimens.

σe = F

A0
. (3.1)

In uniaxial tension and compression, the true stress, σt, and logarithmic strain, εl,
up to necking were obtained by use of the following equations.

σt = σe(1 + εe), εl = ln (1 + εe). (3.2)

Further, the plastic strain, εpl , was calculated by use of strain decomposition and
one dimensional (1D) Hooke’s law. E denotes the Young’s modulus.

εpl = εl −
σt
E
. (3.3)
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Engineering stress-strain, true stress-strain, and true stress vs. plastic strain curves
were created depending on the tests. All mathematical operations and plotting were
done by use of MatLab (MathWorks 2020).

In the cyclic load tests, the equivalent stress and plastic strain were used to eval-
uate the kinematic hardening. In uniaxial tension and compression the equivalent
stress was defined as σeq = |σt|. The equivalent plastic strain was obtained by
assuming associated flow rule and that it was work conjugate to the equivalent
stress. In uniaxial tension and compression, the increment of the equivalent plastic
strain then becomes dp = |dεpl |. In general, yield was defined to start at a plastic
strain of 0.2%. Because of a cyclic load, there were multiple points of onset of yield.
From the preceding point of load reversal, the next yield point was defined as the
point when the increase in equivalent plastic strain, p, equals 0.002. Knowing the
stresses at the yield points and the points of load reversal, the difference in stress
between load reversal and the following yield was found. This difference was used
to calculate a ratio that illustrates the magnitude of the Bauschinger effect. This
relation is denoted the r-ratio, and is calculated by

r = 2σA − (σA − σB)
2σA

= σA + σB
2σA

, (3.4)

where σA is the stress at load reversal and σB is the stress at yield after load
reversal, as shown in Figure 3.3.

Figure 3.3: Illustration of the Bauschinger effect, and the stresses σA and σB (Hopper-
stad & Børvik 2017).
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If there was no Bauschinger effect, σB would be equal in value but opposite sign
of σA. This would lead to an r-ratio of 0. On the contrary, if the material started
yielding at load reversal, σB would be almost equal to σA and the r-ratio would be
approaching 1. This demonstrates that the r-ratio is increasing with an increasing
Bauschinger effect and kinematic hardening. To compare the Bauschinger effect in
the different DP steels, the r-ratio was calculated between the first load reversal
and the subsequent yield for the load reversal tests displayed in Table 3.1.

3.3 The Idealized RVEs

The micromechanical FE modelling framework for plasticity and fracture of DP
steels established in this study is based on the RVE method presented in Chapter
2. Different RVEs were tested, and the micromechanical FE modelling framework
was consolidated by the modelling decisions that yielded the RVE that most ac-
curately resembled the DP steel behaviour. The RVEs used and how they were
created are presented in the following.

In this study, the martensitic islands were introduced with either cubical or spher-
ical shape, but only one shape per RVE. The martensitic islands were mainly
located in the centre of the RVEs, either as one cube or one sphere. In addition,
RVEs with the martensite divided between the centre and the corners were also
constructed. A 50% martensite distribution between the centre and corners was
primarily used in this study, but the effect of using other distributions was also
examined. Thus, four different RVEs were investigated during this study, and they
are shown in Figure 3.4 and 3.5 for Docol 500DP. Pictures of the RVEs with the
other steel qualities are presented in Appendix A.1 in Figure A.1.1 to A.1.8. It
is emphasized that none of them resembled the actual microstructure of the DP
steels. Thus, these RVEs were idealisations of the complex microstructure, and
they were used to find trends by changing parameters rather than to reproduce
the actual behaviour. Of that reason, the behaviour of these RVEs was also com-
pared with an RVE with a more realistic distribution of the martensite phase. This
RVE was not created by the authors of this study, and the comparison is assigned
its own section to clearly separate the results obtained by using the different RVEs.

The idealized RVEs were modelled by using the finite element code Abaqus/Standard
(ABAQUS 2019). Since the RVEs were symmetrical, only one eight of the RVEs
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was modelled. The RVEs were created as a 3D deformable solid, and the elements
used were the quadratic tetrahedron C3D10 elements. In general, the mesh size
used was approximately ten elements per side length of the symmetrical model.
This corresponded to roughly 7500 elements depending on the size and shape of
the martensite islands. For the idealized RVEs, homogeneous boundary conditions
were used, ensuring plane and perpendicular surfaces. The boundary conditions
were implemented by constraining all nodes on a surface to have the same displace-
ment in the direction of the surface normal as a master node on the same surface.
The master nodes chosen were the node in origin and the one on the diagonally
opposite side for the symmetrical and free surfaces, respectively. Furthermore, the
node in the origin was fixed.

Figure 3.4: Docol 500DP: Illustration of the RVEs with cubical martensite. Martensite
only in the centre to the left, while it is distributed both in the centre and the corners to
the right. The blue and red parts represent the martensite and ferrite, respectively.

Figure 3.5: Docol 500DP: Illustration of the RVEs with spherical martensite. Martensite
only in the centre to the left, while it is distributed both in the centre and the corners to
the right. The blue and red parts represent the martensite and ferrite, respectively.

Load was either applied to the RVEs as prescribed displacement or as surface trac-
tions. Prescribed displacement was used to obtain 1D stress states, while surface
tractions were applied to obtain different plane stress states. The reaction forces
used to find the average stresses in the RVE were extracted from the node in the
origin, which was the fixed point in the model. The displacements used to find
the average strains were extracted from the node on the diagonally opposite side
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of origin. Because homogeneous boundary conditions were used, Equation (2.2) as
Nygårds & Gudmundson (2002) presented was not needed to obtain the strains.
Thus, σe = F

A0
, σt = F

A , εe = L−L0
L0

, and εl = ln L
L0

were used to obtain engineering
and true stresses and strains, respectively. A and A0 are the current and initial
area, L and L0 are the current and initial side lengths, and F is the reaction force,
respectively.

It was assumed that the behaviour of the DP steels could be derived from the
behaviour of the two phases. An elasto-plastic material model was utilized for each
phase, and it was assumed that the von Mises yield criterion with isotropic hard-
ening and associated flow rule sufficed for both phases. The flow stress curves for
the ferrite, σf , and martensite, σm, were in this thesis given and assumed repre-
sentative, as they were calibrated by use of actual micromechanical parameters in
Equation (2.1). The flow stress curves for the different steel qualities are presented
in Figure 3.6. For each steel quality, the martensite phase flow curve is the higher
curve, while the ferrite phase curve is the lower one. The flow stress curves were
implemented in Abaqus by tabulating 200 equally spaced points from each curve.
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Figure 3.6: Flow stress curves for the different phases for the different steel qualities.
The martensite phase for the different steel qualities are the upper curve, while ferrite is
the lower.
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The following sections present the use of the idealized RVEs. The preliminary
studies are first presented, where the sensitivity and volume locking of the RVEs
are considered. Then follows the presentation of the numerical study on yielding,
work-hardening and ductile fracture of DP steels. Lastly, the calibration proce-
dure used to propose material models for DP steels applicable to large-scale FE
simulations is presented.

3.4 Preliminary Studies of the RVEs

3.4.1 Sensitivity Study

Before the idealized RVEs were used to produce results, the sensitivity of the
models was investigated. Meaning, the type of element, the number of elements,
and the length of the time increment used were varied. These sensitivity studies
were conducted by use of the RVE with spherical martensite in the centre, and the
load was uniaxial tension. Firstly, the mesh sensitivity was tested. The number
of elements tested was 288, 1078, 2413, 5614, 7446 and 10203. Further, the time
increment sensitivity in the simulations was checked. The time increment must be
small enough to capture yield points with sufficient accuracy. The time period of
the simulation was t = 1 s, and the time increments ∆t = 0.001 s, ∆t = 0.005 s,
∆t = 0.01 s, and ∆t = 0.05 s were tested. Elements shaped as both tetrahedron and
hexahedron were used to check element sensitivity, where C3D4, C3D10, C3D8R,
C3D8, C3D20R, and C3D20 were tested and the number of elements was held
constant.

3.4.2 Volumetric Locking

The elements chosen for the RVEs in this study were the quadratic tetrahedrons
C3D10. Quadratic tetrahedrons are versatile in their ability to construct different
geometries, which is a clear advantage when meshing the spherical sections in the
RVEs. The elements are, however, prone to volumetric locking, and they were stud-
ied for this effect in addition to being compared to other similar finite elements.
Volumetric locking could occur in fully integrated elements where the material is
almost incompressible (Dassault Systèmes 2014). Materials like steel, which have
a Poisson’s ratio ν of 0.3, do not exhibit volumetric locking in the elastic domain,
but it may occur in the plastic domain, where the slope of the stress-strain curve
flattens. An increase in strain in the plastic domain leads to a small change in
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stress, thus the increase of elastic strain is only a small part of the increase of total
strain. With the plastic strains dominating, the total deformation is thus almost
isochoric. When the behaviour approaches isochoric, the element may behave too
stiffly if spurious strains develop in the integration points.

To evaluate whether volumetric locking was occurring, the pressure in the inte-
gration points was checked. If the pressure is varying heavily from element to
element in a checkerboard pattern, volumetric locking arises. An element that can
alleviate the volumetric locking is the hybrid formulation of C3D10, namely the
C3D10H element. This element treats the pressure stress as an independent vari-
able coupled to the displacement solution, and thus removes the singular behaviour
that occurs when the bulk modulus diverges to infinity as a result of ν approaching
0.5 (Bell 2013). Volumetric locking was examined in a uniaxial tension simulation
both with and without the implementation of the Gurson model. As the material
softening due to void growth is governed by the pressure in the Gurson model, vol-
umetric locking could have a greater impact on the results. In addition to checking
whether a potential checkerboard pattern was alleviated by the hybrid elements,
true stress-strain curves were made to see what effect the hybrid elements had on
the overall performance of the RVEs.

3.5 Numerical Study of the DP Steels

A numerical study on yielding, work-hardening and ductile fracture of DP steels
was performed. The following presents the content of the study. How it was done
and which RVEs were used in the different parts are presented.

3.5.1 Yielding and Work-Hardening

To evaluate the RVEs capability of replicating the DP steels, a number of properties
were studied. Uniaxial tension was first considered to see how well yielding and
work-hardening of the four RVEs coincided with experimental data. The RVEs
were exposed to uniaxial tension by using prescribed displacement. The energy
distribution in the RVEs during this loading state was also considered, and strain
energy and plastic dissipation in the two phases were therefore obtained. With the
distribution of energy, it was possible to see how the engagement of the martensite
phase was affected by different distributions and shapes of the martensite islands.
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Acknowledging that the RVEs used in this study were simplified models, a more
advanced model was used in order to compare the effectiveness of the simplified
model. This advanced model was created by Saai (2019), and real microstructure
of Docol 500DP from scanning electron microscopy was taken into account when
distributing the martensite. In addition, periodic boundary conditions were im-
posed in this model. The model used a finer mesh with 62500 elements in order
to recreate the real microstructure in a statistical sense, and the elements used
were the linear hexahedron C3D8R. Figure 3.7 shows a picture of the RVE and the
distribution of the martensite phase.

Figure 3.7: Docol 500DP: Illustration of the RVE with a more realistic distribution
of the martensite phase. The blue and red parts represent the martensite and ferrite,
respectively.

The investigation of the more advanced model was done in order to evaluate the
RVEs used in this study. Both the computation time and the response in terms of
stress-strain curves for different stress states were considered. In addition, homoge-
neous boundary conditions, where the edges were kept straight and perpendicular,
were implemented in order to investigate the importance of the boundary condi-
tions.

3.5.2 Iso-Curves

Then yielding in the RVEs in different stress states was evaluated. The yielding
was found by loading the RVE to a point where the equivalent stress exceeded the
uniaxial yield stress. This was done in a variety of plane stress states to obtain a
yield surface, or more exactly, an iso-curve. An iso-curve resembles a yield surface.
To produce an iso-curve, the plastic dissipation per volume, Dp, for the different
stress states was considered. The plastic dissipation per volume was defined as
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all plastic dissipation, ALLPD, in the model divided by the current RVE volume.
In this project, uniaxial tension was used as a reference case to define the plastic
dissipation per volume at 0.1%, 0.2% and 0.5% plastic strain. For each stress state,
the instants when the plastic dissipation per volume was equal to the values from
uniaxial tension were found. The points on the iso-curves were then obtained by
extracting the corresponding stresses at these instants.

To get sufficiently fine iso-curves, 24 simulations were conducted for each RVE
where the ratio between the average stresses in the two loading directions, σ11 and
σ22, was varied. These simulations constituted four simulations in pure tension
and compression in the two main directions, seven simulations in the first and
third quadrant with ratios between σ11 and σ22 of 1, 0.25, 0.5 and 0.75 and their
inverses, and three simulations in the second and fourth quadrant with ratios of
-0.5, -1 and -2. The loads applied in these simulations were surface tractions acting
over whole sides with magnitudes that caused the equivalent stress to exceed the
yield stress.

Iso-curves were provided for all four steel qualities when using the RVEs with
martensite phase only located in the centre. Regarding the two RVEs with marten-
site phase both in the centre and the corners, it was assumed sufficient to only
provide iso-curves for two different steel qualities for each RVE in order to no-
tice the effect. Docol 500DP and 1000DP were chosen for the RVE with spherical
martensite since the martensite volume fraction was the smallest and largest for
these steel qualities, respectively. For the RVE with cubical martensite, having
a martensite volume fraction greater than 0.25 led to overlapping of the marten-
site phases. Therefore, iso-curves for Docol 800DP instead of Docol 1000DP were
created when using the RVE with cubical martensite.

3.5.3 Kinematic Hardening

The third property evaluated was the amount of kinematic hardening in the RVEs.
The RVEs were exposed to the same loading cycles as the specimens in the labo-
ratory tests. Because it was the first yield after load reversal that was of interest,
it was enough to simulate only one load cycle. In the load reversal simulations, the
RVEs were loaded by prescribed displacement to be able to get the same strains as
in the experiments. In terms of the r-ratio, the post-processing of the simulations
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was similar to that of the experiments, as explained previously.

Further, it was investigated numerically how the martensite volume fraction af-
fected the Bauschinger effect. Simulations of the RVEs with the martensite concen-
trated in the centre with material data from Docol 500DP and varying martensite
volume fraction were conducted. The volume fraction was varied between 0-100%
to give information on how the Bauschinger effect varied over the whole domain.
In the RVE with spherical martensite in the centre, the volume fraction can only
reach 52% before the diameter of the sphere exceeds the length of the unit cell.
Therefore, the martensite and ferrite phases switched sections at 50% volume frac-
tion, so that for a volume fraction over 50% it was effectively the ferrite that was
in the shape of a sphere. It was not evaluated how the Bauschinger effect varied
with martensite volume fraction for the RVEs with martensite both in the centre
and the corners. This was because of the restrictions in the geometry. For the
RVE with cubical martensite, the martensite volume fraction cannot exceed 25%,
but from 75% it can be modelled if the two phases changes places. The same holds
for the RVEs with spheres. Here the geometry has a limit at 68%. By altering the
RVEs in this manner, they are not comparable to the ones that have the phases in
their respective places.

3.5.4 Fracture

The numerical study on ductile fracture of DP steels was limited to only consider
the idealized RVE with cubical martensite in the centre and uniaxial tension. The
ductile fracture was investigated by introducing the Gurson model described in
Chapter 2. The objective of the fracture study was to investigate whether or not
the reported void nucleation, growth and coalescence in DP steels could be cap-
tured by the idealized RVE. This was done by first considering the influence of the
parameters included into the Gurson model, before the obtained fracture mecha-
nisms in the idealized RVE were investigated.

To investigate fracture in the RVE, the previously described Abaqus model (Section
3.3) was adjusted through the following steps. To represent the evolution of voids,
the Gurson model was used to model the ferrite behaviour. The values for q1, q2 and
q3 in Equation (2.3) were set to 1.5, 1.0 and 2.25, respectively. These are standard
values for metals in most cases, and were assumed sufficient. Thus, they were kept
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constant throughout this study. It was chosen to use Abaqus/Explicit because it
allowed for element erosion, and the elements used were of type C3D10M. Element
erosion was implemented as a porous failure criterion in the ferrite material model,
in which the critical void volume fraction, fc, and void volume fraction at total
failure, fF , were the parameters. These parameters were kept constant in order to
reduce the number of adjustable parameters. The fixed values were 0.02 and 0.2
for fc and fF , respectively. Note that the void nucleation feature was not included
in this fracture study. The time period chosen was t = 0.001 s and prescribed ve-
locity in one direction was applied to establish uniaxial tension. The magnitude
of the velocity was increased gradually from 0 to 1000mm/s in the first 10% of
the simulation. Since time scaling was utilised, it was checked that the kinetic en-
ergy was less than 1% of the internal energy in the energy balance of the simulation.

Thus, it was chosen to only vary the initial void volume fraction, f0, parameter
in this fracture study. Values in the range 10−2 to 10−4 of the f0-parameter were
tested. The engineering stress-strain curves were compared with those from the
uniaxial tension experiments. Topics of discussion are the influence of the Gurson
model parameters and the obtained fracture mechanisms.

3.6 Homogenization

The calibration procedure used to propose material models for DP steels is pre-
sented in the following. The objective was to obtain material models based on
the the central hole experiments and the idealized RVE with cubical martensite in
the centre. This was done by homogenizing the behaviour of the RVE. Meaning,
the yielding and work-hardening obtained in the idealized RVE were reproduced
by one single homogeneous element. The central hole experiments were used as a
reference case in order to determine when fracture should initiate. The calibration
procedure is called the micro-macro approach herein and it consists of five steps,
which are presented in the following. Figure 3.8 gives an overview of the approach
and examples of how the obtained parameters are used further in the approach.

The first step of the approach was to calibrate the plasticity parameters of the
material model for each steel quality. The calibration was based on the idealized
RVE with cubical martensite in the centre exposed to uniaxial tension. The mate-
rial model was fitted the true stress vs. plastic strain curve of the RVE (without
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using Gurson model) up to a plastic strain of unity for all steel qualities. The von
Mises equivalent stress was defined by an extended Voce hardening law in Equation
(3.5) where p is the equivalent plastic strain, σ0 is the yield stress, and (QRi,CRi)
are the hardening parameters. In this case, seven parameters were calibrated when
using three terms. The calibration was done using the Solver in Excel.

σeq = σ0 +
n∑
i=1

QRi(1− e−CRip). (3.5)

Figure 3.8: An overview of the micro-macro approach with examples of how the obtained
parameters are used further in the approach.

The next step in the approach was to conduct central hole tests both experimen-
tally and numerically for all the steel qualities. The central hole tests were used due
to more stable stress triaxiality and less scatter in the fracture strain for repeated
tests compared to the uniaxial tension tests. As previously mentioned, the central
hole tests were conducted in advance of this study. Numerically, one eight of the
central hole specimen was modelled in Abacus/Explicit. It was modelled as a 3D
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deformable solid with C3D8R elements. The material model was elasto-plastic with
the calibrated three-termed Voce law from the last step, and prescribed velocity
was applied as load. Figure 3.9 shows the symmetric numerical model used.

Figure 3.9: The symmetric numerical model used to simulate the central hole test. The
red dot marks the virtual extensometer node.

The aim of this step was to locate the critical element in the numerical model
and to obtain both the true stress-strain history and the stress triaxiality in that
critical element all the way to fracture. First, the engineering strain where the
specimen fractured experimentally, εef , was found. This engineering strain was
reproduced in the numerical model, and the corresponding increment was defined
as the increment when final fracture should occur. It is emphasized that the vir-
tual extensometer lengths used to calculate the engineering strain at failure both
experimentally and numerically were of equal length. The local extensometer with
length 2 mm was used in this case (the red dot in Figure 3.9). Then, the critical
element in the numerical model was defined as the element with the highest equiv-
alent plastic strain at final fracture. The true stress-strain curve, strain at final
fracture, εlf , and stress triaxiality, σ∗, for this element were extracted. The true
stress-strain curve was obtained by using the element stress and strain components
in the loading direction (x-direction in Figure 3.9).

The approach continued by considering the RVE, where the Gurson model was
implemented in the ferrite phase and the effect of void evolution was investigated
either by introducing initial void volume fraction or void nucleation. The applied
loading condition corresponded to the stress triaxiality found in the critical element.
It was assumed that an average stress triaxiality over strain, σ∗, was sufficient. The
true stress-strain curve from the RVE was compared to the one from the critical
element. In this step, the main focus was to initiate fracture in the RVE at the
fracture strain in the critical element. The initial void volume fraction, f0, pa-
rameter was varied in order to fit the fracture strain of the RVE to the fracture
strain in the critical element. Regarding void nucleation, only the expected plastic
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strain at nucleation, εN , was varied, while the associated standard deviation, SN ,
and void volume nucleation fraction, fN , were fixed with the values 0.05 and 0.01,
respectively. In order to apply the desired stress triaxiality and to pass limit points
in the stress-strain curve, surface tractions and the Riks-algorithm were used in
the numerical model of the RVE. Since the Riks-algorithm was available only in
Abaqus/Standard, the porous failure criterion was not applicable.

The next step in the approach was to include the Gurson model into the ho-
mogeneous material model. This was done by considering fracture in the single
homogeneous C3D8R element shown in Figure 3.10. For the single homogeneous
element, the average triaxiality from the critical element was applied, as done previ-
ously for the RVE. The aim was to obtain a reduction in the true stress-strain curve
around the fracture strain in the critical element. The initial void volume fraction
and void nucleation features were included separately into the Gurson model. The
Riks algorithm was utilized, and thus a porous failure criterion was not used.

As the final step, numerical simulations of the central hole tests were carried out.
In contrast to the numerical model described in the second step, only symmetry in
the thickness direction was utilized and the material model calibrated during this
approach was used. Figure 3.11 shows the numerical model where the nodes used
as virtual extensometer are marked with red dots. The accuracy of the engineer-
ing stress-strain curve from this simulation should to a larger extent resemble the
experimental data.

Figure 3.10: The single ho-
mogeneous element used to
simulate the critical element
in the central hole test.

Figure 3.11: The numerical model used
to simulate the central hole test in the final
step, where the red dots mark the virtual
extensometer nodes.



4 Experiments

The results and discussion from the cyclic load laboratory tests are presented in
the following. An evaluation of the anti-buckling device is first presented before the
findings on how the martensite volume fraction influences the Bauschinger effect
in DP steels are addressed.

The anti-buckling device has not been used before, and it should therefore be
checked that no additional effects, other than buckling resistance, was provided.
Figure 4.1 to 4.4 show the data obtained from the cyclic load experiments as true
stress-strain curves for the different steel qualities and the different loading se-
quences. Every figure contains three load reversal tests where the loading started
in compression and one load reversal test that started in tension. Both Figure 4.2
and 4.4 contain one curve where the specimen, without the anti-buckling device,
was stretched in tension until failure.
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Figure 4.1: Docol 500DP: True stress-
strain curves for the different loading se-
quences.
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Figure 4.2: Docol 600DP: True stress-
strain curves for the different loading se-
quences.

In addition to the experimental data obtained in this study, the true stress vs.
plastic strain curves from the uniaxial tension tests conducted with other speci-
mens were provided by the supervisors of this study. In Figure 4.5, the results
obtained by using the two different specimen geometries are plotted together. The
continuous lines represent the curves from this study, where the curves T1 and RL5

35
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up to the first load reversal were used. The dashed lines are the curves obtained
from the uniaxial tension experiments conducted prior to this study. In general,
the curves obtained in this study are shifted upwards.
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Figure 4.3: Docol 800DP: True stress-
strain curves for the different loading se-
quences.
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Figure 4.4: Docol 1000DP: True stress-
strain curves for the different loading se-
quences.
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Figure 4.5: Comparison of experimental results obtained by use of different specimens.
The continuous lines and the dashed lines represent the results from the cyclic load tests
and uniaxial tension tests, respectively.

By use of linear regression in MatLab it was found that the slope of the curves in
the elastic domain of Figure 4.1 to 4.4, both in the beginning and past the load
reversal points, was in the range of 170GPa-230GPa. The estimated values were
in the order of magnitude of the theoretical value of Young’s modulus for steel,
210GPa. The scatter in the estimates appeared because of the approach used.
Neither the laboratory tests nor the DIC measurements were appropriate to esti-
mate the Young’s modulus (Chen et al. 2016). Thus, the test results showed the



37

stiffness of the system. Furthermore, the tension-compression load reversal tests
up to load reversal almost coincided with the pure tension tests where the anti-
buckling device was not attached. These findings indicate that the anti-buckling
device did not affect the stiffness of the system significantly. Based on this, the
cyclic load laboratory tests have provided the desired results, and the trends re-
garding kinematic hardening found from the experimental results should resemble
the actual behaviour of the DP steels.

Having said that, it should be kept in mind that the two curves in tension in Fig-
ure 4.2 and 4.4 did not coincide perfectly. The design of the anti-buckling device
could therefore be improved further with respect to performance. Furthermore,
Figure 4.5 shows that the results from the cyclic load experiments did not coin-
cide with the previously conducted uniaxial tension experiments. The increased
strength experienced in this study was caused by either the specimen geometry or
the use of the high pressure grip. Commonly for standard uniaxial tensile speci-
mens, the length of the gauge area is several times the width. For instance, the
length was around five times the width for the specimens used in the uniaxial ten-
sion tests conducted prior to this study. In this study, the length was only 1.4
times the width (seen in Figure 3.1). It is plausible that the strains in the gauge
length were non-uniform, and that the geometry of the specimen was not optimal
for uniaxial tension and compression. The consequence of the increased strength
was not considered as critical, but it should be kept in mind when comparing the
RVEs with experimental data. Thus, the cyclic load laboratory tests were only
used to consider the kinematic hardening in DP steels in this study.

Figure 4.6 shows the r-ratio, which represents the Bauschinger effect (Equation
(3.4)) plotted together with the corresponding equivalent plastic strain before load
reversal for the different steel qualities. The star points with lines in-between de-
pict the r-ratio obtained from the compression-tension load reversal tests, while
the single star points depict the tests that started in tension.

The main tendency in Figure 4.6 is evident; the r-ratio increases with the steel
quality. Furthermore, the increase in r-ratio from Docol 500DP to 600DP and
from Docol 800DP to 1000DP was smaller than the increase between Docol 600DP
to 800DP. It was noticed that the Bauschinger effect stagnated or even reached
a limit point when increasing the equivalent plastic strain. On the other hand,
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the largest Bauschinger effect was obtained in the tests that started in tension
where the specimens were stretched the most. Whether this indicates that the
Bauschinger effect was more dominant for tests that started in tension, or that
the Bauschinger effect increases with the equivalent plastic strain, was not clear as
only a few data points constituted the results. A possible explanation for the trend
may be that, during tension the specimen became more slender, which relaxed the
springs and decreased the overall stiffness of the system before load reversal, and
that this caused an earlier yield after load reversal.
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Figure 4.6: The Bauschinger effect shown in terms of the r-ratio from the experimental
data.

As mentioned in Chapter 2, Erdogan & Priestner (2002) stated that the Bauschinger
effect was higher for a DP steel with 25% martensite volume fraction than with
18%. Further, it was stated that the Bauschinger effect increased when the pre-
strain increased from 0.4 to 2.2%, and that the sign of the prestrain did not in-
fluence the Bauschinger effect. Thus, the trend observed in Figure 4.6 regard-
ing the Bauschinger effect increasing with the martensite volume fraction appears
reasonable. Furthermore, whether tension-compression tests give rise to larger
Bauschinger effect than compression-tension tests seems unlikely, since it has been
stated that the sign of prestrain does not affect the Bauschinger effect. It has also
been mentioned in the literature that the Bauschinger effect tends to saturate when
the prestrain increases (Milligan et al. 1966), which may explain why the r-ratio
tends to stagnate for each steel quality when the plastic strain before load reversal
increases.

The behaviour of the different DP steels depends on several parameters, including
the martensite volume fraction, carbon content, grain size and shape and morphol-
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ogy between ferrite and martensite (Anbarlooie et al. 2018). It is probable that
the trends observed regarding the Bauschinger effect were not caused by one sin-
gle parameter, but rather the result of changing several of them. As explained in
Chapter 2, Kocks & Mecking (2003) stated that the Masing effect in polycrystals
and transient effects within single crystals contribute to the Bauschinger effect,
which means that the Bauschinger effect is dependent on the ferrite morphology.
In this study, special attention was given only to the martensite and its volume
fraction.

The martensite volume fractions were 0.13, 0.18, 0.25 and 0.50 for Docol 500DP,
600DP, 800DP and 1000DP, respectively. In the literature, it is frequently men-
tioned that in DP steels, the ferrite phase is soft providing high ductility of the
material, while the martensite phase is strong contributing with strength. When
the DP steel starts to deform plastically, the ferrite deforms plastically, while the
martensite remains elastic due to its higher yield stress. This means that the elastic
strains in the martensite are larger than in the ferrite. Of this reason, the marten-
site would load the ferrite in the opposite direction during unloading of the DP
steel, which contributes to an earlier yield in the case of load reversal. Thus, the
Bauschinger effect should be larger for materials with higher martensite content,
at least up to a certain limit.

Based on Figure 4.6, this effect was small for the change between Docol 500DP
and 600DP, and Docol 800DP and 1000DP. In the latter case, it is plausible that
the effect decreased (or even vanished) because the microstructure became domi-
nated by martensite. Thus, the interaction between the ferrite and martensite was
of less importance, since also the martensite deforms plastically during loading. A
reasonable statement would be that the r-ratio eventually reaches a maximum by
further increasing the martensite volume fraction, before it starts decaying. It is
emphasized that this was not observable in the experimental work, but it has been
proven to be true for the RVEs as it was investigated in the numerical study. In con-
trast, if the martensite volume fraction decreases below a certain level, the change
of the Bauschinger effect would also vanish, since the microstructure becomes dom-
inated by ferrite. The mechanism described above becomes less significant, such
that the Bauschinger effect obtained is mainly caused by the ferrite phase alone
and its grain structure. In summary, Figure 4.6 shows that the Bauschinger effect
is dependent on the steel quality. Docol 500DP and Docol 1000DP experienced
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the least and the most Bauschinger effect, respectively, which indicates that the
martensite volume fraction affects the Bauschinger effect in DP steels.

The uncertainty in the number of data points is emphasized, as the trends were
based on only four data points for each steel quality. If one or several points are
slightly changed, the trends may be different. In order to obtain more reliable
trends, a greater number of tests should be conducted. Both a wider range of
equivalent plastic strain and several attempts of each test, in order to discover a
possible scatter in the results, should be considered.



5 Preliminary Studies of the RVEs

The RVEs have been tested to see what behaviour they exhibit. Before comparing
the results from the RVEs with the experimental data, the sensitivity study and
the section about volumetric locking are presented. The sensitivity study was
conducted to determine the element type, the number of elements and the time
increment necessary in the simulations.

5.1 Sensitivity Study

For the mesh and time increment sensitivity studies, the RVE with spherical
martensite in the centre for Docol 800DP was used. Figure 5.1 shows the true
stress-strain curves obtained by varying the number of C3D10 elements used. The
response converged when the number of elements increased, and the change was
small beyond 7500 elements. In Figure 5.2 it can be observed that yield was repro-
duced accurately for every time increment chosen, and a small improvement was
obtained by using ∆t = 0.01 s compared with ∆t = 0.05 s. The effect of varying
element type is shown in Figure 5.3. Here, the RVE with spherical martensite
in the centre for Docol 500DP was used. The linear tetrahedron element, C3D4,
was overly stiff, while only small differences in response were observed between
the quadratic tetrahedron C3D10 element and the hexahedron shaped elements,
C3D8R, C3D8, C3D20R and C3D20.

The sensitivity study shows the importance of the choices made when creating
the RVEs. The consequence of selecting either an insufficient element, too coarse
a mesh, or too large a time increment is less accurate results. Based on the sensi-
tivity study, a mesh consisting of 7500 elements or more, a time increment equal
or smaller than ∆t = 0.01s, and the quadratic tetrahedron element C3D10 or the
hexahedron elements need to be used in order to obtain the accurate solutions.
This is in accordance with the Abacus Analysis User’s Guide section 28.1.1, which
advises against using first-order tetrahedrons (C3D4) as they are overly stiff and
has very slow convergence rates (ABAQUS 2019). On the other hand, it is imprac-
tical to choose more elements, or a smaller time increment than necessary since it
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increases the cost of the simulation without increasing the accuracy significantly.
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Figure 5.1: Docol 800DP: True stress-
strain curves showing mesh sensitivity ob-
tained with the RVE with spherical centre
in uniaxial tension.
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Figure 5.2: Docol 800DP: True stress-
strain curves showing time increment sen-
sitivity obtained with the RVE with spher-
ical centre in uniaxial tension.
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Figure 5.3: Docol 500DP: True stress-strain curves showing element sensitivity obtained
with the RVE with spherical martensite in the centre in uniaxial tension.

Figure 5.3 indicates that several elements are reasonable for this analysis. The
tetrahedron element C3D10 was chosen based on its versatility and simplicity when
it comes to meshing the spheres. Regarding the mesh and time increment, approx-
imately 7500 elements and ∆t = 0.01 s were used thenceforth, but the time incre-
ment was changed where necessary in order to capture yield accurately depending
on the length of the simulation. Note however, that different RVEs were used in
the sensitivity study. Additionally, other RVEs are used more extensively later in
the study, so the choice of RVEs for the sensitivity was not optimal and the results
could have differed somewhat.
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5.2 Volumetric Locking

The results and discussion from the volume locking investigation are presented in
the following. In addition to investigating the occurrence of volume locking, the
hybrid formulation of the used element, C3D10H, is considered. In this study,
RVEs both with and without the Gurson model in the ferrite material model are
used. Thus, volume locking is considered in both cases. It was assumed sufficient
to only consider uniaxial tension and the RVE with cubical martensite in the centre
for Docol 600DP.

The case without the Gurson model implemented was first considered. As ex-
plained in Section 3.4.2, the field output for pressure of the RVE was plotted and
investigated for checkerboard patterns. Figure 5.4 shows only the ferrite phase of
the RVE when C3D10 was used, viewing from the centre and outwards. It is show-
ing the ferrite-martensite interface, and the values plotted represent the pressure.
Here, a checkerboard pattern of the pressure with a great variance in magnitude
can be seen. This is signalling the occurrence of volumetric locking. An equivalent
figure with the same colour spectrum was obtained through the use of the hybrid
elements C3D10H, and is shown in Figure 5.5. Here, there is no marked variation
in pressure between neighbouring elements, which makes it obvious that there are
no checkerboard patterns. In the non-critical areas of the RVE, the pressure is the
same for both the hybrid and non-hybrid elements.

Figure 5.4: Docol 600DP: Pressure in the
RVE with C3D10 elements. Only the fer-
rite phase is visible.

Figure 5.5: Docol 600DP: Pressure in the
RVE with hybrid elements C3D10H. Only
the ferrite phase is visible.

The corresponding true stress-strain curves are shown in Figure 5.6, where it can
be seen that the RVE with hybrid elements display a softer behaviour than the
RVE with C3D10 elements. The two curves are coinciding until yielding, which is
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where the ancillary features in the hybrid element commences. The relative differ-
ence between the curves from the two element types is 1.4% at 0.4 true strain.
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Figure 5.6: Docol 600DP: True stress-strain curves from the RVE with cubical marten-
site in the centre. Comparison between C3D10 and C3D10H elements.

By using the C3D10 elements, volumetric locking was occurring to a certain extent.
This was evident from the inspection of the RVE, as a checkerboard pattern was
clearly present in Figure 5.4. This was remedied by the use of hybrid elements,
and the RVE without volumetric locking can be seen in Figure 5.5. However, when
looking at Figure 5.6, the influence of the volumetric locking on the true stress-
strain curve for the RVE was small and almost negligible. At most, the difference
between the C3D10 and C3D10H elements was 11 MPa at a true strain of 0.4,
which corresponds to a difference of 1.4%. Additionally, when taking into account
the added expenses of the hybrid elements because of their extra internal variables,
the hybrid elements were not desirable in the case without the Gurson model. An
increase in the simulation time of 500% was frequently experienced when using
hybrid elements. The hybrid elements were successful in eliminating the volumet-
ric locking, but in this case, the amount of volumetric locking was low and using
hybrid elements was therefore deemed superfluous.

It may be more important to assess the volumetric locking in the RVE when the
Gurson model is implemented. This is because the plasticity and void growth are
affected by the hydrostatic pressure in the Gurson model. Both the initial void vol-
ume fraction and void nucleation features were used in this study. Thus, volumetric
locking was considered for both features. It was assumed sufficient to conduct only
one test of each feature. An initial void volume fraction of f0 = 10−4 and void
nucleation with εN = 1, SN = 0.05 and fN = 0.01 was imposed in the same RVE
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as above.

The effect of the volumetric locking can be seen in the true stress-strain curves
in Figure 5.7 and 5.8 when using the initial void volume fraction and void nucle-
ation features, respectively. In contrast to the first case, the material softening
occurred earlier and was more extensive in the RVE with hybrid elements than for
the non-hybrid elements. Furthermore, the simulations stopped early. The reason
for that was unclear since the void volume fraction was only approximately 0.02
when the simulations stopped. The material softening when using the void nucle-
ation feature was delayed compared to the initial void volume fraction feature since
the voids were not present initially.
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Figure 5.7: Docol 600DP: True stress-
strain curves for the RVE with C3D10 and
C3D10H elements with initial voids.
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Figure 5.8: Docol 600DP: True stress-
strain curves for the RVE with C3D10 and
C3D10H elements with void nucleation.

These findings show that it was important to consider volume locking when the
Gurson model was included. However, the C3D10H elements were not available in
Abaqus/Explicit. The Abaqus Analysis User’s Guide section 28.1.1 recommended
to use the modified formulation of the elements instead, since they exhibit mini-
mal volumetric locking. Thus, it was chosen to use the C3D10M elements in the
fracture study (ABAQUS 2019). In Chapter 7, the Gurson model was used to-
gether with Abaqus/Standard, and an attempt at using the C3D10H element was
done. However, the hybrid elements were more computationally demanding and
were in some cases less robust and caused simulations not to finish as mentioned
above. Thus, the normal C3D10 elements was used because the simulations with
the hybrid elements tended to stop prematurely.
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6 Numerical Study of the DP Steels

This chapter presents the results and discussion from the numerical study. Section
6.1 covers yielding and work-hardening of the four different RVEs in uniaxial ten-
sion. In addition, the comparison of the idealized RVEs with an RVE based on a
realistic martensite distribution follows at the end of this section. Further, Section
6.2 presents the yielding in different stress states, while Section 6.3 considers the
kinematic hardening and the Bauschinger effect as a function of martensite volume
fraction. Lastly, ductile fracture is considered in Section 6.4.

6.1 Yielding and Work-Hardening

The behaviour of the RVEs in terms of yielding and work-hardening is presented in
the following. The RVEs are compared with the experimental data from the uni-
axial tension tests up to necking. An in-depth analysis of uniaxial tension provides
knowledge of how this simplistic modelling of the DP steels was able to repro-
duce physical properties. This simplicity, as explained in Section 3.3, stems from
the simple shapes of the martensitic phase, namely cubical and spherical. When
convenient, the data points are plotted with square and circle shapes when the
martensite phase is cubical or spherical, respectively, in order to easily separate
the results from the RVEs. Finally, a more realistic RVE is introduced and com-
pared with the idealized RVEs.

In Figure 6.1 to 6.4, the experimental data from the uniaxial tension tests and
corresponding results obtained from the RVEs with martensite only in the centre
are compared. The dashed blue lines are the experimental results up to necking.
The red and green lines are the RVEs with cubical and spherical martensite in
the centre, respectively. The results obtained from the RVE with cubical marten-
site in the centre almost coincided with the experimental data. In general, both
the yielding and the work-hardening were captured to a great extent. Addition-
ally, the continuous yielding of the DP steels was captured in this RVE. The RVE
with spherical martensite in the centre exhibited a softer behaviour, but the work-
hardening rate in the plastic domain resembled both the experiments and the RVE
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with cubical martensite.
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Figure 6.1: Docol 500DP: True stress
vs. plastic strain curves obtained from the
RVEs with cubical and spherical marten-
site phase in the centre and the experimen-
tal data in uniaxial tension.
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Figure 6.2: Docol 600DP: True stress
vs. plastic strain curves obtained from the
RVEs with cubical and spherical marten-
site phase in the centre and the experimen-
tal data in uniaxial tension.
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Figure 6.3: Docol 800DP: True stress
vs. plastic strain curves obtained from the
RVEs with cubical and spherical marten-
site phase in the centre and the experimen-
tal data in uniaxial tension.
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Figure 6.4: Docol 1000DP: True stress
vs. plastic strain curves obtained from the
RVEs with cubical and spherical marten-
site phase in the centre and the experimen-
tal data in uniaxial tension.

It can be seen from the figures that the yield stresses were approximately equal
for the experiments and the RVEs for all steel qualities. The largest discrepancies
occurred in the elasto-plastic transition phase. Initially, the experiments had the
steepest work-hardening. This may be attributed by the geometrically necessary
dislocations in the DP steels, which control the continuous yielding and vary with
the microstructure. These were not included explicitly into the RVEs, and thus the



6.1. YIELDING AND WORK-HARDENING 49

yielding did not coincide perfectly. However, the simplistic RVE exhibited the de-
sired yielding mechanism, as opposed to the yield point elongation of conventional
steels. The work-hardening rate for the RVE with cubical martensite compensated
in average this difference, while the RVE with spherical martensite did not, which
led to the soft behaviour. Considering the plastic domain, the slopes of the curves
were nearly equal, which implies approximately equal work-hardening rates for the
experiments and the RVEs. These findings indicated that the behaviour of the
RVE, when it came to yielding and strength, was more dependent on the shape of
the martensite phase, than the work-hardening rate in the plastic domain where
only small differences were observable. Similar trends were found by Nygårds &
Gudmundson (2002), who stated that the complex microstructure of DP steels was
important to accurately predict the behaviour around the yield point.

The effect of distributing the martensite phase evenly both in the centre and the
corners in terms of true stress vs. plastic strain curves is shown in Figure 6.5 and
6.6 for the RVEs with cubical and spherical martensite, respectively. The figures
show the results obtained by use of Docol 600DP, but the trends were similar for
the other steel qualities, shown in Appendix A.2. It was noticed that a softer re-
sponse was obtained by distributing the martensite phase both in the centre and
the corners compared to only in the centre.
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Figure 6.5: Docol 600DP: True stress vs.
plastic strain curves obtained from exper-
iments and both RVEs with cubical shape
of martensite in uniaxial tension.
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Figure 6.6: Docol 600DP: True stress vs.
plastic strain curves obtained from experi-
ment and both RVEs with spherical shape
of martensite in uniaxial tension.

Further, a quick investigation was conducted where the martensite phase was dis-
tributed unevenly between the centre and the corners by using the RVE with cubical
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martensite. Figure 6.7 shows how the true stress vs. plastic strain curve was af-
fected by the distribution of the martensite. The softest behaviour was obtained
when the martensite was divided evenly between the centre and the corners. The
behaviour of having all the martensite in the corners was exactly the same as hav-
ing all in the centre. Further, the behaviour was the same when the martensite
was distributed with a 10% in the centre and 90% in the corners as when it was
reversed.
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Figure 6.7: Docol 600DP: True stress vs. plastic strain curves obtained with the RVE
with cubical martensite when varying the distribution of martensite between the centre
and the corners. The percentage is the fraction of martensite that was located in the
centre.

When considering the RVEs with martensite in the centre, the only difference be-
tween the RVEs was the geometry of the martensite, which implies that the geom-
etry of the RVEs was the reason for the differences in strength. To understand the
reasons to why this is, the spatial distribution of the von Mises equivalent stresses
and equivalent plastic strains may be helpful to examine. Figure 6.8 and 6.9 show
contour plots of the equivalent von Mises stresses in the ferrite at the same instant
for the two RVEs with Docol 500DP. It is evident that the largest stresses at the
loaded surface were concentrated in the middle of the surface (lower right corner).

Further, it is observed that the stress was more concentrated in the RVE with
cubical martensite, while the stresses were in average higher in the RVE with
spherical martensite. Higher stresses in the ferrite indicate larger strains. This
means that the ferrite was more deformed in the RVE with spherical martensite
in the centre compared with cubical martensite when they were exposed to the
same loading. Since the ferrite contributed more than the martensite to the total
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deformation, it becomes clear that total deformation of the RVE with spherical
martensite must be the largest. This means that the force-displacement curves
(and the stress-strain curves) are lower for the RVE with spherical martensite in
the centre, which coincides with the results obtained earlier.

Figure 6.8: Equivalent von Mises stress
in the ferrite part of the RVE with cubical
martensite in the centre.

Figure 6.9: Equivalent von Mises stress in
the ferrite part of the RVE with spherical
martensite in the centre.

The different response obtained by changing the shape of the martensite could
also be explained by considering the martensite, and how much of it is engaged
plastically during deformation. Figure 6.10 and 6.11 show contour plots of the
equivalent plastic strain in the martensite when it is shaped as a cube and sphere,
respectively. As for the contour plot of the ferrite above, the plots are from the
same instant in uniaxial tension and the material is Docol 500DP. Evidently, the
plots show that plastic strain only occurred in the cubical martensite, while the
spherical martensite remained elastic. Thus, the cubical martensite contributed
more compared to the spherical, and caused an increase of the strength.

Figure 6.10: Equivalent plastic strain in
the martensite cube in the centre.

Figure 6.11: Equivalent plastic strain in
the martensite sphere in the centre.
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This reasoning is further supported by the distribution of energy in the models, as
shown in Figure 6.12 and 6.15. These figures show the sum of the element elastic
strain energy (ELSE) and sum of the element plastic dissipation (ELPD) in the
different phases in the RVEs for Docol 500DP in uniaxial tension. The curves ob-
tained from the RVEs with only martensite in the centre and martensite both in
centre and corners are the continuous and dashed lines, respectively. Evidently,
the energy was predominantly absorbed in the ferrite phase through plastic dissi-
pation. This holds true for all four RVEs. The elastic strain energy in the ferrite
phase was low compared to the plastic dissipation and the increase in strain energy
was small. When the martensite reached the plastic domain, the plastic dissipa-
tion in martensite grew faster than the elastic strain energy, but more so with the
martensite only in the centre than with the martensite in the centre and corners.
All energy curves were lower when the martensite was distributed.
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Figure 6.12: Docol 500DP: Strain en-
ergy and plastic dissipation in the different
phases of the RVEs with cubical marten-
site.
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Figure 6.13: This figure shows the same
graphs as the figure to the left, only zoomed
in on the lower graphs.

For the spherical martensite, there was no plastic dissipation and most of the en-
ergy was accumulated as plastic dissipation in the ferrite phase. For the cubical
martensite, however, there was a considerable amount of plastic dissipation; about
8.2% of the total energy with the martensite in the centre and about 3.4% with
the distributed martensite. Evidently, the cubical shaped martensite was more en-
gaged, which increased the strength. Furthermore, the same argument shows why
the RVE with cubical martensite in the centre exhibited more strength than when
also distributing the martensite in the corners. In summary, the energy distribu-
tion shows that the geometric shape of the martensite affects the engagement of
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the martensite, and through that, the strength of the RVE.
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Figure 6.14: Docol 500DP: Strain en-
ergy and plastic dissipation in the different
phases of the RVEs with spherical marten-
site.
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Figure 6.15: This figure shows the same
graphs as the figure to the left, only zoomed
in on the lower graphs.

It is worth mentioning that for Docol 1000DP, the difference in response between
the RVEs with cubical and spherical centre was smaller than for the other steel
qualities. A picture of the RVE with a spherical centre is shown to the left in
Figure 6.16, where it is noticed that the radius of the martensite sphere was almost
equal to the symmetric side length. Thus, artificial effects seemed to occur due
to certain parts of the ferrite became slender. In this study, the use of the RVE
with cubical martensite in the centre and corners was also restricted. When the
volume fraction martensite was equal to or higher than 0.25 (as for Docol 800DP
and Docol 1000DP), the martensite phases were overlapping. It is recommended
to consider the geometry of these RVEs before use. RVEs where the size of the
martensite is approaching the side length of RVE, or where the martensite phases
in the centre and the corners are overlapping should be avoided.

Figure 6.16: Docol 1000DP: The RVEs with spherical martensite where the volume
fraction is 0.50. The blue parts are the martensite, and the red parts are the ferrite.
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As a basis for this study, it was assumed that the dual phase material behaviour
could be represented by the material behaviour of the two phases alone. The flow
curves for the ferrite and martensite were based on dislocation based theory, where
the flow curves of the martensite phase were adjusted such that numerical simu-
lations fit the experimental results obtained in a previous work. It is emphasized
that the flow stress curves for both phases were calibrated in previous work, and
were not necessarily optimal for the RVEs herein. However, this assumption was
considered as sufficient, since the data from the RVEs with cubical martensite in
the centre resembled the data from the experiments in Figure 6.1 to Figure 6.4 to
a great extent. Thus, these results indicated that it was how the martensite inter-
acted in the RVE that was of importance rather than the uncertainties in the flow
curves of the martensite, and a calibration of the martensite phases was considered
as unnecessary in this study.

Before constructing the RVEs, some assumptions had to be made, and their per-
formance was a direct consequence of this. For the RVEs it was assumed simple
geometry and dispersion of martensite phases, that there was fixed contact between
the phases and that the edges remained straight and perpendicular to each other.
In a qualitative study like this, it was therefore not deemed necessary for the simu-
lation results to fit the experimental data perfectly. A key advantage in the RVEs
was the simplistic modelling of martensitic islands. The simplicity made it easy
to change the shape, the volume fraction and the distribution of the martensite.
However, it also restricted the RVEs from having a volume fraction over certain
thresholds for some geometries. Having a single cubical martensite phase in the
centre has shown to give the most accurate results as the martensite was more
engaged in this configuration. Thus, this RVE is determined to constitute the
framework for plasticity and fracture of DP steels in this study, and it is focused
on this RVE in the further studies. Other advantages that follow subsequently
from this simplicity are that the modelling becomes straightforward and that the
computational costs are severely reduced compared to more physical models, which
are considered in the following section.

Introduction of a More Realistic RVE

The RVE with a more realistic distribution of the martensite phase presented in
Section 3.5.1 was compared with the uniaxial tension experiments and the RVE
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with cubical martensite in the centre, and they are denoted the advanced RVE,
experimental data and simplified RVE, respectively. Figure 6.17 shows the true
stress vs. plastic strain curves from the advanced and simplified RVEs and the
experimental data in uniaxial tension. Both the advanced and simplified RVEs
resembled the experiment.

Further, the advanced and simplified RVEs were exposed to biaxial tension and
plane strain tension in order to evaluate the response in other stress states. The
equivalent stress-strain curves are shown in Figure 6.18 and 6.19, respectively. In
the case of biaxial tension a lower work-hardening rate for the advanced RVE was
observed. The curves coincided in the beginning, but beyond 0.1 equivalent plas-
tic strain, the simplified model experienced higher stress levels than the advanced
model. The trend was similar when considering plane strain tension. Also in this
case, higher work-hardening rate was experienced in the simplified model for large
plastic strains. However, a somewhat softer behaviour in the beginning was ob-
tained.
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Figure 6.17: Docol 500DP: True stress vs.
plastic strain curves from the experimental
data, the advanced and simplified RVEs in
uniaxial tension.
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Figure 6.18: Docol 500DP: Equivalent
stress-strain curves from the advanced and
simplified RVEs in biaxial tension.

Evidently, the behaviour of the advanced and simplified RVEs resembled each other
in uniaxial tension, biaxial tension and plane strain tension. The curves almost co-
incided in uniaxial tension, while differences were noticed in the work-hardening
rate in the case of biaxial tension and plane strain tension, as shown in Figure 6.17,
6.18 and 6.19, respectively. The reason for the differences was the simplifications
made in the simplified RVE. Locating the martensite phase in the centre and using
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the homogeneous boundary condition may both have contributed to the stiffer be-
haviour. Since the experimental data only covered uniaxial tension, it was unclear
which RVE that was the most accurate.

On the other hand, the computational time needed to run the analyses was far
from equal for the two RVEs. Several hours were used in order to complete the
analysis of the advanced RVE, compared to only a few minutes in the case of the
simplified RVE. This demonstrates one of the main advantages of the simplified
RVEs used in this study, which is that the idealised models have a greater com-
putational effectiveness compared to models where the actual microstructure is
implemented.

Lastly, the advanced RVE was modified, where homogeneous boundary conditions
were used instead of periodic boundary conditions. The modified advanced RVE is
compared with the original advanced model in uniaxial tension in Figure 6.20. It
was observed that higher stress levels at a given equivalent plastic strain was ob-
tained by using homogeneous boundary conditions compared to periodic boundary
conditions.
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Figure 6.19: Docol 500DP: Equivalent
stress-strain curves from the advanced and
simplified RVEs in plane strain tension.
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Figure 6.20: Docol 500DP: True stress vs.
plastic strain curves showing the effect of
implementing the homogeneous boundary
conditions in the advanced RVE in uniaxial
tension.

Figure 6.20 shows that a softer behaviour was obtained by using the periodic bound-
ary conditions compared to the homogeneous boundary conditions, which was due
to the homogeneous boundary conditions constraining the RVE more. According to
Nygårds & Gudmundson (2002), artificial edge effects appeared when homogeneous
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boundary conditions were used. However, the difference in response was small in
this case. Ramazani et al. (2012) also stated that periodic boundary conditions in
general give a softer response than homogeneous ones. Further in the paper, it was
shown that the responses converged from above toward the same limit when the
number of martensite islands increased. Based on this, the response of a simplified
RVE with periodic boundary conditions would experience a larger softening than
that shown in Figure 6.20, since only one martensite island was used. This was
not investigated further since a softer behaviour decreases the accuracy compared
to experimental data.

6.2 Iso-Curves

This section presents the iso-curves found by using the four RVEs. The iso-curves
show when yielding of the material occurs at different stress states. In general,
24 points were used to create the iso-curves. As in the previous section, the data
points are plotted with square and circle shapes in order to easily separate the
results from the different RVEs.

In Figure 6.21, three iso-curves obtained by use of the RVE with cubical martensite
only in the centre for Docol 500DP are shown together with the Hershey (m = 6)
yield locus. The plotted iso-curves are at plastic dissipation per volume levels
equivalent to that of uniaxial tension with a plastic strain of 0.1%, 0.2% and 0.5%.
Similar iso-curves for all steel qualities are shown in Appendix A.3 in Figure A.3.16
to A.3.19. It is noticed that all iso-curves in Figure 6.21 resemble the shape of the
Hershey (m = 6) yield locus. The same holds for the other steel qualities, shown
in Appendix A.3. The exponent that yields the most accurate Hershey yield locus
for these DP steels, m = 6, coincides well with previous work on yield surfaces in
steels (Hershey 1954, Hosford 1972).

In Figure 6.22, the iso-curves obtained by use of the RVEs with cubical and spher-
ical shaped martensite in the centre for Docol 500DP are presented. The lines
and the squares are the points obtained by use of the RVE with a cubical centre
of martensite, while the circles are the points obtained by use of the RVE with a
spherical centre. Similar figures for all the steel qualities are found in the Appendix
A.3 in Figure A.3.20 to A.3.23. It is evident that the spherical centre provides a
softer behaviour, which is illustrated by the circle points being positioned inside
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the corresponding square points. The distances between the circle points and the
corresponding squares are quite constant, such that the shape of the iso-curves is
similar for both the cubical and spherical martensite.
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Figure 6.21: Docol 500DP: Three iso-
curves obtained by use of the RVE with
cubical martensite in the centre and the
Hershey yield locus at 0.2% plastic strain.
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Figure 6.22: Docol 500DP: Iso-curves ob-
tained by use of the RVEs with cubical and
spherical martensite in the centre.

To evaluate the effect of distributing the martensite between multiple islands, iso-
curves for RVEs with 50% of the martensite in the centre and 50% in the corners
were also created. Figure 6.23 and 6.24 show the iso-curves obtained by use of
the RVEs with cubical martensite for Docol 500DP and 800DP, respectively. The
curves with symbols are the RVEs with martensite only in the centre, while the
ones without symbols have martensite in the corners in addition. Similar curves ob-
tained by use of the RVEs with spherical martensite for Docol 500DP and 1000DP
are provided in Appendix A.3 in Figure A.3.26 and A.3.27, respectively. It is no-
ticed that for all materials, the iso-curves for the RVEs with distributed martensite
are lower than for the RVEs with all the martensite in the centre. This is consistent
with the uniaxial tension simulations; the RVEs with a distributed martensite were
softer than the ones with all the martensite in the centre.

All four RVEs and the different steel qualities were used to create in total twelve dif-
ferent sets iso-curves, where each curve differs in magnitude. The differences were
the results of changing material, martensite volume fraction, distribution and shape
of the martensite phase. The trends observed in uniaxial tension also appeared
when considering the iso-curves. It was observed (for instance in Figure 6.22) that
the RVEs with cubical shaped martensite experienced a higher stress than the cor-
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responding RVEs with spherical martensite at the same plastic strain/dissipation.
Furthermore, the RVEs with martensite only concentrated in the centre obtained a
higher stress than the corresponding RVEs where martensite was also distributed
in the corners as shown in Figure 6.23 and 6.24.
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Figure 6.23: Docol 500DP: Iso-curves
obtained by using the RVEs with cubi-
cal martensite only in the centre and dis-
tributed between the centre and the cor-
ners.

-800 -600 -400 -200 0 200 400 600 800
<11 [MPa]

-800

-600

-400

-200

0

200

400

600

800

<
22

[M
P
a]

"p
l = 0:1%

"p
l = 0:2%

"p
l = 0:5%

Figure 6.24: Docol 800DP: Iso-curves
obtained by using the RVEs with cubi-
cal martensite only in the centre and dis-
tributed between the centre and the cor-
ners.

The iso-curves found by use of the different RVEs resembled the Hershey yield cri-
terion. To determine whether the iso-curves obtained by using the different RVEs
were reasonable or not, they were compared with results obtained by using an
experimentally approach. The expansion of the yield surface has been experimen-
tally investigated by Hou et al. (2019) for the materials DP590, DP780 and DP980,
which corresponds to Docol 600DP, 800DP and 1000DP, respectively, and is shown
in Figure B.1.1 to B.1.3. Hou et al. (2019) stated that it was necessary to use
an anisotropic yield criterion combined with a non-associated flow rule to obtain
the best fit. That an anisotropic yield criterion with a non-associated flow rule
provided the better accuracy was as expected, since more parameters were used to
create the fit to the experimental data.

However, it was noticed that the shape of the yield surfaces obtained experimentally
and the shape of the iso-curves from this study were quite similar when compar-
ing Figure B.1.1-B.1.3 with corresponding iso-curves in Figure A.3.21-A.3.23. One
thing to note was that the Hershey yield locus was reasonably accurate, based on
its simplicity and the complex microstructure in DP steels. This result contra-
dicts that from Nygårds & Gudmundson (2002), who found that a Hill criterion
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was more appropriate when a two phase ferritic/pearlitic steel was considered. For
that result, a very different plane strain 2D RVE was used, which is most likely the
reason for the deviance in the shape of the iso-curves compared to the ones from
Hou et al. (2019) and those created herein.

6.3 Kinematic Hardening

The cyclic load laboratory tests were numerically reproduced by use of the RVEs.
This was done in order to investigate the Bauschinger effect in DP steels as a
function of the martensite volume fraction. Figure 6.25 and 6.26 show the results
obtained from the laboratory tests and by use of the RVE with cubical martensite
in the centre for Docol 500DP, respectively. Red symbols indicate the points of
load reversal, while the blue symbols indicate the yielding after load reversal at
0.2% equivalent plastic strain higher than at the corresponding load reversal. The
results for all steel qualities and for all four RVEs are included in Appendix A.4 in
Figure A.4.28 to A.4.42.
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Figure 6.25: Docol 500DP: True stress
vs. plastic strain curves from the labora-
tory tests. Red and blue points indicate
load reversal points and yield points, re-
spectively.
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Figure 6.26: Docol 500DP: True stress
vs. plastic strain curves from the RVE with
cubical martensite in the centre. Red and
blue points indicate load reversal points
and yield points, respectively.

When taking into account Figure 4.5, which shows that the specimens in the cyclic
load laboratory tests were overly stiff compared to the uniaxial tension ones, the
difference in stress between the experiments and the RVEs was as expected. The
results from the RVE with cubical martensite in centre resembled the laboratory
tests, while the other RVEs provided results that were too soft. After load rever-



6.3. KINEMATIC HARDENING 61

sal, it was observed that the yield stress was lower than the stress at load reversal.
This is illustrated by the blue symbols, which have a lower stress magnitude than
the red ones for all the tests. This means that there was at least some kinematic
hardening in the RVEs.

Figure 6.27 and 6.28 show the r-ratio obtained from the laboratory tests and from
the RVE with cubical centre, respectively. Clearly, the Bauschinger effect experi-
enced was consistently lower for the RVE than for the experiments. The reason
for this is that mechanisms other than the strength difference between the phases
contribute to the Bauschinger effect in DP steels, which are evidently not captured
in the RVE. As mentioned earlier, Kocks & Mecking (2003) stated that there exists
both a Masing effect in polycrystals and transient effects within single crystals,
which contribute to the Bauschinger effect. These effects were not captured be-
cause of the simplicity inherent in the RVEs. To get a sense of the magnitude of
the other effects, the difference in r-ratio between the numerical and experimental
obtained data may give a reasonable estimate.
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Figure 6.27: The r-ratio from the labo-
ratory tests for all steel qualities.
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Figure 6.28: The r-ratio from the RVE
with cubical centre for all steel qualities.

Similar plots for all four RVEs are provided in Appendix A.4 in Figure A.4.43
to A.4.46. When comparing the RVEs with cubical to the RVEs with spherical
martensite in the centre, the ones with a spherical martensite displayed the least
amount of kinematic hardening. One reason for this is that, as explained earlier,
the degree to which the martensite is engaged depends on its geometrical shape.
With a greater stress in the martensite phase, a greater stress will be applied to
the ferrite phase in the case of load reversal, which increases the r-ratio.
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Figure 6.28 shows that the Bauschinger effect experienced in the RVE increased
with the steel qualities, except for Docol 1000DP where it decreased compared to
Docol 800DP. This is reasonable because not only the martensite volume fraction
affects the Bauschinger effect experienced in the RVE. The strength differences
between the phases also play an important role. The Docol 1000DP martensite
flow curve was considerably lower than the corresponding flow curve for the other
steel qualities (Figure 3.6), which decreased the Bauschinger effect compared to
Docol 800DP even though the martensite volume fraction increased. Further in
Figure 6.28, it is not evident that the largest effect occurs in tension and at large
plastic strains as observed in Figure 6.27. This supports the suggestion regarding
that in the laboratory tests during tension, the specimen became more slender,
which relaxed the springs and caused an earlier yield after load reversal. It is still
emphasized that this is only speculations around the observed trend.

Further, the two RVEs with martensite concentrated in the centre were used to
investigate the effect of only changing the martensite volume fraction, while keep-
ing the material properties of each phase constant. This was done for Docol 500DP,
which had the martensite phase of highest strength and weakest ferrite phase of all
steel qualities considered. The applied load corresponded to the RL1 laboratory
test. Figure 6.29 shows the different r-ratios obtained by only changing the volume
fraction of the martensite. As previously mentioned, the Bauschinger effect comes
here solely from the difference in strength between the two phases. The Bauschinger
effect approached zero when the volume fraction went towards either 0% or 100%,
and the Bauschinger effect peaked at a volume fraction of 60% martensite, which
corresponded to an r-ratio of 0.5.
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Figure 6.29: Docol 500DP: The Bauschinger effect shown in terms of the r-ratio when
varying martensite volume fraction in the RVEs with martensite only in the centre.
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Up to 50% volume fraction, the RVE with a cubical centric martensite had a higher
Bauschinger effect than the RVE with a spherical centric martensite. At 50% vol-
ume fraction, the RVE with spherical centric martensite exhibited a leap in the
Bauschinger effect as a result of the ferrite and martensite phases switching places.
This was done because the radius of the martensite sphere exceeded the limits of
the RVE beyond this volume fraction. The results beyond 50% martensite volume
fraction for the RVE with a centric sphere are plotted with a dashed line, and
should be treated with caution, as the effect of inverting the phase placement has
not been examined thoroughly.

It is also seen that a martensite volume fraction in the range 20-80% was necessary
to obtain a significant contribution to the Bauschinger effect. The contribution
was small when the martensite volume fraction was 10% or less. For comparison,
Docol 500DP had a martensite volume fraction of 13%. It is expected to achieve
similar trends if this numerical investigation had been conducted with the other
steel qualities. However, the peak value of the r-ratio is probably going to decrease,
since the strength difference between the ferrite and the martensite phase is the
largest in Docol 500DP.

6.4 Fracture

The results from the fracture study conducted with the RVE with cubical marten-
site in the centre are presented in the following. The objective was to investigate
whether or not the described void nucleation, growth and coalescence in DP steels
could be reproduced by the idealized RVE. This was done by introducing the Gur-
son model and an initial void volume fraction into the ferrite material model.
Abaqus/Explicit was used such that the porous failure criterion became available.
As explained in Section 5.2, a hybrid formulation of the element should be used
to alleviate volume locking when the Gurson model is used. However, it was not
available when using Abaqus/Explicit. The element type used was the C3D10M,
and it was chosen based on the recommendation in the Abaqus Analysis User’s
Guide section 28.1.1. It was chosen to only calibrate the initial void volume frac-
tion parameter, f0. The other parameters, q1, q2, q3, fc and fF , were fixed with
the values 1.5, 1.0, 2.25, 0.02 and 0.2, respectively. The calibration was done for
all materials by use of the RVE with cubical martensite in the centre.
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In Figure 6.30 to 6.33, the engineering stress-strain curves obtained with the RVE
by varying the initial void volume fraction are shown for all the steel qualities.
They were compared to the experimental data obtained from the uniaxial tension
tests. Note that this is not a realistic comparison. The uniaxial tension specimens
experienced geometrical softening due to necking in addition to the material soften-
ing. However, the uniaxial tension tests were used as references since no other data
were available. Of that reason, it was not crucial that the curves from the RVE and
the experiment resembled each other, as the main objective was to describe how
the used parameters influenced the results and to investigate the obtained fracture
mechanism.
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Figure 6.30: Docol 500DP: Engineering
stress-strain curves for the RVE with cubi-
cal centre when varying f0.
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Figure 6.31: Docol 600DP: Engineering
stress-strain curves for the RVE with cubi-
cal centre when varying f0.
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Figure 6.32: Docol 800DP: Engineering
stress-strain curves for the RVE with cubi-
cal centre when varying f0.
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Figure 6.33: Docol 1000DP: Engineering
stress-strain curves for the RVE with cubi-
cal centre when varying f0.
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Evidently in Figure 6.30 to 6.33, the higher the initial void volume fraction was, the
earlier fracture occurred in the RVEs. A rough estimate of a representative value
for the initial void volume fraction was obtained such that fracture was initiated
at the same strain for the RVE and the experiment. This was done by considering
the engineering stress-strain curve, and the initial void volume fraction was found
nearly equal for Docol 500DP, 600DP and 800DP, while a significantly larger initial
void volume fraction was necessary for Docol 1000DP. The initial void volume frac-
tions, f0, obtained this way are given in Table 6.1 for the different steel qualities.

Table 6.1: A rough estimate of a representative value for the initial void volume fraction
parameter for each steel quality.

DP Steel f0 [-]
Docol 500DP 3 · 10−4

Docol 600DP 4 · 10−4

Docol 800DP 4 · 10−4

Docol 1000DP 7 · 10−3

First, it is emphasized that the parameters in the Gurson model are not uniquely
defined, and similar results may be obtained by using different sets of parameters.
The void volume fraction is multiplied by q1 in Equation (2.3). Hence, an increase
of the void volume fraction, f , may be compensated by a decrease of q1. Faleskog
et al. (1998) estimated the qi-parameters as a function of strain hardening rate by
using unit cells, where values other than the standard values for metals were found.
Further, it was stated that properly calibrated qi values were important to correctly
reproduce fracture with the Gurson model. Thus, the material parameters used in
this study may be inappropriate for the DP steels. However, the q1 and q2 values
used for DP steels in the literature are ambiguous. Parameter values both below
and above the recommended standard parameters values for metals occur (Santos
et al. 2019, West et al. 2012). Considering the time required for calibrating the
qi-parameters and that a different parameter set would probably be obtained for
each steel quality, makes the comparison between the materials challenging. The
assumption made regarding the use of standard values in the Gurson model for all
materials was considered as sufficient in this study.

The influence of the parameters f0, fc and fF was evaluated by considering the
evolution of the void volume fraction in the model. Figure 6.34 shows the void
volume fraction from the integration point with the greatest void volume frac-
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tion as a function of engineering strain. A steady void growth was obtained from
the f0 listed in Table 6.1 to the fc = 0.02. The void growth accelerated beyond
this point. This shows how the Gurson model takes void coalescence into account
when the porous failure criterion is utilized. The corresponding engineering strains
were approximately 0.17, 0.16, 0.14 and 0.10 for the different steel qualities, which
approximately corresponds to where the engineering stress-strain curves in Fig-
ure 6.30 to 6.33 start decaying, respectively. The void growth continued until the
void volume fraction reached fF = 0.2, where all stress carrying capacity in that
integration point was lost. The element is removed when all its integration points
have failed.
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Figure 6.34: Void volume fraction from the integration point with the greatest void
volume fraction as a function of engineering strain for the different steel qualities.

Evidently, all parameters were important for the void evolution, and the results
could be significantly changed by adjusting these parameters. For instance, the
curves in Figure 6.34 would shift to the left and right if f0 and fc were increased,
respectively. Furthermore, an increase of fF would delay the complete loss of stress
carrying capacity. The slope of these curves depends on the f̄F parameter, which
is a function of the qi parameters, as shown in Equation (2.8). Summarized, each
of the void volume fraction parameters, f0, fc and fF , were crucial in this case in
order represent the material behaviour correctly.

It is still emphasized that the f0-parameter in the Gurson model used in the RVEs
exposed to uniaxial tension should give conservative estimates. In addition to ma-
terial softening due to evolution of voids, the specimen experienced geometrical
softening because of cross section area reduction. Only material softening was
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present in the RVE through the Gurson model, and it must therefore be more ex-
tensive to compensate for the absence of geometrical softening.

Experimental studies have indicated that the initial void volume fraction in DP
steels was not important for the fracture mechanism. Toda et al. (2017) analyzed
the damage evolution in DP steels with 30% martensite volume fraction by con-
sidering images from experiments. It was observed that the voids were present at
early stages in the loading process. However, these voids exhibited only moderate
void growth. After maximum load, further void nucleation caused by martensite
cracking was observed. These voids experienced rapid growth and dominated the
ductile fracture mechanism. Thus, the initial void volume fraction may be of mi-
nor importance for fracture in DP steels, and the key mechanism to capture seems
to be the rapid growth of voids beyond load maximum. Notice that this is not
a contradiction of the discussion in the paragraphs above, and it does not imply
that the f0-parameter in the Gurson model is of minor importance. It only means
that the void evolution in the experiments and in the Gurson model were different
in this case. Since no void nucleation was introduced into the Gurson model, the
f0-parameter was essential in order to initiate the void growth.

The void nucleation feature in the Gurson model could be considered as an alterna-
tive to the initial void volume fraction feature. Three void nucleation parameters
describe the nucleation in a statistical sense, which provide more flexibility com-
pared to the f0-parameter. The void nucleation could be beneficial if the desire is
to ensure void evolution only beyond load maximum as described by Toda et al.
(2017). By choosing a small standard deviation, SN , the voids would mainly nucle-
ate close to the expected plastic strain at nucleation, εN , in contrast to the initial
void volume fraction feature where the voids are present initially. The amount
of void nucleation is controlled by the void volume nucleation fraction, fN , which
could be chosen in the order of magnitude of the fc-parameter to ensure rapid
void growth after nucleation. Another alternative could be to choose a large fN -
parameter. In such a case, the void growth becomes superfluous since the void
nucleation feature ensures the rapid void evolution. Combining a small standard
deviation, SN , and a large void volume nucleation fraction, fN , results in a large
and sudden increase in void volume fraction, which could be called a nucleation
burst.
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However, such nucleation bursts have a main disadvantage. As stated in Chap-
ter 2, the void growth increases with the hydrostatic stress, which implies that the
plastic strain to failure decreases when the hydrostatic stress increases. Thus, the
expected plastic strain at nucleation, εN , should be a function of the hydrostatic
stress to provide accurate results when the stress state changes. The εN -parameter
does not depend on the hydrostatic stress state, meaning that the void evolution
cannot be controlled solely by a nucleation burst. Notice how this deficiency is to a
lesser extent present when the initial void volume fraction feature is utilized since
the voids are present from the beginning.

However, using the Gurson model when the stress triaxiality is low has been re-
ported to yield poor results (Gologanu et al. 1993). The Gurson yield criterion
(Equation (2.3)) does not include the Lode parameter, which is important for the
ductility in such stress states. Several improvements of the Gurson model are
proposed in the literature to increase the accuracy when the stress state changes,
consequently increasing the complexity of the original Gurson model (Madou &
Leblond 2012). This fracture study was limited to only consider stress triaxiality
equal to 0.33. It would have been interesting to investigate fracture in other stress
states with high and low stress triaxialities as well, such as biaxial tension and pure
shear, respectively.

Further, the failure mechanism in the RVE for the different steel qualities was
investigated in uniaxial tension. The initial void volume fractions presented in
Table 6.1 were used. Figure 6.35 to 6.38 present contour plots of the equivalent
plastic strain right after initiation of element erosion, where the martensite phase
was removed for illustration purposes. It was noticed that the element erosion oc-
curred where the plastic strain was localized and where the void volume fraction
was largest, which was either at the ferrite-martensite boundary or on the outer
loading surface.

Ductile fracture is frequently studied in the literature, where it is reported that
nucleation, growth, and coalescence of voids are the main mechanisms. In DP
steels, the nucleation of voids is caused by either cracking of martensite particles
or by decohesion of the ferrite-martensite interface. Here, an initial void volume
fraction was introduced into ferrite material model, while no failure criterion was
introduced in the martensite. Thus, the desired fracture mechanism in the RVE
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was strain localization at the ferrite-martensite interface, which causes rapid void
growth that eventually leads to reduction of stress carrying capacity followed by
element erosion. This represents the decohesion of the ferrite-martensite interface.
The decohesion of the ferrite-martensite interface was present for Docol 500DP and
600DP, as shown in Figure 6.35 and 6.36.

Figure 6.35: Docol 500DP: Contour plot
of the equivalent plastic strain in the RVE
where the cubical martensite in centre was
removed. The picture was taken right after
the element erosion had started.

Figure 6.36: Docol 600DP: Contour plot
of the equivalent plastic strain in the RVE
where the cubical martensite in centre was
removed. The picture was taken right after
the element erosion had started.

Figure 6.37: Docol 800DP: Contour plot
of the equivalent plastic strain in the RVE
where the cubical martensite in centre was
removed. The picture was taken right after
the element erosion had started.

Figure 6.38: Docol 1000DP: Contour plot
of the equivalent plastic strain in the RVE
where the cubical martensite in centre was
removed. The picture was taken right after
the element erosion had started.

In contrast, Figure 6.37 and 6.38 show that for Docol 800DP and 1000DP, the de-
sired fracture mechanism was not present and all of the element erosion was located
at the loading surface. The element erosion occurred due to the large stress and
strain concentrations observed at the loading surface. This was more evident for
Docol 1000DP, and may indicate that the idealized RVE where all of the martensite
was located in the centre led to more inaccuracies when the martensite volume frac-
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tion increased, and substantiated the speculation about artificial effects appearing
when the martensite phase becomes too large in size.

Despite this, the desired fracture mechanism for Docol 500DP and 600DP was
achieved, which implies that reasonable results were obtained by introducing f0,
fc, and fF in the Gurson model. It is possible that the desired failure mechanism
for Docol 800DP and 1000DP was not captured since martensite particle cracking
was not included in the RVE in this study. According to Speich et al. (1979),
void formation in DP steels occurs because of decohesion of the ferrite-martensite
interface for low martensite volume fractions and martensite particle cracking for
high martensite volume fractions. Moreover, as previously mentioned, Toda et al.
(2017) stated that martensite particle cracking initiated the rapid void growth be-
yond maximum load when the martensite volume fraction was 30%. In comparison,
the martensite volume fraction in Docol 800DP and 1000DP is 25% and 50%, re-
spectively. Thus, it is plausible that the Gurson model used with f0, fc and fF

was insufficient in representing the void evolution, and that particle cracking must
be introduced in the models of these steel qualities in order to initiate the void
evolution at the ferrite-martensite interface.

In order to represent the martensite particle cracking, a brittle failure criterion
could be introduced into the martensite material model. This would affect the
void evolution indirectly. The particle cracking would decrease the strength con-
tribution from the martensite, which would increase the stresses and strains in the
ferrite phase and eventually lead to more void growth. Thus, the brittle failure
criterion would not be considered as void nucleation in the Gurson model, but it
would increase the void growth since the stresses and strains in the ferrite increase.
This was not investigated further in this study since attention was only given to
the ferrite phase and the Gurson model. Furthermore, it is expected that the
morphology of the martensite becomes increasingly important when introducing a
brittle failure criterion, and that the idealized RVE with cubical martensite only in
the centre would give different results than an RVE with more realistic martensite
distribution. However, this is only speculations, and it would be interesting to
investigate the influence of a brittle failure criterion.
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Another feature in Abaqus that could be used to represent the decohesion of the
ferrite-martensite interface is the cohesive zone modelling. The cohesive behaviour
could be considered as an attraction between different instances or as sticky par-
ticles. The cohesive behaviour could be modelled in Abaqus either by introducing
cohesive elements or by defining a cohesive interaction between surfaces. In addi-
tion to the cohesive behaviour, damage initiation and evolution could be introduced
such that the cohesive behaviour could diminish as the deformation continues. For
further information regarding how to model the cohesive behaviour by use of co-
hesive elements and surface interaction it is recommended to read the Abaqus
Analysis User’s Guide section 32.5.1 and 37.1.10, respectively (ABAQUS 2019).
For DP steels, the cohesive behaviour could be applied at the ferrite-martensite in-
terface. An advantage of such modelling is that the fracture is forced to be located
at the ferrite-martensite interface.

It is reported in the literature that the desired decohesion of ferrite-martensite
interface was obtained by using cohesive zone modelling (Cornec et al. 2003, Siri-
nakorn & Uthaisangsuk 2018, Uthaisangsuk et al. 2009). However, the cohesive
zone modelling has a disadvantage when it comes to the input parameters in the
damage initiation and evolution. They are difficult to estimate based on physical
quantities, and a trial and error sequence is often needed to obtain reasonable re-
sults. An attempt on the cohesive zone modelling based on surface interaction was
conducted in this study. The results was not satisfactory, and of that reason it
was omitted from this report. Convergence problems arose due to penetration of
the sharp corners of the cubical martensite, and the results were considered as un-
trustworthy. A mesh refinement of the martensite phase was tested as an attempt
to alleviate the convergence problem, but no improvement was observed. Further
investigation was not conducted in this study. However, it is believed that the con-
vergence problems experienced in this study could be alleviated by using cohesive
elements, and it is recommended that any further investigation with cohesive zone
modelling with the idealized RVE is based on that.
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7 Homogenization

The objective of the homogenization was to propose and calibrate a material model
for the DP steels based on the experimental data and the micromechanical mod-
elling. This was done by conducting the micro-macro approach described in Section
3.6. In the following, keep in mind the simplicity of the approach. The behaviour
of the complex DP steel microstructure was approximated by the idealized RVE
and an applicable material model for DP steel was obtained by conducting this
approach. This homogenization strategy is superior in terms of computational effi-
ciency compared to the first-order homogenization strategy presented in Chapter 2.

The approach was based on the fracture strain of the central hole experiments.
The idealized RVE with cubical martensite in the centre and Abaqus/Standard
was used consequently. The approach was repeated for each steel quality, but pri-
marily results obtained by using Docol 500DP are presented in the report. Docol
500DP was chosen since it provided the most accurate results. Similar figures as
presented below obtained with the other materials are presented in Appendix A.5.
It is not referred to these figures in the following text; however, they are presented
in the same order as done below, and it should be easy for the reader to locate the
corresponding figures for the other steel qualities.

The first step of the approach was to calibrate the plasticity parameters of a ma-
terial model consisting of a homogeneous material for each steel quality. The
calibration was based on the idealized RVE with cubical martensite in the centre
exposed to uniaxial tension. Furthermore, three terms were used in the Voce hard-
ening laws to fit the true stress vs. plastic strain curves up to a plastic strain of
unity. The calibrated parameters of the Voce hardening laws are listed in Table 7.1,
and the fitted stress-strain curve is shown together with the simulation of the RVE
(without implementation of the Gurson model) for Docol 500DP in Figure 7.1. It
is noticed that the fitted stress-strain curves coincide with the RVEs that they were
based upon.

The micro-macro approach continued by conducting the central hole tests both
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experimentally and numerically, where the previously calibrated material models
were used in the numerical simulations. The engineering stress-strain curves from
both are presented in Figure 7.2 for Docol 500DP. It is noticed that the numerical
model resembled the experiment in the beginning, while larger differences occurred
towards the end. For the other steel qualities, the stress level in the numerical
model was too high in general. The observed differences were probably related
to the work-hardening laws chosen, and the influence of work-hardening laws is
investigated after completing the approach.

Table 7.1: The Voce hardening law parameters for the homogeneous material model for
each steel quality based on the idealized RVE with cubical martensite in the centre.

DP Steel σ0 [MPa] QR1 [MPa] CR1 [-] QR2 [MPa] CR2 [-] QR3 [MPa] CR3 [-]
Docol 500DP 290.7 129.2 168.6 209.8 10.68 455.3 0.805
Docol 600DP 319.3 159.5 217.2 170.9 23.32 344.4 2.649
Docol 800DP 407.4 310.2 198.0 181.4 22.75 281.7 3.600
Docol 1000DP 440.5 445.4 584.6 297.4 20.54 90.00 5.001
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Figure 7.1: Docol 500DP: True stress vs.
plastic strain curve obtained with the cali-
brated Voce hardening law shown together
with the RVE with cubical centre it was
based upon.
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Figure 7.2: Docol 500DP: Engineering
stress-strain curves from experimental and
numerical central hole test. Blue star
marks where fracture occurred in the ex-
periment.

The engineering strain where the specimen fractured experimentally is marked with
a blue star. This engineering strain was identified in the numerical model, and the
corresponding increment was defined as the increment where final fracture should
occur. Further, the critical element in the numerical model was located as the
element with the largest equivalent plastic strain at final fracture. Both the true
stress-strain curve and the stress triaxiality, σ∗, for this element were extracted
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from the model and are shown in Figure 7.3 and 7.4, respectively. The true stress-
strain curve was obtained by using the element stress and strain components in the
loading direction (x-direction in Figure 3.9), which are denoted in the following as
σ11 and ε11, respectively. For simplicity, an average triaxiality, σ∗, was calculated.
It is shown as the red curve in Figure 7.4 and is listed in Table 7.2 for all steel
qualities. The average triaxiality was applied to the RVE, and the true stress-strain
curve obtained in the same way as for the critical element is included in Figure 7.3.
The increment that corresponds to the final fracture in the specimen is marked
with a red star to show at what strain fracture should occur. Small discrepancies
were observed between the curves, which were mainly caused by the small differ-
ences in the stress state.
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Figure 7.3: Docol 500DP: True stress-
strain curve from the critical element
shown together with RVE exposed to the
average stress triaxiality.
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Figure 7.4: Docol 500DP: Stress triaxial-
ity in the critical element shown together
with the calculated average stress triaxial-
ity.

Table 7.2: The average stress triaxiality based on the triaxiality in the critical element.

DP Steel σ∗ [-]
Docol 500DP 0.37
Docol 600DP 0.35
Docol 800DP 0.38
Docol 1000DP 0.35

For Docol 500DP, the critical element experienced strains larger than what the
calibrated Voce hardening law was based upon. As a result, the end of the critical
element curves were affected by extrapolation of the work-hardening law, which
was considered unfavourable. The deformation of the critical element where ex-
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trapolation was used corresponded to about 20% of the total deformation. It was
assumed that the extrapolation of the work-hardening was sufficient in this case.
However, it is recommended that the work-hardening law used in further work cov-
ers the whole deformation of the critical element to lower the uncertainties.

Introduction of the Gurson model into the RVE exposed to the average stress
triaxiality was the next step in the approach. The goal of this step was to observe
how the different features implemented into the Gurson model affected the overall
behaviour of a heterogeneous microstructure. The initial void volume fraction and
the void nucleation features were implemented in the Gurson model separately.
This step resembled the investigation done in Section 6.4, but it had some differ-
ences. As mentioned in Section 3.6, the Riks-algorithm was utilized to obtain the
desired stress triaxiality, and the porous failure criterion was not available. The
hybrid formulation of the element, C3D10H, was tested. However, the simulations
stopped prematurely as described in Section 5.2; thus, the normal C3D10 elements
were used. Figure 7.5 and 7.6 show the results from introducing either initial void
volume fraction or void nucleation, respectively. Only the expected plastic strain
at nucleation, εN , was varied when considering void nucleation, while the standard
deviation and void volume nucleation fraction were fixed with the values SN = 0.05
and fN = 0.01, respectively.
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Figure 7.5: Docol 500DP: True stress-
strain from the critical element and the
RVE where the initial void volume fraction,
f0, feature was included and exposed to the
average stress triaxiality.
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Figure 7.6: Docol 500DP: True stress-
strain from the critical element and the
RVE with the void nucleation feature con-
trolled by changing εN included and ex-
posed to the average stress triaxiality.

A rapid void growth when the strain increased was observed when using the initial
void volume fraction feature in the Gurson model. Considering Figure 7.5, the
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desired strain level was not achieved regardless of the f0-parameter. Evidently,
the stress and strain concentrations in the model led to a rapid void growth in the
RVE as long as voids were present. The void evolution was affected by changing
the initial void volume fraction, but the changes were insignificant compared to the
desired strain level obtained in the critical element. In this case, it is evident that
the initial void volume fraction feature was inadequate. It is more reasonable to
compare the RVE with the critical element in the specimen than with the whole
specimen. The RVE and the critical element experienced only material softening,
and the effect of the geometrical softening was excluded from the results. This is
in contrast to the former conducted fracture study where the uniaxial tension test
specimens were used as reference cases.

Figure 7.6 shows that the desired strain level could be obtained by using the void
nucleation feature when the expected plastic strain at nucleation, εN , was large.
As for the case when using initial void volume fraction, these findings indicate that
rapid void growth occurred in the RVE when the strain increased. However, the
three parameters available using the void nucleation feature provided more flexi-
bility compared to the f0-parameter. By using εN = 4, SN = 0.05 and fN = 0.01,
initiation of the rapid void growth was delayed. Note, this step was independent
of the material models that were the results of the approach.

Including damage in the homogenized model was considered next in the approach.
Here, the single element with the homogeneous material model, as shown in Fig-
ure 3.10, was exposed to the same triaxiality as the RVE. The goal of this step
was to fracture the single element at the critical element fracture strain. This was
done by including the Gurson model into the material model listed in Table 7.1,
where either the initial void volume fraction or the void nucleation feature was
introduced. Thus, the goal was to obtain a rapid reduction of the stress carrying
capacity of the single element at the red star in Figure 7.3.

The results are shown in Figure 7.7 and 7.8 for initial void volume fraction and
void nucleation, respectively. Evidently, a large initial void volume fraction needed
to be introduced in order to notice the material softening in the single element. It
is observed that the initial void volume fraction decreased the overall stress level.
This indicates a steady void growth, and that the desired rapid void growth was
not achieved in the single element. As for the RVE, more promising results were
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obtained by using the void nucleation feature. The desired reduction of stress
carrying capacity was achieved at the critical element fracture strain through nu-
cleation burst by choosing εN = 1.3, SN = 0.05 and fN = 0.3.
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Figure 7.7: Docol 500DP: True stress-
strain curves from the critical element and
the homogeneous element where the initial
void volume fraction, f0, was included and
exposed to the average stress triaxiality.
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Figure 7.8: Docol 500DP: True stress-
strain curves from the critical element and
the homogeneous element where the void
nucleation was included and exposed to the
average stress triaxiality.

It is emphasized that the void nucleation parameters chosen here were not based
on experimental observation, but introduced to ensure the desired rapid loss of
stress carrying capacity. The authors of this study were aware that a void volume
nucleation fraction of 0.3 was substantial and not necessarily realistic. Other com-
binations of the parameters could have been chosen and still achieved the desired
reduction of stress carrying capacity. For instance, a smoother reduction would be
obtained if the standard deviation was increased, while a smaller reduction would
be obtained if the void volume nucleation fraction was decreased. However, the
chosen parameters were considered sufficient since the goal was achieved.

Furthermore, the deficiency mentioned in Section 6.4 regarding the void nucleation
feature is once again emphasized. The εN -parameter was not a function of the
stress triaxiality. Thus, it is expected that the chosen combination of parameters
yields poor results if the stress state changes. This deficiency could be remedied
by use of a stress-driven void nucleation. Petit et al. (2019) used a Gurson model
with stress- and strain-driven nucleation. Instead of the void nucleation described
in Equation (2.7), a stress-driven nucleation criterion was included where the A-
parameter in Equation (2.6) was a function of both the maximum principal stress
and the plastic strain. Also stress-driven nucleation where the A-parameter was a



79

function of the stress triaxiality has been used in the literature (Dalloz et al. 2009).
The stress-driven nucleation was not investigated further in this study since it was
not available in Abaqus.

The final step of the micro-macro approach was to carry out a numerical simu-
lation of the central hole test where only the symmetry plane in the thickness was
used and where the homogeneous material model calibrated during this approach
was used. A picture of the numerical model is shown in Figure 3.11. The goal was
to represent fracture by obtaining an abrupt reduction of stress carrying capacity
at the fracture strain. The use of initial void volume fraction in the Gurson model
alone was considered as inadequate based on the results obtained with both the
RVE and the single homogeneous element. Void nucleation provided more flexibil-
ity, and was considered appropriate in order to reproduce the desired rapid void
growth. Thus, void nucleation parameters based on the single homogeneous mate-
rial were used in the final simulation. For Docol 500DP, the parameters used were
εN = 1.3, SN = 0.05 and fN = 0.3. Figure 7.9 shows the engineering stress-strain
curves from the experiment and the final numerical simulation. In contrast to the
preliminary results, the final numerical simulation shows an abrupt change at en-
gineering strain 0.64. This corresponded to the fracture strain in the experiment,
which is marked as the blue star.
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Figure 7.9: Docol 500DP: Engineering stress-strain curves from the experiment and the
final simulation of central hole simulation.

Summarized, the objective of the micro-macro approach was to propose material
models for the DP steels, called the homogeneous materials herein, that could be
used in large scale simulations of structural components. The approach was based
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on experimental data and micromechanical analyses. The central hole experiments
were used as reference cases, and the main priority was to predict the fracture
strains with sufficient accuracy. Porous elasto-plastic material models were pro-
posed, where the Gurson model was given special attention. The work-hardening
of the different material models was based on the behaviour of the idealized RVE
with cubical martensite in the centre exposed to uniaxial tension. The effects of
using initial void volume fraction and void nucleation was investigated. More flex-
ibility was observed by using void nucleation in order to capture the rapid void
growth experienced beyond load maximum in the idealized RVE and the single el-
ement. New simulations of central hole tests with the Gurson model included were
conducted as the final step of the approach. An abrupt change was observed in the
engineering stress-strain curves at the desired fracture strain. The Voce harden-
ing parameters and the Gurson model parameters, which constitute the temporary
material models for the DP steels after conducting the micro-macro approach, are
listed in Table 7.1 and Table 7.3, respectively.

Table 7.3: The temporary Gurson model parameters for the homogeneous material
model for each steel quality.

DP Steel q1 [-] q2 [-] q3 [-] εN [-] SN [-] fN [-]
Docol 500DP 1.5 1.0 2.25 1.3 0.05 0.3
Docol 600DP 1.5 1.0 2.25 0.9 0.05 0.3
Docol 800DP 1.5 1.0 2.25 0.8 0.05 0.3
Docol 1000DP 1.5 1.0 2.25 0.6 0.05 0.3

The approach did not, however, accurately reproduce the stress level. It is ad-
dressed attention to Figure 7.2, where discrepancies were observed between the
experimental test and numerical simulation in terms of the engineering stress-
strain curve. Similar differences were also observed for the other steel qualities
in Appendix A.5. It was speculated whether the differences occurred due to the
work-hardening laws. They were based on the RVE with cubical martensite, which
was an idealization of the actual microstructure. In order to show the dependency
on the work-hardening law, new Voce hardening laws were calibrated based on the
experimental data from the uniaxial tension tests up to necking. Figure 7.10 is
similar to Figure 7.2, where the result from using the work-hardening law based
on the uniaxial tension experiment is also included. Figure 7.11 to 7.13 are simi-
lar figures for the other steel qualities. Evidently, the numerical simulations with
the Voce hardening laws based on the uniaxial tension experiments resembled the
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central hole experiments to a greater extent. Thus, it is expected that better com-
pliance between the experiment and the numerical simulation could be obtained if
the RVEs resembled the DP steel microstructure to a greater extent. However, the
work in this thesis is based on the idealized RVE, and to conduct the micro-macro
approach with another RVE (for instance the one presented in Section 3.5.1) was
considered as out of scope.
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Figure 7.10: Docol 500DP: Engineering
stress-strain curve from the CH simulations
with different work-hardening laws.
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Figure 7.11: Docol 600DP: Engineering
stress-strain curve from the CH simulations
with different work-hardening laws.
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Figure 7.12: Docol 800DP: Engineering
stress-strain curve from the CH simulations
with different work-hardening laws.
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Figure 7.13: Docol 1000DP: Engineering
stress-strain curve from the CH simulations
with different work-hardening laws.

Even though the numerical simulations based on the uniaxial tension experiments
improved the compliance with the experimental data, differences were still observed
in Figure 7.10 to 7.13 beyond engineering strain of 0.4, 0.2, 0.2 and 0.15 for Docol
500DP, 600DP, 800DP and 1000DP, respectively. These differences may have been
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caused by material softening due to crack initiation and propagation in the spec-
imen. Thus, the material softening may have initiated earlier in the experiments
than at the fracture strain used in this approach. Pictures from the experiments
were investigated to confirm these speculations. Figure 7.14 and Figure 7.15 show
the pictures from the DIC analysis of the experiments with Docol 500DP and
600DP, respectively. The pictures correspond to engineering strains of 0.4 and 0.2,
and a crack is observed right below and above the hole, respectively. Thus, the
material softening initiated earlier than at the fracture strain as assumed in the
micro-macro approach. The approach could therefore be improved by considering
the whole damage evolution, and not only the fracture strain. This could be done
by lowering the expected plastic strain at nucleation, εN , such that void nucleation
initiates at the strain corresponding to damage initiation in Figure 7.8.

Figure 7.14: Docol 500DP: Picture from
DIC analysis corresponding to 0.4 in engi-
neering strain to show the crack initiation
in the specimen. A crack is observable in-
side the red circle.

Figure 7.15: Docol 600DP: Picture from
DIC analysis corresponding to 0.2 in engi-
neering strain to show the crack initiation
in the specimen. A crack is observable in-
side the red circle.

As seen in Figure 7.12 and Figure 7.13, the discrepancies between the experiment
and numerical simulation become less prominent for Docol 800DP and 1000DP.
The investigation of the pictures from the DIC analyses showed that the damage
initiation and final fracture almost occurred simultaneously. In the case of Docol
800DP, only a small crack was observable in Figure 7.16 at the last frame before
fracture. For Docol 1000DP, no crack prior to fracture was observed. Thus, it
was not considered as important to calibrate damage initiation in Docol 800DP
and 1000DP since the difference was small. In fact, an uncoupled damage criterion
may be sufficient for Docol 800DP and 1000DP when time is of the essence.
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Figure 7.16: Docol 800DP: Picture from
DIC analysis corresponding to 0.2 in engi-
neering strain to show the crack initiation
in the specimen. A crack is observable in-
side the red circle.

Figure 7.17: Docol 1000DP: Picture from
DIC analysis corresponding to 0.15 in engi-
neering strain to show the crack initiation
in the specimen. No crack is observable in-
side the red circle.

The difference in damage evolution between the different steel qualities are pri-
marily due to the strength and the martensite volume fraction of the DP steels.
DP steels with high martensite volume fraction have high strength and low duc-
tility compared to DP steels with low martensite volume fraction. How rapid the
damage evolution is depends on the elastic strain energy released when a crack
propagates. DP steels with high strength store more elastic energy than DP steels
with low strength. Thus, more energy is released when a crack propagates in Do-
col 800DP and 1000DP compared to Docol 500DP and 600DP. Consequently, a
larger stress redistribution and additional deformation of the uncracked material
is caused, which leads to a more rapid crack propagation for Docol 800DP and
1000DP.

As stated above, the micro-macro approach could be improved by considering dam-
age initiation instead of final fracture in the experiments. This improvement was
done for Docol 500DP and 600DP as they exhibited considerable amount of damage
evolution before fracture. Note, this was not done for Docol 800DP and 1000DP
since the damage initiation and final fracture occurred almost simultaneously. This
was done by repeating the two last steps of the approach. First, fracture was en-
forced in the single element at the critical element strain corresponding to damage
initiation. Then, a final simulation of the central hole test was conducted with the
new material model based on void nucleation.

For Docol 500DP, the calibrated parameters were εN = 0.9, SN = 0.05 and
fN = 0.3. Figure 7.18 shows the true stress-strain curves from critical element
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and the single element. The left and right red star marks the damage initiation
and final fracture, respectively. The chosen void nucleation parameters give the
desired rapid reduction of stress carrying capacity around damage initiation. The
result of implementing the calibrated void nucleation parameters into the central
hole simulation is shown in Figure 7.19. Similar results for Docol 600DP were ob-
tained with εN = 0.6 and the figures are shown in Appendix A.5 in Figure A.5.67
and A.5.68.
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Figure 7.18: Docol 500DP: True stress-
strain curves from the critical element and
the homogeneous element with the void nu-
cleation calibrated for damage initiation.
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Figure 7.19: Docol 500DP: Engineering
stress-strain curve from the central hole
simulation based on damage initiation.

The improvement of the micro-macro approach provided satisfactory results for
Docol 500DP and 600DP. The numerical simulations complied better with the ex-
perimental tests. Evidently, it is important to include the damage initiation when
calibrating material models for Docol 500DP and 600DP, in contrast to Docol
800DP and 1000DP. Thus, the Voce hardening laws in Table 7.1 and the Gurson
parameters in Table 7.4 constitute the proposed material models for the DP steels.

Table 7.4: The final Gurson parameters for the homogeneous material models.

DP Steel q1 [-] q2 [-] q3 [-] εN [-] SN [-] fN [-]
Docol 500DP 1.5 1.0 2.25 0.9 0.05 0.3
Docol 600DP 1.5 1.0 2.25 0.6 0.05 0.3
Docol 800DP 1.5 1.0 2.25 0.8 0.05 0.3
Docol 1000DP 1.5 1.0 2.25 0.6 0.05 0.3



8 Conclusion

The main objective of this master project was to use micromechanical FE simu-
lations to study the influence of martensite volume fraction and distribution on
yielding, work-hardening and ductility. This was done by establishing a microme-
chanical FE modelling framework for plasticity and fracture of DP steels. In addi-
tion, cyclic load experiments were conducted in order to investigate the influence
of martensite volume fraction on the Bauschinger effect. Finally, material models
for DP steels applicable to large-scale FE simulations based on the experimental
data and the micromechanical analyses were proposed. The four different DP steels
considered in this study were Docol 500DP, 600DP, 800DP and 1000DP. The most
important findings are presented in this chapter.

Cyclic load experiments were successfully conducted by use of an anti-buckling
device for the four DP steels. The Bauschinger effect in the DP steels was evalu-
ated by calculating a ratio between the stress at load reversal and the subsequent
yield stress after load reversal, denoted as the r-ratio. The r-ratio increased with
the DP steel quality, which indicated that the Bauschinger effect increased with
the martensite volume fraction.

In this thesis, four different idealized RVEs were considered. The cubical RVEs
were modelled as a ferrite matrix with martensite inclusions. The martensite was
modelled with either cubical or spherical martensitic islands in the centre and each
corner or only in the centre. For all steel qualities, the idealized RVE with a single
cubical martensite island in the centre exhibited yielding and work-hardening clos-
est to the uniaxial tension experimental data, and was considered as the microme-
chanical FE modelling framework. The other RVEs produced a too soft behaviour.
This was studied through considering the energy in the different phases. It was
found that the martensite was engaged to a greater extent in the RVEs with a sin-
gle martensite cube and thus exhibited the strongest behaviour. The RVEs created
were also compared to an RVE that was based on a realistic DP steel microstruc-
ture. Only small differences were observed between the idealized RVE with cubical
martensite in centre and the RVE based on the realistic microstructure in terms
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of the obtained stress-strain curves, but the latter RVE was more computationally
demanding.

Further, the four idealized RVEs were used to create iso-curves for the yielding
in the DP steels. For all steels, the RVE with cubical martensite in the centre
showed the largest yield stress, and the yield stress decreased when the martensite
was distributed in both the centre and the corners. The shape of the iso-curves
resembled the Hershey yield locus with an exponent of m = 6. Furthermore, the
iso-curves created herein resembled results obtained from an experimental study in
the literature.

The Bauschinger effect was also considered in the RVEs in order to determine
the contribution from the strength difference between the two phases. All RVEs
displayed lower r-ratios than those found in the experiments. Evidently, it was not
sufficient to consider only the martensite volume fraction and the ferrite-martensite
strength difference to reproduce all of the Bauschinger effect in DP steels. The
Bauschinger effect was also studied with varying martensite volume fraction. The
Bauschinger effect increased with the martensite volume fraction until 60%. It then
decayed as the volume fraction increased further.

The numerical study of ductile fracture of the DP steels was carried out by only
using the RVE with cubical martensite in the centre. The study was limited to
only consider uniaxial tension. The Gurson model was implemented into the ferrite
material model where the initial void volume fraction and the porous failure crite-
rion were used. It was found that the f0, fc and fF parameters were important for
the void evolution and consequently crucial for the ductility achieved in the RVE.
Docol 500DP and 600DP displayed the decohesion of ferrite-martensite interface
fracture mechanism, since stresses and strains localized at the interface. For Docol
800DP and 1000DP, decohesion of ferrite-martensite interface was not obtained as
the stresses and strains were localized at the loaded surface. It was concluded that
the Gurson model with f0, fc and fF in the RVE was not sufficient in representing
the failure mechanism when the martensite volume fraction increased as martensite
particle cracking became important.

Lastly, material models were proposed for DP steels applicable to large-scale FE
simulations based on the central hole test and the idealized RVE with cubical
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martensite in the centre. This was done by conducting the micro-macro approach,
where a homogeneous material model was obtained. The final material models were
Gurson models, where the work-hardening was described by Voce hardening laws
and damage was included through nucleation and growth of voids. Further, the
approach revealed that considerable amount of damage evolution occurred in Docol
500DP and 600DP before final fracture, in contrast to Docol 800DP and 1000DP
where damage initiation and final fracture almost occurred simultaneously. Thus,
an uncoupled damage model may be sufficient for DP steels with high martensite
volume fraction.
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Future Work

This work was based on microstructure-based modelling and simulation to predict
the behaviour of DP steels. However, the scope of this thesis was limited by the
simplifications introduced in advance of this study. Furthermore, this thesis was
limited by time, therefore additional investigation of the topics considered could
be conducted. In this chapter further work that the authors of this study found
interesting is suggested.

• It is important to consider the simplifications introduced. The micromechan-
ical FE modelling framework for plasticity and fracture was based on the
idealized RVEs, which was a simplification of the actual microstructure of
DP steels. Some artificial effects were observed throughout the study regard-
ing the incompatible deformation of the ferrite and martensite phase. It is
recommended to use RVEs based on the actual microstructure of DP steels
for further investigation of stress and strain localizations.

• Considerable attention was addressed to fracture and the Gurson model
throughout this thesis. The study was limited to only consider stress states
equal or close to uniaxial tension. An investigation of fracture in DP steels by
use of the Gurson model in other stress states is suggested as further work.
The influence of both high and low stress triaxialities should be investigated.
Moreover, extensions of the Gurson model could be considered to compensate
for the deficiencies of this model at low stress triaxialities. However, these ex-
tensions are not available in standard finite element software and additional
subroutines need to be implemented.

• For simplicity, no calibration of the the qi-parameters was conducted in this
study and consequently, the standard values for metals were used. The au-
thors are aware that the Gurson parameters are not unique and similar results
may be obtained with different parameters. However, a calibration procedure
for the Gurson parameters for DP steels is considered as beneficial.

• Different approaches could be investigated to capture the fracture mecha-
nisms. A cohesive zone modelling approach could be used to model both
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decohesion of the ferrite-martensite interface and martensite particle crack-
ing. It is recommended that further investigation uses the approach based on
cohesive elements in order to avoid convergence problems as described herein.
Martensite particle cracking could also be modelled by using a brittle failure
criterion available in standard finite element software.

• A further investigation of the micro-macro approach is appealing. For in-
stance, it is recommended to include a failure criterion. This could be done
by changing the approach in the following way: The porous failure criterion
becomes available if Abaqus/Explicit is used instead of Abaqus/Standard.
Then, the load could be applied as boundary conditions instead of surface
tractions to traverse the limit points in the force-displacement curves of the
RVE and the single element. The boundary conditions correspond to the
deformation of the critical element. In addition, a void nucleation burst ap-
proach where the nucleation of voids depends on the stress state could be
considered in further studies.

• The calibrated material models should be verified in other stress states. It
is recommended to do the verification before the material models are used in
simulations of structural components.
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A Simulations

A.1 Representative Volume Elements

Figure A.1.1: Docol 500DP: Illustration of the RVEs with cubical martensite. Marten-
site only in the centre to the left, while it is distributed both in the centre and the corners
to the right. The blue and red parts represent the martensite and ferrite, respectively.

Figure A.1.2: Docol 600DP: Illustration of the RVEs with cubical martensite. Marten-
site only in the centre to the left, while it is distributed both in the centre and the corners
to the right. The blue and red parts represent the martensite and ferrite, respectively.

A-1
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Figure A.1.3: Docol 800DP: Illustration of the RVEs with cubical martensite. Marten-
site only in the centre to the left, while it is distributed both in the centre and the corners
to the right. The blue and red parts represent the martensite and ferrite, respectively.

Figure A.1.4: Docol 1000DP: Illustration of the RVE with cubical martensite. Only the
RVE with martensite in the centre is presented. The combination of cubical martensite,
Docol 1000DP and distributed martensite causes overlapping of the martensite islands.
The blue and red parts represent the martensite and ferrite, respectively.
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Figure A.1.5: Docol 500DP: Illustration of the RVEs with spherical martensite. Marten-
site only in the centre to the left, while it is distributed both in the centre and the corners
to the right. The blue and red parts represent the martensite and ferrite, respectively.

Figure A.1.6: Docol 600DP: Illustration of the RVEs with spherical martensite. Marten-
site only in the centre to the left, while it is distributed both in the centre and the corners
to the right. The blue and red parts represent the martensite and ferrite, respectively.
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Figure A.1.7: Docol 800DP: Illustration of the RVEs with spherical martensite. Marten-
site only in the centre to the left, while it is distributed both in the centre and the corners
to the right. The blue and red parts represent the martensite and ferrite, respectively.

Figure A.1.8: Docol 1000DP: Illustration of the RVEs with spherical martensite.
Martensite only in the centre to the left, while it is distributed both in the centre and
the corners to the right. The blue and red parts represent the martensite and ferrite,
respectively.
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A.2 Yielding and Work-Hardening

The RVEs with cubical martensite:
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Figure A.2.9: Docol 500DP: Comparison
of experiment and both RVEs with cubical
shape of martensite in uniaxial tension.
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Figure A.2.10: Docol 600DP: Compari-
son of experiment and both RVEs with cu-
bical shape of martensite in uniaxial ten-
sion.
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Figure A.2.11: Docol 800DP: Compari-
son of experiment and both RVEs with cu-
bical shape of martensite in uniaxial ten-
sion.
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The RVEs with spherical martensite:
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Figure A.2.12: Docol 500DP: Compar-
ison of experiment and both RVEs with
spherical shape of martensite in uniaxial
tension.
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Figure A.2.13: Docol 600DP: Compar-
ison of experiment and both RVEs with
spherical shape of martensite in uniaxial
tension.
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Figure A.2.14: Docol 800DP: Compar-
ison of experiment and both RVEs with
spherical shape of martensite in uniaxial
tension.
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Figure A.2.15: Docol 1000DP: Compar-
ison of experiment and both RVEs with
spherical shape of martensite in uniaxial
tension.



A.3. ISO-CURVES A-7

A.3 Iso-Curves

The RVE with cubical martensite in the centre:
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Figure A.3.16: Docol 500DP: Three iso-
curves obtained by use of the RVE with cu-
bical martensite in the centre and the Her-
shey yield locus at 0.2% plastic strain.
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Figure A.3.17: Docol 600DP: Three iso-
curves obtained by use of the RVE with cu-
bical martensite in the centre and the Her-
shey yield locus at 0.2% plastic strain.
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Figure A.3.18: Docol 800DP: Three iso-
curves obtained by use of the RVE with cu-
bical martensite in the centre and the Her-
shey yield locus at 0.2% plastic strain.
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Figure A.3.19: Docol 1000DP: Three iso-
curves obtained by use of the RVE with cu-
bical martensite in the centre and the Her-
shey yield locus at 0.2% plastic strain.
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The RVEs with cubical and spherical centre:
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Figure A.3.20: Docol 500DP: Iso-curves
obtained by use of the RVEs with cubical
and spherical martensite in the centre.
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Figure A.3.21: Docol 600DP: Iso-curves
obtained by use of the RVEs with cubical
and spherical martensite in the centre.
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Figure A.3.22: Docol 800DP: Iso-curves
obtained by use of the RVEs with cubical
and spherical martensite in the centre.
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Figure A.3.23: Docol 1000DP: Iso-curves
obtained by use of the RVEs with cubical
and spherical martensite in the centre.
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The effect of distributing the martensite:
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Figure A.3.24: Docol 500DP: Iso-curves
obtained by using the RVEs with cubi-
cal martensite only in the centre and dis-
tributed between the centre and the cor-
ners.
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Figure A.3.25: Docol 800DP: Iso-curves
obtained by using the RVEs with cubi-
cal martensite only in the centre and dis-
tributed between the centre and the cor-
ners.
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Figure A.3.26: Docol 500DP: Iso-curves
obtained by using the RVEs with spheri-
cal martensite only in the centre and dis-
tributed between the centre and the cor-
ners.

-1000 -500 0 500 1000
<11 [MPa]

-1000

-500

0

500

1000

<
22

[M
P
a]

"p
l = 0:1%

"p
l = 0:2%

"p
l = 0:5%

Figure A.3.27: Docol 1000DP: Iso-curves
obtained by using the RVEs with spheri-
cal martensite only in the centre and dis-
tributed between the centre and the cor-
ners.
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A.4 Kinematic Hardening

The RVE with cubical martensite in the centre:
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Figure A.4.28: Docol 500DP: True stress
vs. plastic strain curves from the RVE with
cubical martensite in the centre. Red and
blue points indicate load reversal points
and yield points, respectively.
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Figure A.4.29: Docol 600DP: True stress
vs. plastic strain curves from the RVE with
cubical martensite in the centre. Red and
blue points indicate load reversal points
and yield points, respectively.

-0.04 -0.02 0 0.02 0.04 0.06
"p
l [-]

-1000

-500

0

500

1000

<
t
[M

P
a] RL2

RL3
RL4
RL5

Figure A.4.30: Docol 800DP: True stress
vs. plastic strain curves from the RVE with
cubical martensite in the centre. Red and
blue points indicate load reversal points
and yield points, respectively.
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Figure A.4.31: Docol 1000DP: True
stress vs. plastic strain curves from the
RVE with cubical martensite in the centre.
Red and blue points indicate load reversal
points and yield points, respectively.
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The RVE with cubical martensite in the centre and the corners:
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Figure A.4.32: Docol 500DP: True stress
vs. plastic strain curves from the RVE
with cubical martensite in the centre and
the corners. Red and blue points indicate
load reversal points and yield points, re-
spectively.
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Figure A.4.33: Docol 600DP: True stress
vs. plastic strain curves from the RVE
with cubical martensite in the centre and
the corners. Red and blue points indicate
load reversal points and yield points, re-
spectively.
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Figure A.4.34: Docol 800DP: True stress
vs. plastic strain curves from the RVE
with cubical martensite in the centre and
the corners. Red and blue points indicate
load reversal points and yield points, re-
spectively.
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The RVE with spherical martensite in the centre:
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Figure A.4.35: Docol 500DP: True stress
vs. plastic strain curves from the RVE with
spherical martensite in the centre. Red and
blue points indicate load reversal points
and yield points, respectively.
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Figure A.4.36: Docol 600DP: True stress
vs. plastic strain curves from the RVE with
spherical martensite in the centre. Red and
blue points indicate load reversal points
and yield points, respectively.
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Figure A.4.37: Docol 800DP: True stress
vs. plastic strain curves from the RVE with
spherical martensite in the centre. Red and
blue points indicate load reversal points
and yield points, respectively.
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Figure A.4.38: Docol 1000DP: True
stress vs. plastic strain curves from the
RVE with spherical martensite in the cen-
tre. Red and blue points indicate load re-
versal points and yield points, respectively.
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The RVE with spherical martensite in the centre and the corners:
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Figure A.4.39: Docol 500DP: True stress
vs. plastic strain curves from the RVE
with spherical martensite in the centre and
the corners. Red and blue points indicate
load reversal points and yield points, re-
spectively.
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Figure A.4.40: Docol 600DP: True stress
vs. plastic strain curves from the RVE
with spherical martensite in the centre and
the corners. Red and blue points indicate
load reversal points and yield points, re-
spectively.
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Figure A.4.41: Docol 800DP: True stress
vs. plastic strain curves from the RVE
with spherical martensite in the centre and
the corners. Red and blue points indicate
load reversal points and yield points, re-
spectively.
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Figure A.4.42: Docol 1000DP: True
stress vs. plastic strain curves from the
RVE with spherical martensite in the cen-
tre and the corners. Red and blue points
indicate load reversal points and yield
points, respectively.
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The RVEs with cubical martensite:
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Figure A.4.43: The Bauschinger effect
expressed by use of the r-ratio obtained
by the RVE with cubical martensite in the
centre.
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Figure A.4.44: The Bauschinger effect
expressed by use of the r-ratio obtained
by the RVE with cubical martensite in the
centre and corners.

The RVEs with spherical martensite:
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Figure A.4.45: The Bauschinger effect
expressed by use of the r-ratio obtained by
the RVE with spherical martensite in the
centre.

0 0.02 0.04 0.06 0.08 0.1
0

0.2

0.4

0.6

0.8

1

Figure A.4.46: The Bauschinger effect
expressed by use of the r-ratio obtained by
the RVE with spherical martensite in the
centre and corners.



A.5. HOMOGENIZATION A-15

A.5 Homogenization
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Figure A.5.47: Docol 500DP: True stress
vs. plastic strain curve obtained with the
calibrated Voce hardening law shown to-
gether with the RVE with cubical centre it
was based upon.
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Figure A.5.48: Docol 500DP: Engineer-
ing stress-strain curve from experimental
and numerical central hole test.
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Figure A.5.49: Docol 500DP: True
stress-strain from the critical element
shown together with RVE exposed to the
average stress triaxiality.
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Figure A.5.50: Docol 500DP: Stress tri-
axiality in the critical element.
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Figure A.5.51: Docol 500DP: True
stress-strain from the critical element
shown together with the RVE where the
Gurson model with initial void volume frac-
tion f0 was included and exposed to the
average stress triaxiality.
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Figure A.5.52: Docol 500DP: True
stress-strain from the critical element
shown together with the RVE where the
Gurson model with void nucleation con-
trolled by changing εN was included and
exposed to the average stress triaxiality.
SN = 0.05 and fN = 0.01.
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Figure A.5.53: Docol 500DP: True
stress-strain from the critical element
shown together with the homogeneous el-
ement where the Gurson model with initial
void volume fraction f0 was included and
exposed to the average stress triaxiality.
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Figure A.5.54: Docol 500DP: True
stress-strain from the critical element
shown together with the homogeneous el-
ement where the Gurson model with void
nucleation was included and exposed to the
average stress triaxiality. SN = 0.05 and
fN = 0.3.
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Figure A.5.55: Docol 500DP: The final simulation of central hole simulation. Engineer-
ing stress-strain. εN = 1.3, SN = 0.05 and fN = 0.3.

0 0.2 0.4 0.6 0.8 1 1.2
"11 [-]

0

200

400

600

800

1000

<
11

[M
P
a]

Critical Element
One Element

Figure A.5.56: Docol 500DP: True
stress-strain from the critical element and
the homogeneous element where the Gur-
son model with void nucleation was in-
cluded and calibrated for damage initia-
tion. εN = 0.9, SN = 0.05 and fN = 0.3.
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Figure A.5.57: Docol 500DP: Engineer-
ing stress-strain curve from the central
hole simulation based on damage initiation.
εN = 0.9, SN = 0.05 and fN = 0.3.
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Figure A.5.58: Docol 600DP: True stress
vs. plastic strain curve obtained with the
calibrated Voce hardening law shown to-
gether with the RVE with cubical centre it
was based upon.
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Figure A.5.59: Docol 600DP: Engineer-
ing stress-strain curve from experimentally
and numerically central hole test.
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Figure A.5.60: Docol 600DP: True
stress-strain from the critical element
shown together with RVE exposed to the
average stress triaxiality.
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Figure A.5.61: Docol 600DP: Stress tri-
axiality in the critical element.
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Figure A.5.62: Docol 600DP: True
stress-strain from the critical element
shown together with RVE where the Gur-
son model with initial void volume frac-
tion f0 was included exposed to the average
stress triaxiality.
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Figure A.5.63: Docol 600DP: True
stress-strain from the critical element
shown together with RVE where the Gur-
son model with void nucleation controlled
by changing εN was included exposed to
the average stress triaxiality. SN = 0.05
and fN = 0.01.
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Figure A.5.64: Docol 600DP: True
stress-strain from the critical element
shown together with homogeneous element
where the Gurson model with initial void
volume fraction f0 was included exposed to
the average stress triaxiality.
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Figure A.5.65: Docol 600DP: True
stress-strain from the critical element
shown together with homogeneous element
where the Gurson model with void nucle-
ation was included exposed to the average
stress triaxiality. SN = 0.05 and fN = 0.3.
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Figure A.5.66: Docol 600DP: The final simulation of central hole simulation. Engineer-
ing stress strain obtained with εN = 0.9, SN = 0.05 and fN = 0.3.
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Figure A.5.67: Docol 600DP: True
stress-strain from the critical element and
the homogeneous element where the Gur-
son model with void nucleation was in-
cluded and calibrated for damage evolu-
tion. SN = 0.05 and fN = 0.3.
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Figure A.5.68: Docol 600DP: Engineer-
ing stress-strain curve from the central hole
simulation based on damage initiation. En-
gineering stress strain obtained with εN =
0.6, SN = 0.05 and fN = 0.3. Note, the
slopes beyond damage initiation are not
equal. Similar slopes could have been ob-
tained by decreasing fN . This result was
assumed sufficient since the desire was to
initiate fracture at damage initiation, not
necessarily to obtain a perfect fit.
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Figure A.5.69: Docol 800DP: True stress
vs. plastic strain curve obtained with the
calibrated Voce hardening law shown to-
gether with the RVE with cubical centre it
was based upon.
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Figure A.5.70: Docol 800DP: Engineer-
ing stress-strain curve from experimental
and numerical central hole test.
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Figure A.5.71: Docol 800DP: True
stress-strain from the critical element
shown together with RVE exposed to the
average stress triaxiality.
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Figure A.5.72: Docol 800DP: Stress tri-
axiality in the critical element.
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Figure A.5.73: Docol 800DP: True
stress-strain from the critical element
shown together with the RVE where the
Gurson model with initial void volume frac-
tion f0 was included and exposed to the
average stress triaxiality.
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Figure A.5.74: Docol 800DP: True
stress-strain from the critical element
shown together with the RVE where the
Gurson model with void nucleation con-
trolled by changing εN was included and
exposed to the average stress triaxiality.
SN = 0.05 and fN = 0.01
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Figure A.5.75: Docol 800DP: True
stress-strain from the critical element
shown together with the homogeneous el-
ement where the Gurson model with initial
void volume fraction f0 was included and
exposed to the average stress triaxiality.
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Figure A.5.76: Docol 800DP: True
stress-strain from the critical element
shown together with the homogeneous el-
ement where the Gurson model with void
nucleation was included and exposed to the
average stress triaxiality. SN = 0.05 and
fN = 0.3.
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Figure A.5.77: Docol 800DP: The final simulation of central hole simulation. Engineer-
ing stress-strain obtained with εN = 0.8, SN = 0.05 and fN = 0.3.
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Figure A.5.78: Docol 1000DP: True
stress vs. plastic strain curve obtained with
the calibrated Voce hardening law shown
together with the RVE with cubical centre
it was based upon.
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Figure A.5.79: Docol 1000DP: Engineer-
ing stress-strain curve from experimentally
and numerically central hole test.
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Figure A.5.80: Docol 1000DP: True
stress-strain from the critical element
shown together with RVE exposed to the
average stress triaxiality.
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Figure A.5.81: Docol 1000DP: Stress tri-
axiality in the critical element.
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Figure A.5.82: Docol 1000DP: True
stress-strain from the critical element
shown together with RVE where the Gur-
son model with initial void volume frac-
tion f0 was included exposed to the average
stress triaxiality.
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Figure A.5.83: Docol 1000DP: True
stress-strain from the critical element
shown together with RVE where the Gur-
son model with void nucleation controlled
by changing εN was included exposed to
the average stress triaxiality. SN = 0.05
and fN = 0.01.
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Figure A.5.84: Docol 1000DP: True
stress-strain from the critical element
shown together with homogeneous element
where the Gurson model with initial void
volume fraction f0 was included exposed to
the average stress triaxiality.
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Figure A.5.85: Docol 1000DP: True
stress-strain from the critical element
shown together with homogeneous element
where the Gurson model with void nucle-
ation was included exposed to the average
stress triaxiality. SN = 0.05 and fN = 0.3
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Figure A.5.86: Docol 1000DP: The final simulation of central hole simulation. Engi-
neering stress strain obtained with εN = 0.6, SN = 0.05 and fN = 0.3.



B External Data

B.1 Experimental Yield Loci

Figure B.1.1: Experimental yield loci for
DP590 from Hou et al. (2019).

Figure B.1.2: Experimental yield loci for
DP780 from Hou et al. (2019).

Figure B.1.3: Experimental yield loci for
DP980 from Hou et al. (2019).

B-1
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