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Abstract

Developments in the automotive industry are driven by customer desires and legislative
authorities. Legislation has restricted the emissions standards for vehicles, and has man-
dated the need for higher safety standards. The emission of carbon dioxide is directly
related to fuel consumption, and the reduction in fuel consumption can be achieved by
reducing the vehicle mass.

A variety of methods have been used to reduce a vehicle’s mass while maintaining
its crashworthiness. A technique using low-alloyed boron steel has been developed, and
it enables the design of lighter body-in-white, while maintaining passenger safety. The
technique is called press-hardening or hot stamping, and it involves the simultaneous
forming and quenching of sheet metal. Press-hardened components have superior mate-
rial properties compared to components made of mild steel. Another feature of compo-
nents formed at elevated temperatures is the possibility of tailoring material properties in
desired regions of the component. This is realized by using specially designed tools that
allow differential in-die cooling rates and thus direct control of the formed microstruc-
ture. Using this technique, it is possible to manufacture a high-strength region next to a
high-ductility section divided by a transition zone of mixed microstructure.

The present work aims to determine the influence of mixed microstructures on the
mechanical properties of low-alloyed boron steel. An experimental heat-treatment process
is used to form multi-phase microstructures with a variety of phase volume fractions
present in the composite. Digital image correlation is used to investigate the deformation
of tensile specimens under loading. This full-field technique and a suitable constitutive
model enables us to evaluate the flow and fracture properties of heat-treated samples.
Microstructural characterization is used to determine the type of phases present and their
average volume fraction in the composites.

The findings from experimental studies are compared to results predicted by a consti-
tutive model. A modeling strategy is employed to determine the effective material prop-
erties depending on the properties of single-phase characteristics. Failure of the material
is indicated by stress-based fracture criteria. Numerical issues in finite-element modeling
concerning the mesh-size sensitivity are addressed using a regularization method.

The results of the experimental work aids the calibration and validation of the pro-
posed microstructure-based modeling approach, and a knowledge of the processing his-
tory enables the prediction of the overall hardening behavior and fracture elongation. A
comparison of experimental results, which are not used for calibration, with numerical
results shows that there is good agreement.
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Chapter 1

Introduction

“Begin at the beginning,” the King said gravely,
“and go on till you come to the end: then stop.”

Lewis Carroll, Alice in Wonderland

This thesis begins with a survey of five appended papers. The survey is intended to
introduce the general reader to the topics that are discussed in detail in the scientific
papers found in the appendix. Furthermore, the survey aims to determine the need for
this work within the context of the development of passive safety components in the
automotive industry.

1.1 Objective

The ultra-high strength steel (UHSS), which is the focus of this work, is common in
the automotive industry, and it is used for passive safety components in the body-in-
white. In order to realize superior mechanical properties in components, a heat-treatment
process is used for sheet-metal components. Both heat treatment and welding affect
the microstructure of the steel and alter its mechanical properties, and the accurate
modeling of the material properties is essential in the development of components used
in automotive applications. The objective of this work is to study and establish the
relationship between phase composition and failure behavior in boron alloyed steel. The
following research question can be formulated: ”How is the fracture strain influenced
by microstructural constituents, and how is this influence combined into a failure model
based on the stress, strain, and material state as well as the actual analysis length scale?”

1.2 Background and motivation

Environmental considerations and legislative regulations are primary driving forces be-
hind the development of materials and manufacturing processes in the automotive in-
dustry. In order to reduce the fuel consumption of vehicles, a variety of techniques is
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4 Introduction

used. One method is to reduce the weight of the car body structure. Over the past thirty
years, the requirements for passenger safety have become more important, and have led
to changes in the design and amount of material used to fulfill these requirements. Over
the same period, consumers have demanded larger cars with a greater number of con-
figurations. These have led to an increase in vehicle weight, as illustrated in Fig. 1.1.
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Figure 1.1: Development of the vehicle weight for some selected models over a 35-year
period: BMW 3-series, Ford Escort/Focus, Opel Kadett/Astra, Volkswagen Golf, and
Volvo V-series.

1.2.1 Steels used in the automotive industry

Steels are classified in different ways depending on their field of application, metallurgical
composition, or production process. Steel is a common material used in many sectors be-
cause of the favorable relationship between price and strength. The automotive industry
uses a wide variety of steels within a vehicle depending on the demand for the component.
For many applications, such as deep drawn panels, the use of interstitial-free (IF) and
mild steels is sufficient as good formability is most important, and higher strength low-
alloy (HSLA) grades are used for structural components that place greater demands on
the load-bearing capacity. Advanced high-strength steels (AHSS) is a collective term for
a number of different grades, such as dual phase (DP), transformation-induced plastic-
ity (TRIP), twinning-induced plasticity (TWIP), complex phase (CP), and martensitic
steels. Carbon steel with low alloy content (MnB) is also a conventional steel, and heat
treatment is used to increase the strength of this type of steel (

Throughout the present work, terms expressing the microstructure of the steel are used.
To provide some insight about the terminology used, a brief summary of microstructural
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Figure 1.2: Common steel grades in the automotive industry. The low-alloyed boron steel
used in the present work is highlighted with approximate properties before and after hot
stamping with hardening.

terms is presented in the following paragraph.

By definition, steel is an alloy of iron and carbon. In general, other alloying elements
are added to improve physical properties and to achieve special properties. As with all
metals, on a microscopic level, steel consists of crystals. These crystals are usually called
grains. Depending on the heat treatment, different types of crystal structures develop to
form grains; grains having the same crystalline structure belong to the same phase.

If steel is heated above a critical temperature, the temperature depends on the carbon
content and alloying elements, the only phase present is austenite. Depending on the
cooling rate, austenite transforms into other phases. Slow cooling leads to the formation
of ferrite. On further cooling, an equilibrium is reached upon which another phase forms,
and this is called pearlite. Pearlite consists of alternating layers of ferrite and iron carbide.
Iron carbide is an iron-carbon crystalline compound, and is also called cementite. If
austenite is rapidly cooled, a phase called martensite is formed.

Upon application of an intermediate cooling rate, a phase called bainite is formed.
The term bainite is misleading for a single phase as the mechanical properties of bainite
depend largely on the formation temperature. Bainitic microstructures are commonly
divided into upper and lower bainite. During continuous cooling, the formation of both
types is possible, but in publications related to hot stamping, another expression is used
to describe a form of bainite, i.e., granular bainite, because its appearance is different
from both upper and lower bainite.



6 Introduction

1.2.2 Hot sheet metal forming - process and application

In literature, several terms are used to describe the same process. Hot sheet metal forming
is a synonym for hot stamping, press hardening, or simultaneous forming and quenching.
As the denomination suggests, the work piece is formed under hot conditions, or heat
treatment is part of the manufacturing process.

In Fig. 1.3, the evolution of the use of hot-stamped components during the last three
decades is illustrated. Of historic interest is the Saab 9000, which possessed the first
component, namely a side-impact protection beam. For the example of the Volvo XC90,
the development of the use of hot-stamped components across generations is obvious.
Volkswagen is another European manufacturer that utilizes hot stamping and tailored
properties to a larger extent.
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Figure 1.3: Determination of the number of hot- stamped components used in the body-
in-white for some selected cars. The Volvo XC90 is highlighted as an example for the
increase in the use of hot-stamped components in the shift between vehicle generations.
Images courtesy of Volvo Car Corporation (2016) and Volkswagen AG (2016).

Two different manufacturing processes are used in practice for hot-stamped compo-
nents, indirect hot stamping, where a component is first formed and heat treated in a
second step, and the direct process, where forming and quenching are performed simul-
taneously. The idea of the manufacturing process is to heat a blank or component to a
temperature above the upper equilibrium temperature of steel. Above this temperature,
the microstructure consists of only a single phase named austenite. The austenite phase,
which is present at elevated temperatures, has low yield stress and high ductility, which
allows the formation of complex shapes. The tools used for quenching are liquid cooled
in order to ensure high in-die cooling rates and constant tool temperatures. If the cool-
ing rate of a given steel exceeds the critical cooling rate, a predominantly martensitic
microstructure is formed. Martensite is another microstructure that may be obtained in
steel, and its main characteristic is its high yield and ultimate tensile strength, but this
is at the expense of a lower ductility.
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In Fig. 1.4, a schematic of a direct-press hardening production line is depicted. De-
pending on the type of component and the tool used, not all steps are necessary. In
addition, other steps are found, such as the laser welding of two blanks, or rolling of the
blank prior to austenitization, both with the aim of producing components with different
sheet thicknesses.

Figure 1.4: Schematic representation of the direct hot-stamping process. From left to
right decoiling, pre-cutting of the component, austenitization in a furnace, pre-cooling,
forming and quenching, final cutting, and surface conditioning. Image courtesy of
voestalpine Steel Division (2016).

The manufacturing process for hot-stamped components can be designed in a differ-
ent way to allow for the optimization of mechanical properties within a single blank.
In the field of hot stamping, this method is referred to as tailored material properties
(TP). TP components possess different mechanical properties in desired zones. Parts
with soft zones incorporated into crash-relevant components show beneficial characteris-
tics compared with fully hardened parts. A typical component with tailored properties
is a B-pillar, an example of which is shown in Fig. 1.5. Mechanical properties within the
blank are altered through forming tools that are sequentially heated and cooled. This
type of heat treatment causes regions with high strength and low ductility to be directly
placed beside a zone with lower strength and high ductility. The regions are linked on
microstructural level by a small transition zone consisting of a mixed microstructure. In
B-pillars, the presence of hard and soft zones offers a high intrusion protection combined
with high energy absorption. The use of soft zones is not limited to the comparable
large areas in a B-pillar. In many full-hardened components, smaller soft zones are intro-
duced in regions where welds are situated. Fully hardened components often experience
failure in the vicinity of the weld, hence disabling the continued energy absorption of
the structure. Therefore, allowing for a higher deformation near welds is a beneficial
aspect of tailoring material properties. Other applications of hot-stamped components
in automotive applications are A- and C-pillars, side impact beams, roof frames and
frame components, bumpers and bumper mounts, tunnels, and rear and front end cross
members.

The above-mentioned process is only one possible way of obtaining components with
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tailored properties. Other methods are (i) tailor-welded blanking, where sections of
blanks with different properties are joined, (ii) partial austenitization, where only sections
of the blank are austenitized and quenched, and (iii) post tempering, where the strength
of a fully hardened component is reduced.

Soft zone

Transition zone

Fully hardened

Figure 1.5: Example of a component with tailored material properties, partially hardened
B-pillar reinforcement.

1.2.3 Hot sheet metal forming - material

Steel is a material with favorable properties related to the change in the mechanical
properties by heat treatment. To improve a material’s properties or change its behavior
during different processes, alloying elements are added. In the present work, a low-alloyed
boron steel is investigated. This type of steel is common in industrial and automotive
applications owing to its favorable properties during and after heat treatment. Another
advantage that is possessed especially by low-alloyed steels is their relatively low cost
compared to other metallic materials and lightweight fiber composites.

The traditional production route for high-strength steels is quenching with the aim be-
ing to form martensite. The ability of steel to form martensite by quenching is referred
to as its hardenability. The hardenability of steel is dependent on the carbon content
and other alloying elements. Furthermore, the initial grain size from which martensite
is formed as well as the loading conditions during quenching are other influencing pa-
rameters. A key parameter for the formation of different phases is the cooling rate. The
cooling rate depends on the temperature of the fluid or tool used for quenching. For
solid tools, the thermal conductivity and specific heat as well as the contact conditions
between the tool and blank are significant.

The effect of the cooling rates on the formation of different phases is summarized
in continuous-cooling-transformation (CCT) diagrams, which are the results of extensive



1.3. Scientific background 9

experimental measurements, and they are only valid for the initial conditions used in their
determination. In order to achieve favorable properties for industrial processes, alloying
elements are used to modify the formation of phases depending on the duration and
temperature. The steel used throughout this work is the low-alloyed boron steel 22MnB5,
which is a common steel in industrial applications owing to its favorable combination of
forming and hardening properties. Hence, it is widely used in the automotive industry
for safety-relevant components. The use of 22MnB5 makes it a typical material used in
research to develop hot-stamping components.

1.3 Scientific background

The automotive industry is a growing industry, and sales and production numbers have
increased globally over the last few decades. However, legislation and consumers de-
mand cars with higher standards with respect to comfort, safety, and environmental
impact, while maintaining economical requirements. This has challenged the automotive
industry to develop sustainable lightweight designs with a holistic approach to material
development and production techniques.

To lower costs and lead times, the use of numerical methods combined with experimen-
tal validation in the early stage of product development is a necessity. Solid mechanics is
a branch of engineering sciences in which experimental analysis of materials is performed,
and which combines findings with numerical procedures to describe the mechanical be-
havior of structures under external or internal loading.

This thesis is concerned with the modeling of a boron-alloyed steel after various heat
treatments. Samples with multi-phase microstructures and a variety of volume fraction of
present phases are produced in order to mimic components with varying microstructures
as they are found in components with tailored properties. The modeling approach is
intended to reproduce elasto-plastic material behavior and fracture. Two types of failure
are common in steel, i.e., ductile and brittle fractures. Ductile fracture is preceded
by the nucleation, growth, and coalescence of voids during plastic deformation. The
opposite of ductile fracture is brittle fracture, which is characterized by little or no
plastic deformation. Void nucleation is the microscopic initiation of fracture, and leads
to decohesion of the material, i.e., a surface discontinuity at the macroscopic scale will
form if loading is continued. Throughout this thesis, fracture criteria are used to indicate
material failure, and crack propagation is not studied.

The field of hot stamping is being actively researched in ways ranging from experimen-
tal investigations to numerical modeling, both on a small and large scale, and studies
have focused on production aspects, e.g., tooling-related work such as tribology and
wear. A general review on many aspects of hot stamping and tailored properties is given
by Karbasian and Tekkaya (2010), Oldenburg (2014), and Merklein et al. (2016). In
the following section, a brief summary of scientific work, which is related to the studies
presented in Part II of this thesis, is given.

The modeling of hot stamping is mainly concerned with the thermomechanical response
of the blank during forming operations, additional aspects that are included are phase
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transformations and microstructure evolution. For the present work, research conducted
in the Division of Solid Mechanics serves as the foundation, Bergman (1999), Eriksson et
al. (2002), Bergman and Oldenburg (2004), Åkerström, Wikman, et al. (2005), Åkerström
and Oldenburg (2006), Åkerström, Bergman, et al. (2007), Eman et al. (2009), Östlund
et al. (2011), and Östlund et al. (2013) among others.

In this study, a heat treatment procedure was used to produce pre-cut test specimens
with microstructures consisting of different phase volume fractions. The setup for the
heat treatment was not intended to reproduce the industrial process, rather attention is
on the controlled phase formation during heat treatment. In literature, two other main
approaches are found. One method involves producing a component either on a produc-
tion scale or on a laboratory scale, from which test specimens are extracted, see Bardelcik,
Worswick, and Wells (2014), George et al. (2012), and Eller, Greve, Andres, Medricky,
Hatscher, et al. (2014). A second method uses Gleeble thermo-mechanical testing sys-
tems, see Min et al. (2012) and Chang et al. (2015). Both approaches have advantages
and drawbacks. The use of full- or laboratory-scale components for the production of a
larger number of specimens requires more material, and eventually, the number of phase
compositions is limited depending on the capabilities of the tool. Further, the homo-
geneity over a larger component is not guaranteed, limiting the number of positions that
can be used for test specimens. A Gleebel system enables the combination of mechani-
cal loading and heat treatment within a single system. However, the electric resistance
heating is strongly dependent on the specimen geometry, making it difficult to obtain an
even temperature distribution on notched specimens.

In this study, the modeling part aims to establish a relationship between microstruc-
tural composition, i.e., the phases present and their volume fractions in the composite,
and the mechanical properties. Procedures and methods predicting the material response
during plastic deformation are established for dual- and multi-phase composites. Homog-
enization refers to a method for obtaining a uniform composition from initial constituents.
Steel is a material that consists of crystals, i.e., a polycrystalline material, where crystals
vary in size and orientation. Another word for crystals, which is more common in the
context of steel, is grains. Early work on polycrystals and their mechanical response was
reported by Voigt (1889) and Reuss (1929). These works represent the upper and lower
bounds, and use a simple approach to homogenization. Another approach is the integra-
tion of the strain energy in each phase to predict the mechanical response of a composite,
see Bouaziz and Buessler (2002). More advanced methods consider the micromechanical
effects, and most of them evolved from the fundamental work reported by Eshelby (1957).
An analytic solution for proportional loading that applies Eshelby’s theory was estab-
lished by Weng (1990) for dual-phase materials, and it was further discussed by Rudiono
and Tomota (1997) for triple-phase materials. In the present framework, the studies of
Mori and Tanaka (1973), Hori and Nemat-Nasser (1993), Lielens et al. (1998), and Doghri
and Ouaar (2003) deserve special attention as their formulation allow non-proportional
loading. A comparison of different homogenization schemes is given in Paper A, and
based on the reported findings, the possibility of implementation in a finite-element code
and extension to fracture modeling is investigated.
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In Paper B, the double-inclusion method is combined with a damage model and im-
plemented into the commercially available finite-element program, LS-DYNA. The im-
plementation followed the outline of Doghri and Ouaar (2003) for the homogenization
and the OPTUS-model proposed by Häggblad et al. (2009) for localization and fracture.
Furthermore, the influence of the inclusion shape used to calculate Eshelby’s tensor is
evaluated.

Ductile fracture is a field with intensive research focus on a wide spectrum of ma-
terials, and it employs experimental methods and modeling techniques. This section
summarizes some milestones that lead to the most commonly used methods today. Lit-
erature describes a variety of damage and fracture models, which can be grouped into
three categories, physics based, empirical, and phenomenological models. Within those
groups, it is also possible to subdivide the models using two general approaches to cap-
ture ductile fracture, i.e., models with damage accumulation within the continuum and
models where fracture is a sudden event in an undamaged continuum. In literature, these
two approaches are often referred to as coupled and uncoupled fracture modeling. An
extensive review on the classification and grouping of fracture models is given in Bai and
Wierzbicki (2015), Li and Wierzbicki (2010), and Li, Fu, et al. (2011). Physics-based
models consider void growth and coalescence, and the initial investigation and formula-
tions were reported by McClintock (1968) and Rice and Tracey (1969). These studies
were the foundation for a variety of further developments, improvements, and modifica-
tions, see Gurson (1977), Needleman and Tvergaard (1984), Lemaitre (1984), Lemaitre
(1985), Chaboche (1988b), Chaboche (1988a), and Malcher et al. (2012). Typical em-
pirical models include Johnson and Cook (1985) and Bai and Wierzbicki (2008) and
CrashFEM, which was described by Hooputra et al. (2004). Phenomenological models
describe fracture as an observable event, and ignore underlying micromechanical effects.
It is not surprising that the oldest fracture models are found in this group, for exam-
ple Coulomb (1776) and Mohr (1900). More recent developments include Cockcroft and
Latham (1968) and the MSV criteria reported by Khan and Liu (2012). Phenomeno-
logical models have attracted much attention owing to their simplicity with respect to
calibration, as only few specimen geometries are usually needed to obtain a small num-
ber of parameters. In the present work, the MSV criteria is employed and results are
presented in Papers C and D.

Welding, in particular resistance spot welding, are important joining technologies in
the automotive industry. Research on spot welding covers topics ranging from questions
of manufacturing to failure of welds. In Paper E, the developed model was applied near
a spot-weld, i.e., the heat-affected zone is assumed as a mixed microstructure with a
gradual change in phase composition from a weld nugget to base material. There are
many studies on the spot welding of steel within the automotive industry. The primary
differences are the type of steel, heat treatments prior to welding, and coatings on the
blank. In addition, the combining of two different metallic materials and its impact on
the weld are described. Some works that are relevant to contextualize Paper E are Khan,
Kuntz, and Zhou (2008), Khan, Kuntz, Biro, et al. (2008), Ma et al. (2008), Brauser
et al. (2010), and Eller, Greve, Andres, Medricky, Geijselaers, et al. (2016).
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Paper F focuses on the exploration of the validity of the modeling approach over a
wider spectrum of stress states. The stress state is often described using the dimensionless
stress triaxiality parameter. Extensive work has been conducted on fracture modeling
under different stress states, see for example Bao and Wierzbicki (2004), Wierzbicki et al.
(2005), Bai, Teng, et al. (2009), and Bai and Wierzbicki (2010). A mixed microstructure
is produced in the same type of test specimens as what was used for the calibration of
single-phase microstructures. The modeling approach presented in Papers C and D is
applied without modifications.

1.4 Scope and limitations

The aim of the present work is to experimentally investigate the mechanical properties
of microstructures consisting of two or more phases, and to calibrate and validate a
constitutive model for mixed microstructures. The developed constitutive model should
capture the deformation of a multi-phase microstructure during loading until fracture.
Using the finite-element method, the mesh-size sensitivity is an issue for regions that
show strain localization and fracture. Naturally, the work has some limitations that
need to be addressed. Rolled blanks usually show a certain anisotropy depending on
the rolling direction. According to Eman et al. (2009), the directional dependency of
flow properties are only affected on a minor level, and they may therefore be neglected.
Therefore, experimental work focused on specimens that are cut perpendicular to the
rolling direction of the blank; this is the less ductile direction and hence a conservative
approach.

The present work deals with thin metal sheets that are assumed to be in a state of
plane stress during loading. Furthermore, it is assumed that isotropic J2 plasticity can
describe the stress-strain relationship of single-phase microstructures with sufficient ac-
curacy. Many materials show strain-rate dependency; for the steel in question, Bardelcik,
Worswick, Winkler, et al. (2012) reported a moderate strain-rate dependency. This effect
of the material is likewise neglected. The heat-treatment process of a blank significantly
affects its mechanical properties, and the austenitization time and temperature are im-
portant factors that may be easily overseen. During this work, only one set of parameters
is used.

To model microstructures, a number of simplifications and assumptions are necessary.
It is assumed that inclusion phases are dispersed within a matrix, and that the inclusion
phase may form an interwoven network. A spherical inclusion shape is assumed through-
out the work, and in Paper B, two alternative shapes are assumed and indicated. All
single phases used are assumed isotropic with equal elastic properties.

During all heat treatments, it is assumed that the formed phases are ferrite, bainite,
or martensite. Small amounts of austenite are found at room temperature, but they are
neglected during modeling. Ferrite as a single phase and in a mixed phase is assumed
to have the same material properties; this is a simplification. Bainite results from an
isothermal process, and is assumed to have the same properties whether it is the sole
phase or a part of a mixed microstructure.



Chapter 2

Experimental methods

The present work relies to a large extend on experimental data obtained by mechan-
ical testing. The aim of this chapter is to explain the methods used on the laboratory
scale. For all specimens used throughout this work, the test procedure started with heat
treatment, and is followed up with tensile testing. In order to obtain more detailed ma-
terial properties’ the digital image correlation (DIC) technique was used for all tensile
tests. A requirement for micromechanical models is knowledge of the phases present in
a composite, and hence a microstructural characterization was performed.

2.1 Heat treatment

The steel used in the present work is the low-alloyed boron steel 22MnB5. It is deliv-
ered by ArcelorMital under the trade name Usibor R©, and has an aluminum-silicon (AlSi)
coating to prevent oxidation during heat treatment and corrosion during its service life.
This type of steel is widely used for hot-stamped components owing to its favorable
hardenability. The average chemical composition is summarized in Tab. 2.1, and its
principal alloying elements are carbon, manganese, and boron. Carbon is the single-most
important alloying element in steel, and increasing its content leads to a greater hardness
and tensile strength as well as a better response to heat treatment, i.e., the hardenability
is improved. However, large amounts of carbon reduce the weldability, hence there are
limits of the carbon content in steel for applications connected to welding. Manganese is
added to prevent the formation of unwanted inclusions during steel production. During
the latter production steps, manganese promotes strength by increasing the hardenabil-
ity, and this is done by decreasing the critical cooling rate during hardening. Boron is

Table 2.1: Chemical composition of 22MnB5, average values shown (wt%).

C Mn B Si Cr P S Al Ti
0.225 1.25 0.003 0.25 0.155 <0.025 <0.008 >0.015 0.035

13
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added solely to improve the hardenability of the steel. Besides the favorable effect on
the hardenability, boron has the effect of shifting the ferrite start curve in the transfor-
mation diagram further to the right, see Fig. 2.2. To obtain a microstructure that is
different from the as-delivered condition, i.e., ferritic-pearlitic, the material needs to be
fully transformed into austenite.

Austenite is a phase that is not stable at room temperature for the steel in question.
To transform the ferrite-pearlite microstructure, which is stable at room temperature,
the specimen needs to be heated above a temperature where the present microstructure
transforms into austenite. This temperature is called Ac1, and is about 725 ◦C. By
increasing the temperature above Ac1, the ferrite and pearlite continue to be transformed
into austenite. At a temperature called Ac3, which is about 810 ◦C, the transformation
to austenite is completed. Between Ac1 and Ac3, if the temperature is kept constant,
there is equilibrium of phase-volume fractions, i.e., austenite and ferrite coexist. Such
a heat treatment is called partial austenitization, and can be used to produce mixed
microstructures of ferrite and a second phase. The austenitization temperature and time
are parameters that influence the austenitic microstructure, i.e., the size of the austenite
grains; with increased parameter values, the grains start to grow. The initial austenite
grain size is an influencing factor on the formation of phases during cooling and their
mechanical properties. In general, smaller austenite grains are favored, as subsequent
formed phases possess higher yield strength. A fundamental description of this effect is
reported by Hall (1951) and Petch (1953). In addition, the effect of boron is higher for
small austenite grain sizes. During the course of the present work, full austenitization was
desired prior to cooling, and hence a temperature of 900 ◦C was chosen for austenitization.

Depending on the cooling rate, different phases are formed from austenite, and high
cooling rates lead to martensite, intermediate cooling rates lead to bainite, and low cool-
ing rates cause the formation of a soft ferritic microstructure. These microstructures
possess different mechanical properties. Ferrite is the softest of the phases, with low
strength but high ductility; on the contrary, martensite has high hardness and strength
but low ductility. Bainite is an intermediate phase that is often characterized into upper
and lower bainite depending on the formation temperature. Microstructural characteri-
zation uses the shape and position of carbides to group bainite, and a clear subdivision is
not always possible. During continuous cooling different types of bainite may be formed.
For continuous cooling processes another bainitic microstructure called granular bainite
is described which does not correspond to upper or lower bainite in terms of its topology.
Bainite is a research topic on its own, and the reader is referred to Bhadeshia (1992) for
a general introduction. Granular bainite is also discussed by Bardelcik, Worswick, and
Wells (2014) and Kong et al. (2015). The mechanical properties of bainite are situated
between ferrite and martensite, and they are dependent on the formation temperature.
In hardening applications, the critical cooling rate required to obtain martensite has at-
tracted some interest. For the present steel, the critical cooling rate is at about 30 ◦C/s,
which is obtainable using tools with built-in water-cooling. Because of the shifted ferrite
start curve, lower cooling rates result in a bainitic microstructure without prior formation
of soft ferrite; the formation of bainite with subsequent martensite transformation is also
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possible. In the present work, specimens with their final geometry are cut from a blank
with a thickness of 1.25 mm. The specimen size is controlled by the laboratory equip-
ment used for the heat-treatment process. In Fig. 2.1, a schematic representation of the
general heat treatment process is given. Because of the size of the specimens, no continu-
ous cooling process is applicable; instead, a process based on isothermal transformations
is applied.

  

Figure 2.1: Production process of samples with different phase-volume fractions. A pre-
cut tensile test specimen is austenitized. Ferrite is formed by holding it at constant
temperature in a second furnace. Bainite is formed in the heated tool, while martensite
is formed in the same tool but held at room temperature.

The heat-treatment process starts with full austenitization of the specimen in a fur-
nace with ambient atmosphere. The formation of single-phase, dual-, and multi-phase
microstructures is achieved using different time-temperature schemes. Phases are formed
at constant furnace or tool temperatures. During the formation of a phase, latent heat
increases the specimen temperature. Bainite and martensite are formed in a tool and
the generated heat is transferred from the specimen by conduction. Ferrite is formed
in a second furnace, and it is not possible to prevent an increase in the temperature of
the specimen. A schematic drawing of the tool used for isothermal heat treatment or
quenching is shown in Paper A, Fig. 3. During heat treatment, the temperature of the
specimen was recorded continuously to guarantee similar time-temperature histories for
all specimens.

Prior to performing the heat treatment of specimens, the transformation temperatures
and holding times were estimated. The estimation of holding times is aided by a time-
temperature-transformation (TTT) diagram. In Fig. 2.2a, the TTT diagram for the
used steel is printed with an example time-temperature curve for the formation of a
ferritic-bainitic microstructure. For completeness, a continuous-cooling-transformation
(CCT) diagram is displayed in 2.2b, and three different cooling rates are plotted, showing
possible phases that are formed. For cooling rate #1, a fully martensitic microstructure is
formed, cooling rate #2 results in a bainitic-martensitic microstructure, and cooling rate
#3 would lead to ferrite, followed by bainite formation, while the remaining austenite
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would be transformed into martensite. Even lower cooling rates would result in a ferrite-
pearlite composition, which is the as-delivered condition of the blank.
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(a) Time-temperature-transformation (TTT) di-
agram, reproduced from He et al. (2010).
Schematic heat treatment is delineated represent-
ing a dual-phase microstructure of ferrite and bai-
nite.
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(b) Continuous-cooling-transformation (CCT)
diagram, reproduced from Tang et al. (2014).
Three continuous-cooling curves are plotted as a
reference.

Figure 2.2: Time-temperature-transformation (TTT) and continuous-cooling-
transformation (CCT) diagrams for the steel 22MnB5.

The final microstructure of a blank obtained in a continuous cooling and forming
process is different from what is obtained in the present work. In the present work, the
aim is not to resemble industrial production processes; rather, the focus is on realizing
the reliable and repeatable production of mixed microstructures for comparison with the
modeling approach. The application of the modeling approach to industrial processes is
feasible, but it may be necessary to perform certain calibrations of material data.

2.2 Digital image correlation

Digital image correlation (DIC) is a non-contact optical technique that is employed to
measure the displacement on a test specimen that exhibits a random pattern with a
sufficient contrast. DIC is a step-wise procedure that makes use of a set of images. Images
are subdivided into overlapping regions, and a cross-correlation procedure is employed
to determine a point-wise, in-plane, displacement field. From the displacement field, the
deformation gradient can be determined by numerical differentiation. For the correlation
procedure, it is important to ensure the quality of the random surface pattern. If the
pattern quality is inadequate, individual subimages are not recognized, and are therefore
not traceable. For a detailed review of DIC, see Pan et al. (2009).
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2.2.1 Determination of model parameters

The material model described in Chapter 3 is calibrated to experimental results of single-
phase microstructures. Parameters used to describe the mechanical response of these
phases are determined by the evaluation of the DIC results. From the full-field mea-
surement and the obtained deformation gradient, a stepwise modeling method is used
to determine the flow curve and fracture parameters. Only the main steps are outlined
here, and a more detailed description of the method is found in Eman (2007) and Marth
et al. (2016). From full-field measurements, the rate of deformation is used to calculate
the strain increment:

∆ε̂ij = d̂ij∆t (2.1)

where d̂ij is the co-rotational rate of the deformation tensor and ∆t the time increment.
If the strain increment is known, the stress tensor can be calculated as

σ̂ = 2G (ε̂− ε̂mI− ε̂p) + 3Kε̂mI (2.2)

where G and K are the shear and bulk modulus, respectively, and I is the identity matrix.
ε̂, ε̂m, and ε̂p are the total, mean, and plastic strains, respectively. Assuming von Mises
plasticity, the effective stress σ̄ is calculated from the stress tensor.

f = σ̄ − σy =
√

3J2 − σy = 0 (2.3)

where σy is current yield stress. Using a piecewise linear hardening function, the current
yield stress can be calculated from the previous yield stress σk−1

y and the product of the
current hardening modulus Hk and the effective plastic strain increment ε̄kp − ε̄k−1

p ,

σky = σk−1
y +Hk

(
ε̄kp − ε̄k−1

p

)
(2.4)

The determination of the stress tensor requires knowledge of the stress and strain at a
certain time step. Naturally, the initial stress-strain prior to loading is chosen, as both
tensors are equal to zero. By applying a standard return-mapping method, the plastic
strain increment can be determined for the case where the trial stress state exceeds the
yield criteria. DIC provides only the in-plane deformation gradient. Furthermore, it is
assumed that the plane-stress condition is valid throughout the flow-curve determination
process. The method described in Eman (2007) differs slightly from the method described
by Marth et al. (2016). In the former, the constitutive evaluation uses the incremental
logarithmic Hencky strain tensor, while the second approach applies large deformation
theory. For most tensile specimens, both methods give approximately the same results.
In the case of shear specimens made of soft material, the critical cross-section can rotate
significantly. For shear specimens, the evaluation using the second approach is required.

The parameters used in the fracture model are determined using the stress-strain state
calculated at the stage prior to the appearance of a crack on the surface of the specimen.
The appearance of a crack on the surface is to some extent subjective, as a sub-image
used in correlation is not necessarily deleted if a crack appears. The possibility of the
existence of internal cracks prior to the formation of a surface crack is another possibility.
Acoustic emission measurements combined with DIC supports the assumption of visual
crack observation, and fracture initiation on the specimen surface as a valid approach.
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2.3 Microstructure characterization

The type and volume fraction of phases present in a multi-phase microstructure is another
parameter needed for any homogenization scheme. The estimation of volume fractions is
done by extracting a small sample from a tensile specimen. Thermocouples are applied on
all tensile specimens and complete temperature histories are available. Hence, samples
for microstructural characterization are cut from a position at which the temperature
during the production process is known. Furthermore, the sample is located outside the
region of plastic deformation of the test specimen. The samples are all taken from the
same position, and the institute performing the characterization was asked to perform
the characterization at about one quarter of the specimen thickness to avoid the effects
of center segregations and the effects caused by the surface coating.

Microstructural characterization was done using light optical microscopy (LOM) and
more advanced techniques such as scanning electron microscopy (SEM) and electron
backscatter diffraction (EBSD). The pictures obtained using the aforementioned tech-
niques were analyzed using image analysis and a type of point-count method. The char-
acterization of microstructures is a difficult task, and to some extent, it is dependent on
the operator and the chosen positions within the sample, although the area for charac-
terization is limited to a small region within the test specimen.

The sample characterization was performed by Swerea KIMAB (Kista, Sweden), Fun-
dació CTM Centre Tecnològic (Manresa, Spain) and at the Division of Chemical Tech-
nology, Lule̊a University of Technology. All involved institutes used the same samples,
and they did not receive detailed information about the heat-treatment procedure. The
determination of the phase-volume fraction gave a certain error margin, and deviations
between the results from different institutes were observed.

A simple method for the estimation of phase-volume fractions is the hardness mea-
surement. There is an approximate linear relationship between the hardness and phase-
volume fractions. If the hardness of single-phase microstructures is known, the volume
fractions can be obtained by interpolation. This approach is limited to mixed microstruc-
tures with only two distinct phases, and requires some knowledge of the heat-treatment
process.



Chapter 3

Modeling

The previous chapter provides a general description of the experimental methods used
to produce and characterize mixed microstructures and their properties. The purpose
of this chapter is to introduce the basic ideas of the modeling methods used throughout
this work. Only the outline of the modeling approach will be given in this chapter, and
the reader may refer to the references for more details.

3.1 Modeling of constituents

Deformation in which the stresses and strains are proportional is called elastic deforma-
tion. A plot of the stress versus strain results in a linear relationship, and the slope of this
linear segment corresponds to the modulus of elasticity. Elastic deformation is nonper-
manent, which means that after the applied load is released, the deformed body returns
to its original shape. For most metallic materials, elastic deformation persists only for
small strains. Loading beyond the so-called initial yield strength leads to permanent and
irreversible deformation. During plastic deformation, the stress is no longer proportional
to the strain. Further loading of a body increases the stress until a maximum is reached,
and hereafter, it appears that the material is weakened. However, this is not the case; on
the contrary, the material continues to increase in strength. The reason for this decrease
is the formation of a neck region at which the cross-sectional area is reduced. The maxi-
mum point in the stress-strain curve marks the onset of necking, i.e., after reaching this
point, the strain starts to localize into a small region. Further loading of a body causes
the formation of micro voids, coalescence of voids, and ultimately, to the occurrence of
macroscopic fractures. In Fig. 3.1a, a schematic representation of a tensile test on a
straight specimen is depicted.

In order to model the non-linear material behavior, a mathematical description is nec-
essary. Common examples are Ludwik, Swift, Voce, El-Magd, Hocket-Sherby, or a piece-
wise linear description. These equations differ in the number of calibration constants and
hence in terms of the accuracy with which experimental results are represented. During
the course of this work, three so-called single-phase microstructures were used, namely
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(a) Schematic representation of a tensile test, in-
dicating the stages of deformation of a straight
specimen.
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(b) Flow curves of single- phase microstructures.
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at different temperatures.

Figure 3.1: Schematic representation of a uniaxial tensile test and the influence of trans-
formation temperature on flow properties of single-phase microstructures.

martensite, bainite, and ferrite. For bainite, a compromise is required for modeling pur-
poses because of the influence of the formation temperature on mechanical properties.
The influence of the temperature on the flow properties of bainite is illustrated in Fig.
3.1b, and isothermal transformation temperatures corresponding to the flow curves are
within the range 380− 480 ◦C.

3.1.1 Influence of carbon on the properties of martensite

For low-alloyed steel, all heat-treatment processes are designed around the characteristic
of phase transformations. The formation of a phase can certainly influence the formation
of subsequent formed phases. Steel is an alloy of iron and carbon, and additional alloying
elements are usually added to achieve desired properties. The modeling of single phases
considers only the influence of the carbon content, and the effects of other alloying el-
ements on the mechanical properties of single phases are neglected. As a single phase,
ferrite cannot hold substantial amounts of carbon, and hence, the amount of carbon in
austenite increases. From the start of ferrite formation, the carbon content in austen-
ite exceeds the nominal bulk carbon content of the composite. A phase formed from
carbon-enriched austenite therefore contains a higher amount of carbon.

Martensite is a phase formed by the rapid cooling of austenite, and in many ap-
plications, it is the desired phase after heat treatment. The mechanical properties of
martensitic microstructures show a significant dependency on the carbon content. With
an increasing amount of carbon, a gain in the hardness and strength is observed; this
effect is well documented in literature. For a more elaborate discussion on martensite
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properties, refer to Krauss (1999) and Hutchinson et al. (2011).
To account for the strengthening effect of carbon in martensite, a mass balance was

used, as described by Bergman and Berglund (2013). The effects of carbon on martensite
are manifold, but in the framework of the present work, only the initial yield stress is
scaled. This approach is a simplification as it is observed that hardening also varies with
the carbon content. In addition, parameters for the fracture model are unaffected, but a
certain influence on fracture properties can be expected.

3.1.2 Strengthening effect of small amounts of bainite

The presence of two or more distinct phases with a significant contrast in mechanical
properties leads to interaction between those phases. Tomita and Okabayashi (1983)
reported a strengthening effect for microstructures consisting of martensite and bainite,
with the bainite not exceeding a volume fraction of 25 %. The strengthening effect is
attributed to two microstructural effects, (i) the increase of the carbon content in austen-
ite during bainite formation, i.e., martensite strengthening by carbon enrichment, and
(ii) an enhancement of the bainite by a plastic constraint of the surrounding martensite.
Young and Bhadeshia (1994) extended the experimental study of Tomita and Okabayashi
(1983) and proposed a function describing the initial yield strength of bainite. According
to their formulation, the strength of bainite can virtually reach the strength of marten-
site for low-volume fractions of bainite, with increasing bainite content; the strength of
bainite is approached. The steel studied has different alloying elements and significant
higher carbon content compared to the steel used in the present work. The function given
is not recalibrated although improved results are feasible by using experimental results
of mixed bainitic-martensitic microstructures. The reason for omitting a recalibration is
that this work intends to show possible solution strategies, but is not meant to calibrate
functions to data that are used for comparison purposes.

3.2 Homogenization of multi-phase microstructures

The estimation of mechanical properties of a material on a macroscopic level consisting
of two or more constituents on the microscopic level can be performed by applying aver-
aging or homogenization methods. Hereby, the mechanical properties of the constituents
or phases are assumed to be known, and a mathematical model is used to predict the
macroscopic response to the loading of the composite consisting of these phases. Liter-
ature provides a variety of homogenization methods with different levels of complexity
and validity. In Paper A, two simple models and two models based on continuum mi-
cromechanics are evaluated.

3.2.1 Phenomenological homogenization schemes

Of the number of possible homogenization schemes and their combinations, two simple
models are chosen, namely the iso-strain and the iso-work assumption. The naming of
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both assumptions already indicates their intended significance as the prefix iso- stands
for equal. In the iso-strain, an equal distribution of the strain among all present phases
is assumed, see Eq.(3.1). For the iso-work assumption, the mechanical work increment
is assumed equal in every phase. Both phenomenological methods use a linear rule of
mixture for the stress and strain in order to obtain the composite response.

εc = εm = εr σc(εc) = vmσm(εm) + vrσr(εr) (3.1)

where εc and σc are the strain and stress in the composite, respectively, εm, εr, and σm,
σr are the strain and stress in matrix and inclusion phase, respectively. The variables vm
and vr are the volume fractions of the phases.

For materials consisting of phases with similar mechanical properties, the iso-strain
assumption may lead to acceptable results. The constituents in a composite usually
differ in their mechanical properties and a strain distribution between the constituents is
more realistic. Tomota et al. (1976) proposed to model the stress and strain distribution
in a composite by keeping the linear rule of a mixture and applying it to both the stress
and strain.

εc = vmεm + vrεr σc(εc) = vmσm(εm) + vrσr(εr) (3.2)

An equi-incremental mechanical work assumption, see Eq. (3.3), is used to decompose
the strain into components applied to the different phases. The rule of the mixture Eq.
(3.2) and a suitable description for the stress depending on the strain are used to predict
the composite response.

σmdεm = σrdεr (3.3)

The above-mentioned methods are graphically represented in Fig.3.2.
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Figure 3.2: Schematic representation of the iso-strain and iso-work assumption.
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3.2.2 Micromechanical-based homogenization schemes

Besides the phenomenological homogenization methods, a variety of models based on
continuum micromechanics are described in literature. Many of these models are based
on the fundamental work on inclusions and inhomogeneities by Eshelby (1957). In this
theory, it is assumed that the inclusions of a ductile phase are homogeneously dispersed
in the matrix phase. Further assumptions are perfect bonding between phases and no
interaction between inclusions. Weng (1990) proposed an analytic computation scheme
using secant moduli and an elasto-plastic material response. Depending on the material
properties of the phases present in the composite, three deformation stages can be iden-
tified, both phases deform elastic, one phase deforms elastic, and the second plastic or
both phases undergo plastic deformation.

Based on Eshelby’s inclusion theory, several researchers proposed modifications and
modeling assumptions among them Mori and Tanaka (1973) who considered the inter-
action between inclusions. Hori and Nemat-Nasser (1993) proposed to assume two or
more nested inclusions within a matrix phase. In this work, the term double-inclusion
(DI) method was coined. The application of the DI method leads to better approxi-
mations of strengthening effects. Lielens et al. (1998) proposed a smooth interpolation
function between two cases, the regular Mori-Tanaka strain-concentration tensor Bl

(r)

and the inverse Mori-Tanaka, Bu
(r) where the properties of the matrix and inclusion are

permuted. In Papers A and B, the implementation of this material model follows the
scheme described by Doghri and Ouaar (2003), while for Papers C-F, the Eshelby ten-
sor is calculated following the method proposed by Gavazzi and Lagoudas (1990). For
completeness, it is mentioned that the scheme outlined by Doghri and Ouaar (2003) is
intended for only two phases, but is modified to be used for multiple phases.

The Mori-Tanaka strain concentration tensors are

Bl
(r) =

[
I + E(m) :

(
D−1

(m) : D(r) − I
)]−1

and

Bu
(r) = I + E(r) :

(
D−1

(r) : D(m) − I
)
.

(3.4)

Interpolation between these concentration tensors is performed according to

B(r) = [(1− ξ(vr))(Bl
(r))
−1 + ξ(vr)(B

u
(r))
−1]−1, (3.5)

where the interpolation function ξ(vr) is given by

ξ(vr) =
vr

2 (vm + vr)

(
1 +

vr
(vm + vr)

)
(3.6)

The relation between the strain in the phase and the composite is given by

〈ε̇〉(r) = BDI
(r) : 〈ε̇〉 where BDI

(r) = B(r) :

(
vmI +

∑
r 6=m

vrB(r)

)−1

. (3.7)
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In the above equations, the subscript r denotes the inclusion phase, while m indicates the
matrix phase. An assumption in this work is that the phase first formed from austenite
takes the role of the matrix phase. The choice of this model is supported by a comparative
study by Ghossein and Lévesque (2012), who found that the DI-model is among the most
accurate analytical homogenization methods.

3.2.3 Eshelby solution for inclusions and inhomogeneities

Eshelby studied the stress and strain distribution in homogeneous media, and assumed
that inhomogeneities in the composite are far apart from each other, and that no in-
teractions occur between them. Based on these assumptions, every inhomogeneity can
be treated as if it exists in a homogeneous matrix. An inhomogeneity is perturbing the
stress and strain field in a body, and to solve for the stresses and strains, the so-called
equivalent inclusion method is applied to introduce an eigenstrain into the calculation.
The eigenstrain ε∗ is related to the perturbed strain field, ε, by the Eshelby tensor E .

ε = Eε∗ (3.8)

Eshelby’s inclusion tensor is computed using the aspect ratio of the axes of an ellipsoid.
A property of the Eshelby tensor is its independence of the size of the inclusion, and
the only variables used to calculate the tensor are the elastic properties of the phases.
For some inclusion geometries, there are analytical solutions for the Eshelby tensor, e.g.,
spherical and penny shapes. For a general ellipsoidal shape, volume integrals need to
be solved numerically. In Paper B, three different geometry cases are investigated, and
graphical representations of the inclusions used are presented in Fig. 3.3. A detailed
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Figure 3.3: Three different inclusion shapes used in paper B.

discussion on Eshelby’s solution for inclusions and inhomogeneities, its use for different
types of materials, and analytical solutions for different inclusion shapes are found in
e.g., Mura, 1987; Qu and Cherkaoui, 2006.
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3.3 Post-necking and fracture modeling

The aim of the present work is to model the response of a multi-phase material under
loading until fracture is indicated. Two different approaches were employed to account
for the mesh-size sensitivity. The first method is the so-called OPTUS-model, the second
method uses an enhanced shell element formulation.

3.3.1 OPTUS-model

The OPTUS-model is used in Paper B, and it was developed by Häggblad et al. (2009)
and is further discussed by Östlund et al. (2014). The idea is to decrease the mesh
dependency in the post-localization regime by introducing a length scale parameter in
the constitutive and fracture models. Introducing a material characteristic length scale
to overcome mesh dependence has been described by Needleman (1988) and De Borst
and Mühlhaus (1992), who used either a rate-dependent material description or a non-
local constitutive relation. The calibration of this mesh-size sensitivity parameter relies
on experimental measurements at different measurement lengths performed by DIC. The
scheme is not designed to model the phenomenon of localized deformation, but the effect
on the load response and fracture initiation. The mesh-size dependency is overcome by
introducing a set of parameters normalized to the element size. Those parameters are
applied into the so-called localization function L.

L = A [exp ((ε̄p − ε̄0))− 1] , ε̄p ≥ ε̄0. (3.9)

Here, A and B are functions of the characteristic element size l, ε̄0 is the equivalent
localization threshold strain, and ε̄p the equivalent plastic strain. The variables A and B
are calculated according to

A =
A0

l
, B = B0l (3.10)

with A0 and B0 being material parameters. The characteristic element size l is defined
as

l =

√
Ainit
tinit

(3.11)

where Ainit and tinit are the initial element area and thickness, respectively.
All parameters used are assumed independent of the loading state. The localization

function evolves with increasing equivalent plastic strain ε̄p. The localization function L
is introduced into a constitutive model as a weakening factor.

f = σ̄ − σy (1− L) , σ̄ =
√

3J2 (3.12)

In the yield function, σ̄ is the effective von Mises stress and σy the yield strength. For all
phases in this work, the isotropic von Mises plasticity is assumed. The OPTUS-model
uses a strain-based failure criterion, where the failure strain is dependent on the analysis
length. The failure strain ε̄f is defined as

ε̄f =
(
ε̄f0 − ε̄0

)
exp (−C0l) + ε̄0 (3.13)
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where C0 is a material parameter. ε̄f0 is the failure strain at a zero analysis length, i.e.,
ε̄f = ε̄f0 for l −→ 0. A failure of the material is assumed to occur when the localization
function reaches a critical value ∫ tf

0

L̇

Lf
dt = 1 (3.14)

where L̇ and Lf are defined as

L̇ = B (L+ A) ˙̄εp, Lf = A
[
exp

(
B
(
ε̄f − ε̄0

))
− 1
]

(3.15)

The model presented by Häggblad et al. (2009) adopted the ductile failure function of
Hooputra et al. (2004). This approach is able to be changed to every suitable equation
accounting for the state of the stress on the failure as long as the equivalent failure strain
is a function of the stress invariants. In Paper B, the failure strain ε̄f0 is calculated from
a maximum shear stress.

3.3.2 Enhanced shell element

In Paper D, an enhanced shell element is used to overcome the mesh-size dependency.
The development of this element was not part of the present work, with a brief overview
on the topic being discussed in this section. Refer to Östlund et al. (2015) for further
details on the method and its implementation in a finite-element code.

A broad range of ductile materials show the formation of a shear band in a narrow
zone during severe deformation. The localization of strain is a typical precursor to the
failure of a material because large deformations within the shear band lead to damage
and fracture. The formation of a localized zone is the response of a structure loaded up
to material instability. The size of the localization zone decreases upon further loading.
In the finite-element method, the constant decrease of the width of the localized band
causes mesh-dependent solutions because the mesh size defines the maximum width of
the localized zone.

The enhanced shell element is activated if strain localization occurs. To determine
whether the strain starts to localize, an instability criterion derived from a bifurcation
analysis is used. The stability criterion is embedded into the plane-stress plasticity
model. The necessary condition for bifurcation in the plane of a thin sheet is given
by Hill (1952) and Stören and Rice (1975). If incremental elasto-plasticity is used, an
assumption regarding the destabilizing mechanism of the plastic flow has to be made,
and this is a function of only the current state of stress.

The definition of the enhanced shell element is based on the Belytschko-Lin-Tsay shell
element, see Belytschko, Lin, et al. (1984), which is common in commercially available
finite-element codes. The element applies reduced integration, and kinematic measures
are formulated with respect to a local coordinate system (e1, e2, e3) which rotates with
the element. If the stability criterion is not violated, the classical formulation is used;
else, the element with embedded discontinuity is activated. A schematic representation of
the element is depicted in Fig. 3.4. The total element area Ω is divided into the localized
and the non-localized area Ω0 and Ωl. The calculation of the area of the localized zone
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Figure 3.4: Schematic representation of the enhanced shell element with the embedded
band.

is performed using the angle under which the band forms and a regularizing parameter
w. The embedded band element is implemented based on the developments of Ortiz
et al. (1987), Belytschko, Fish, et al. (1988), and Sluys and Berends (1998). There is a
difference based on the formulation of traction continuity across the band. In the present
work, the stress resultant is used instead of requiring that the stress be continuous across
the band. Furthermore, it is assumed that the stress state within the localized zone
remains plane .

3.3.3 Fracture criteria

Callister (2003) defines a fracture as the separation of a body into two or more pieces
in response to an imposed stress. Prior to macroscopic fracture void-nucleation, growth
and coalescence occur on the microscopic level. In literature, micromechanical-based
models that consider microscopic effects are described, but because of the experimental
technique used to determine flow and fracture properties, phenomenological models are
preferred in this work. Two types of fractures are observed in polycrystalline materials
such as steel. These are intergranular fractures, where a crack propagates along a grain
boundary, and transgranular fractures, where the crack propagates through the grain.

In Paper B, a maximum shear stress criteria is used to indicate fracture. The maximum
shear stress is used within the framework of the OPTUS-model. Hence, the maximum
shear stress is used to calculate a failure strain.

In Papers C-F, the magnitude of stress (MSV) criteria is used to determine the presence
of fractures in grains or decohesion between grains of the same type. The MSV criteria
was proposed by Khan and Liu (2012), and it is a phenomenological fracture criteria that
has been used for ductile metals. The criteria is formulated in the principal stress space

MSV =
√
σ2

1 + σ2
2 + σ2

3, (3.16)

and is in alternative form expressed as a quadratic function of the mean hydrostatic stress

MSV = c1 (σ̄mean)2 + c2σ̄
mean + c3. (3.17)
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Figure 3.5: Magnitude of stress vector MSV in the principal stress space.

For materials with different fracture behavior under tension and compression, two ex-
pressions are necessary, i.e., for the positive and the negative mean-stress region. For
sheet metal applications, only the positive mean-stress region is considered.
Throughout this work, the magnitude of the stress vector criterion is applied on a local

basis, and this indicates that the criteria are evaluated for every phase in the composite.
Considering micromechanics, an assumption is that the MSV criteria represent the critical
void nucleation within grains or in the interface between grains of the same phase.
A third fracture criteria is used to capture the effect of decohesion between grains of

different phases. It is assumed that decohesion occurs if a maximum principal stress
criterion is fulfilled

σ1 = σcrit (3.18)

where σ1 is the first principal stress, i.e., the maximum stress, and σcrit is the interface
strength. This fracture criterion is used throughout the present work in conjunction with
the MSV criterion. The criterion is introduced to overcome difficulties in the prediction of
fractures in ferritic-martensitic microstructures. It is also a phenomenological approach
that is used for modeling purpose. The actual reason for fracture between ferrite and
martensite can be explained by their different flow properties, which cause stresses in the
intergranular region.



Chapter 4

Results summary

This chapter is a brief summary of the main findings presented in Papers A-F. The
intention is to relate the results of each paper to the overall research question and put
them into a common context.

Paper A builds the main foundation for all further work presented in this thesis. Within
the framework of this study, the majority of heat treatments are performed and the flow
properties of the mixed microstructures are obtained. Results from tensile testing sub-
stantiated the need for additional parameters in order to consider the microstructural
effects. Four homogenization schemes were compared in terms of their ability to repro-
duce the observed flow behavior. It was concluded that the double-inclusion method is
the most promising approach for further studies. Experimental and numerical results
agreed well for most phase compositions without the need for additional fitting param-
eters. Another advantage is the incremental definition of the double-inclusion method,
providing a straightforward implementation in a finite-element code. A comparison of
two mixed microstructures and the four homogenization methods is shown in Fig. 4.1.
Depending on the present phases, the different methods provide close results that can be
seen in Fig. 4.1a. The incorporation of a parameter describing microstructural effects is
shown in Fig. 4.1b, where the yield strength of martensite is dependent on the carbon
content.

The definition of the inclusion shape in the Eshelby tensor significantly affects the strain
distribution between phases, and hence changes the macroscopic mechanical properties
of a mixed microstructure. In Paper B, a first implementation of the double-inclusion
method is combined with the OPTUS model. The primary result is that the inclusion
shape can be used to adjust the model to improve the prediction of hardening and elon-
gation of the fracture. An excerpt of the results of Paper B is shown in Fig. 4.2. For
sheet metals, a dependency of the rolling direction on the elongation to fracture is seen,
and the inclusion shape may be used to model this dependency of blanks although a
follow-up is required to explore this possibility. Limitations in the combination of the
double-inclusion method and the OPTUS model showed the need for a different approach
for the modeling of strain localization and fracture. Initially, the OPTUS model is de-
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Figure 4.1: Comparison of experimental results and homogenization methods presented
in Paper A.
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(a) Spherical inclusion.
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(b) Ellipsoid inclusion.

Figure 4.2: Result from FEM analysis for different phase compositions, mesh sizes, and
inclusion shapes.

veloped for use on the macroscale in combination with a material characterization using
DIC and an evaluation routine. In the presented case, the OPTUS model is implemented
on a constituent level, which is conceptually debatable. Another point is the introduc-
tion of a mesh-size dependent softening behavior on a microscale. These issues cause a
reorientation towards a regularization on a macroscale level, while maintaining the frac-
ture model on the microscale level. Another issue was the computational efficiency of
the mean-field homogenization, which proved to be computationally too intensive in its
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current implementation for efficient use on larger models.

In Paper C, a second set of specimens is used to determine flow and fracture properties
of the mixed microstructures. There was good agreement in the flow properties of the two
different specimen geometries, and it was concluded that the heat-treatment procedure
could be used to obtain mixed microstructures in different specimen geometries. Using
DIC and an in-house code, the flow and fracture properties of eleven mixed microstruc-
tures were obtained. In Fig. 4.3a, the flow curve of three ferrite-bainite samples from
measurement and prediction are visualized, while in Fig. 4.3b the overall ductility from
the experiment and model are shown for the same microstructural composition. The
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Figure 4.3: Flow curves and ductility of a dual-phase microstructure of ferrite and bainite.

maximum shear criteria used in Paper B is changed to the magnitude of the stress vector
(MSV) criteria, which indicates the possibility of obtaining a more accurate calibration
over a range of stress triaxialities. The fracture criteria are calibrated to single-phase mi-
crostructures using measured fracture properties of different specimen geometries, which
represent stress triaxialities that are relevant for sheet-metal applications. The ductil-
ity variations of mixed microstructures are significant, and lead to the introduction of a
second fracture criterion governing the interphase strength between two different phases.
The approach of combining the mean-field homogenization with local fracture criteria
showed promising results for further studies.

In Paper D, the constitutive model presented in Paper C is implemented in a finite-
element code. The solution strategy for the mean-field homogenization scheme is changed
to a forward Euler approach, which significantly reduces the computational cost. Because
of the small time steps in the explicit finite-element analysis, there is negligible deviation
compared with the mid-point rule. The combination of a mean-field homogenization
approach with a stress-based fracture criteria and an enhanced shell element to reduce
mesh dependency shows reasonably good agreement with measured data. An exemplary
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result from Paper D is depicted in Fig. 4.4, where both experimental and calculated
results of force and displacement are depicted for two ferrite-bainite samples.
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Figure 4.4: Force-displacement curves for a notched tensile specimen with a dual-phase
microstructure consisting of ferrite and bainite.

In Paper E, the implemented constitutive model is applied to tensile specimens with a
coupon welded in a centered position. In a heat-affected zone of a weld, the microstructure
is dependent on the base material. Three different base material types are welded, and
the micro hardness measurement is used to characterize the phase composition. The
use of the hardness measurement to estimate the phase composition is based on the
assumption that only two phases are present, and it is, therefore, a simplification. The
use of hardness measurements is an easy and fast procedure for material characterization.
In particular, for martensitic base material, it is possible for tempered martensite to be
found in the heat-affected zone. For tempered martensite, no material data are available,
and it is therefore assumed that a ferritic-martensitic microstructure is present in the
heat-affected zone. Using the estimated phase compositions as parameters, the developed
constitutive model showed good agreement compared to experimental results of tensile
tested specimens. Results obtained from both the modeling and experiment are compared
in Fig. 4.5a. The relevance of placing spot-welds in soft regions of a component is
emphasized. In ferritic base material, deformations and fractures do not necessarily
occur in the vicinity of the spot weld, and the material is not weakened by the welding
process. On the contrary, in martensitic base materials, deformation occurs localized in
the heat-affected zone, causing crack formation followed by a rupture of the specimen.
Localization of the strain in the heat-affected zone is exemplary, as shown in Fig. 4.5b,
for a specimen with bainitic base material.

The focus of Paper F is the experimental investigation of ductile fractures in a mixed
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Figure 4.5: Result from FEM analysis for different phase compositions, mesh sizes, and
inclusion shapes.
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Figure 4.6: Measured and predicted strain to fracture with dependency on stress triaxi-
ality and phase composition.

microstructure over a wider range of stress triaxialities that are relevant for sheet-metal
applications. The weakest link criterion, i.e., a failure in the composite is assumed if a
fracture is indicated in one phase, is used throughout the present work, and is shown
to be acceptable for modeling purposes. It is shown that this assumption is valid for a
range of stress states found in sheet-metal applications. The evaluation of test samples
showed that the repeatability of the heat-treatment process is good, and this applies also
for samples with different geometries.
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Chapter 5

Conclusions and Discusion

The reduction of a vehicle’s gross weight as well as the fuel consumption and emissions
are the driving force for the development of materials and production processes in the
automotive industry. Hot stamping is a manufacturing process that combines forming and
quenching in a simultaneous process. Low-alloyed boron steel is a material that is suitable
for the production of high-strength sheet-metal components. With the development of
more advanced tooling, components with varying microstructures, and hence mechanical
properties, become feasible by controlled in-die cooling rates. In transition zones between
tool sections, mixtures of distinct microstructures are found, causing intermediate flow
and fracture properties.

The focus of this thesis is to investigate flow and fracture properties of multi-phase
microstructures that are relevant for hot-stamped components made of a low-alloyed
boron steel. The objective is to develop and validate a constitutive model that is capable
of simulating the load response and the fracture initiation of a hot-stamped component.

A heat-treatment process was used to obtain mixed microstructures in pre-cut test
specimens. These microstructures are commonly found in hot-stamped components, and
are, therefore, relevant for modeling purposes. The flow and fracture properties of single-
and multi-phase microstructures were determined using a full-field measurement tech-
nique and an evaluation routine. Single-phase data were used to calibrate a constitutive
model, and a mean-field homogenization method was employed to approximate the load-
displacement response of intermediate material grades. The present work shows that
a heat-treatment process of pre-cut specimens is suitable to produce single-phase and
multi-phase microstructures in a repeatable and reliable way for a variety of specimen
geometries. The calibration procedure based on DIC proved to be a valuable tool that
can be extended to determine parameters for several fracture criteria.

A study on different homogenization schemes showed that the double-inclusion method
is suitable for the prediction of a wide range of different phase compositions and volume
fractions. The introduction of additional parameters is necessary to capture microstruc-
tural effects. The constitutive model for mixed microstructures was evaluated on a mate-
rial point level, and is implemented in a finite-element code. Two methods were evaluated
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to reduce mesh-size dependency after the onset of strain localization. An enhanced shell
element with embedded discontinuity was shown to be conceptually better suited for
application in a global modeling strategy. A reduction of the mesh-size sensitivity is rel-
evant for application on an industrial scale, where the computational cost is important.
Throughout this work, it was assumed that results from macroscopic tensile tests consist-
ing of a single phase resemble the microscopic response of these phases. This assumption
was shown to provide satisfying results for mixed microstructures.

The modeling of fractures is based on the assumption of composite failure if the weakest
link within the microstructure fails. This assumption provides results with reasonable
accuracy for most microstructures. For ferritic-martensitic microstructures, an additional
criteria was introduced to improve accuracy.

The experimental and numerical evaluation of the proposed model on a spot weld
showed good agreement. Estimating the phase composition using hardness measurement
is possible for microstructures in future studies because of the large database of material
grades generated in this work.

An evaluation of a dual-phase microstructure and specimens representing the range of
stress triaxialities relevant for sheet-metal applications showed that the proposed mod-
eling approach is capable of predicting the fracture properties for different phase-volume
fractions and stress states with adequate accuracy.

By reviewing the research question, some conclusions can be made. The fracture
strain is affected by the microstructural constituents, and most mixed microstructures
show less elongation to fractures compared to the single-phase microstructures that they
comprise. The modeling approach using a mean-field homogenization scheme distributes
the total strain into the local strain for each phase present, and together with stress-based
fracture criteria, mixed microstructures can be modeled with reasonable accuracy. The
analysis length scale was considered using an enhanced shell element, which showed good
compensation for mesh-size sensitivity.



Chapter 6

Outlook

During the course of the thesis work, new questions appear. Some of these defined the
direction of the work, for some it was possible to follow up, but they did not make into
the thesis, while others ended up on a post-it note for future work. In this chapter, some
thoughts about extensions, improvements, and continuation of the proposed work are
summarized. Overall, this thesis contributes to the development of the simulation chain
from de-coiling to the finished product. Many links in this chain are well developed,
while others have the potential to be improved.

On the experimental side, some thoughts and ideas came out of the work. The thermo-
mechanical process can increase the grain size of austenite during heating, and the initial
austenite grain size affects the properties after cooling. The influence of the grain size
on a microstructure can be modeled using the Hall-Petch relationship, and in order to
model the full production cycle from de-coiling to crash, this factor should be taken into
account.

Throughout this paper, the term bainite was used to describe a microstructure with
intermediate properties between those of ferrite and martensite. This is an assumption
that enables the material characterization and modeling to be maintained at a reasonable
level. However, for a more general model, a set of bainite formed at different temperatures
would improve the prediction of properties of mixed microstructures with different cooling
rates or bainite formation temperatures. Further, the effect of small amounts of bainite in
martensite is interesting, and poses the question of whether the ductility of a composite
could be improved by upper bainite, instead of the present lower bainite, in a mixed
microstructure.

The computational estimation of phase-volume fractions that are formed during a spe-
cific time-temperature history has been described in literature. Prior to the start of
the experimental work, the timing of the heat treatment was estimated, and discrep-
ancies were found with the results from microstructure characterization. The phase-
transformation prediction is a crucial factor in the modeling of a component. This link
in the simulation chain, from an austenitized blank to room temperature, can be im-
proved. With the available experimental data, it would be interesting to work on this
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link in the simulation chain.
An issue of the mean-field homogenization is the computational time spent on the

material point level. The computation time for large models remains too high for ap-
plication on components. Another limiting factor for use on a component level are not
resolved difficulties in load cases where bending occurs. This issue needs to be addressed
on element level in the finite-element code.

The proposed model considers two microstructural effects, namely the increased strength
of martensite caused by larger amounts of carbon and the strengthening effect of small
amounts of bainite in martensite. Both effects are incorporated by adjusting the initial
yield strength, and this is a starting point. Experimental results suggest that strain
hardening is also influenced, depending on the phase composition. The introduction
of a parameter to adjust the strain hardening of a mixed microstructure depending on
phase-volume fractions is expected to improve results.

The fracture model used in Papers C-F indicated fracture initiation well for most phase
compositions. Eroding elements that fulfill the fracture criteria cause stress waves and
hence spurious element deletion. A method that reduces the load-bearing capacity for
failed elements should be included to avoid stress-wave propagation in the structure.

During the course of this work, many fracture surfaces were created, and a study on
them could clarify the fracture mechanisms in different mixed microstructures. SEM can
be used to show events on the micro level, and may support the assumptions made in
the fracture model.
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Stefan Golling, Rickard Östlund and Mats Oldenburg

Abstract

The demand of ultra high strength steel (UHSS) components increased in the last decade
due to their high strength to weight ratio. The driving force in this development is the
automotive industry and regulations concerning passenger safety and fuel consumption.
The use of ultra high strength steel enables design of lighter car bodies with equal or
better passenger safety compared to earlier car generations. The automotive industry
and their suppliers need predictive tools in the development of components with tailored
material properties. Components with tailored material properties are produced by hot
stamping, in this process a blank is austenitized before it is formed and quenched in
one step. By use of sequential heated or cooled tools, different mechanical properties
distributed within the same component are achieved.

In order to develop a constitutive model for components consisting of regions with
varying phase content, a suitable method to describe the elasto-plastic part of the yield
curve is needed. The focus of this work is on the description of the elasto-plastic constitu-
tive model of an ultra high strength steel depending on the phase content in the material.
Different volume fractions of ferrite, bainite and martensite are experimentally formed.
In this study the capability of different homogenization methods on the prediction of
the material response of a multi-phase steel depending on the volume fraction of formed
phases is investigated. The modeling results are compared to experimental results.

Prediction of the composite response using the micromechanical based double-inclusion
model and pure phase measured data as well as experimentally obtained phase volume
fractions of present phases showed good agreement throughout all samples tested in this
study.

1 Introduction

The increasing demand for lighter car structures leads manufacturers to use lighter or
tougher material with equal properties in crashworthiness and durability. In recent years
the use of ultra high strength steel (UHSS) has increased among leading car manufac-
turers. Characteristic for these steels is their good formability and hardenability. UHS
steels like 22MnB5 are mainly used in crash impact relevant parts of the car structure.
The hot stamping process can be used to tailor material properties in a single component.
Production of so-called tailored properties components involves the austenitization of the
blank and different cooling rates to achieve local different material properties. A variation
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of cooling rates is obtained by sequentially heating or cooling sections of the tool. Due
to varied cooling rates different microstructures form, rapid cooling i.e. quenching causes
the formation of martensite, low cooling rates promote the formation of softer phases like
bainite or ferrite. In transition zones intermediate grades or mixed microstructures are
formed. Karbasian and Tekkaya (2010) show the application of tailored material proper-
ties on a B-pillar where intrusion control and energy absorption is eminent. George et al.
(2012) developed a tool for the production of laboratory scale B-pillars. Hardness mea-
surements across the transition zone between heated and cooled section revealed a width
of about 10 mm with a varying microstructure. Further experimental work on blanks
with tailored properties was conducted by Tang et al. (2014) with similar results for the
width of the transition zone. Åkerström and Oldenburg (2006) showed that the phase
composition in a heat treated blank can be predicted using an austenite decomposition
model. This model has become a standard tool, available in the commercially available
finite element code LS-DYNA, in the development of components with tailored material
properties. Besides the prediction of the phase composition this model incorporates an
estimation of the mechanical response of the formed composite based on the iso-strain
assumption.

Homogenization methods are widely used if a material consists of two or more con-
stituents, phases or materials which exhibit different mechanical properties. The aim of
the homogenization for alloys is the estimation of the macroscopic response depending
on properties of phases or constituents.

Two phenomenological models are the iso-strain and the iso-work assumptions. For
the iso-strain model it is assumed that all present phases are subjected to the same strain.
Bouaziz and Buessler (2002) proposed the iso-work assumption. In this method the work
increment is assumed to be equal in every phase. The model is verified in its predictive
capability for a composite of ferrite and pearlite and an alloy consisting of iron and silver.
The described phenomenological models use a linear mixture rule for stress and strain to
obtain the composite response. In the present study the phase volume fractions are used
in the mixture rule. A different approach is to use a hardness value to characterize the
amount of present phases. Eller et al. (2014) present a hardness dependent constitutive
model. Stresses in the described model are calculated using an iso-strain assumption
in a linear mixture rule where the amount of present phases is defined by a Vickers
hardness value. An alternative approach is presented by Bardelcik et al. (2012), here
the parameters of the Voce equation are defined in dependence of Vickers hardness. By
varying the hardness value in the model, intermediate grades can be represented.

Except for the two phenomenological models introduced, two methods based on the
work of Eshelby (1957) are studied. The Eshelby solution solves the problem of a single
ellipsoidal inclusion in an infinite matrix. An inclusion strain concentration tensor is used
to compute the strain in the inclusion and the matrix. The interaction between phases
must be taken into account if the volume fraction of inclusions exceeds a few percent.
An assumption in this model is the perfect bonding between inclusion and matrix phase.
Mori and Tanaka (1973) used the Eshelby solution for an ellipsoidal inhomogeneity but
it includes certain effects of the inhomogeneity by taking the average strain in the matrix
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when all inhomogeneities are present. This is in contrast to the Eshelby solution where
the average strain in the matrix is taken when none of the inhomogeneities are present.

Weng (1990) proposed an analytic model based on the afore mentioned theoretical
background. To estimate the elastic constants the secant moduli are computed, therefore
its name secant method. The method in its original version assumes spherical inclusions
in a homogeneous matrix. The user needs to decide which phase is the matrix phase,
permuting the properties of matrix and inclusion yields fairly different results. Rudiono
and Tomota (1997) applied the secant method on two steels with ferritic-pearlitic and
ferritic-bainitic microstructure using pure phase data from Tomota, Umemoto, et al.
(1992). Calculated and experimental results are in good agreement in this study. In
both cases ferrite was seen as the matrix phase and pearlite or bainite as inclusion,
respectively.

The double-inclusion (DI) method was first proposed by Hori and Nemat-Nasser (1993)
and extended by Lielens (1999). This model is as well based on Eshelby’s inclusion theory
and Mori-Tanaka’s mean-field approach but applies an interpolation function between the
Mori-Tanaka model and the inverse Mori-Tanaka model. This homogenization method
can also be employed directly as a constitutive material model in a finite element code
because of the explicit nature of the algorithm. This allows evaluating the stress and
strain tensors for any loading condition. The double-inclusion model is easily extended
from two phases to multiple phases as the strain concentration tensor is additive for all
inclusions.

The aim of the present study is the evaluation of two phenomenological and two mi-
cromechanical models in their ability to predict the elasto-plastic response of a steel
depending on the volume fraction of phases formed during heat treatment. The me-
chanical material properties used as input to the models consist of pure phase measured
data. Prediction of hardening is crucial for the correct prediction of the onset of necking
and the development of a failure model for mixed microstructures. In order to compare
the capabilities of the methods fourteen time–temperature histories are used to produce
tensile test specimens with different phase compositions.

2 Theory

This study compares four mixture rules, two phenomenological and two based on mi-
cromechanical mean-field methods. The phenomenological models are the iso-strain and
the iso-work assumption, the mean-field homogenization schemes are the secant method
and the double-inclusion (DI) model. Throughout the study pure phases are described
by an exponential function.

σ(r) = σ
(r)
y0 + h(r)

(
1− exp

(
−ε(r)

p n(r)
))

(1)

The superscript (r) is a placeholder for the phase. σ
(r)
y0 is the initial yield strength, ε

(r)
p

is the plastic strain and h(r), n(r) are parameters to describe the hardening curve of
respective phase.
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2.1 Phenomenological models

The iso-strain model assumes equal strain in each present phase and a linear mixture
rule for the stresses.

εc = εm = εr σc(εc) = vmσm(εm) + vrσr(εr) (2)

In Eq. (2) εc and σc are the strain and stress in the composite, εm, εr and σm, σr are the
strain and stress in matrix and inclusion, respectively. The variables vm and vr are the
volume fractions of the phases.

The iso-strain model assumes an equal strain distribution in a material. This is true for
materials consisting of phases with similar mechanical properties. For materials where
mechanical properties of the phases vary a strain partition is more realistic. A more
realistic approach keeps the linear volume fraction mixture law for stresses and applies
the same mixture law for strains, this approach was first proposed by Tomota, Kuroki,
et al. (1976).

εc = vmεm + vrεr σc(εc) = vmσm(εm) + vrσr(εr) (3)

The iso-work assumption, an equi–incremental mechanical work assumption, see Eq.(4),
is used to decompose the strain into components applied to the different phases. The
rule of mixture Eq. (3) and a suitable description for the stress depending on the strain
are used to predict the composite response.

σmdεm = σrdεr (4)

A graphical representation of the two phenomenological models is depicted in Fig.1.
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Figure 1: Schematic representation of the iso-strain and iso-work assumption.
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2.2 Models based on micromechanics

Another group of homogenization schemes is based on continuum micromechanics. Many
micromechanical methods described in literature are based on Eshelby’s inclusion theory
for ellipsoidal inhomogeneities.

The secant method, proposed by Weng (1990), is divided into three deformation stages.
During the first stage both phases deform elastic. This stage ends if the yield criteria
for one of the phases are reached. The second stage stands for elastic deformation of
one phase and plastic deformation for the other, at this point it is essential to define
which of the phase is the matrix and which is the inclusion. The definition of matrix and
inclusion is typical for micromechanical models and clearly influences the result. The
third deformation stage is reached if both phases exceed the respective yield criteria.

Depending on the volume fraction of each phase, the shape of the inclusion and the
stage of deformation a strain concentration factor bm for the matrix and br for the inclu-
sion are calculated.

bm =
βsm(µr − µsm) + µsm

(vr + vmβsm) (µr − µsm) + µsm
, bsr =

µr
(vr + vmβsr) (µr − µsm) + µsm

(5)

where β is the shape parameter describing the shape of the inclusion and µ is the shear
modulus of the matrix, subscript m, or the inclusion, subscript r, respectively. The
superscript s denotes that the variable is calculated using the secant modulus.

The stress in the composite depending on the plastic strain and the stage of deformation
can be evaluated in an analytic way by solving a set of equations. The model is in detail
described by Weng (1990), a method to incorporate a third phase is presented by Rudiono
and Tomota (1997).

The double-inclusion method is as well based on Eshelby’s inclusion theory and the
Mori-Tanaka method and was first proposed by Hori and Nemat-Nasser (1993). Similar
to the secant method a strain concentration tensor, B, is calculated.

B =
{

I + E :
[
D−1

(m) : D(r) − I
]}−1

(6)

Here I is the fourth order identity tensor and E(m) is the Eshelby tensor. The isotropic
stiffness of matrix and inclusion are denoted D(m) and D(r), respectively. The Eshelby
tensor depends on the geometry of the inclusion and its stiffness. For spheroid inclusions
and isotropic stiffness it only depends on the aspect ratio of the semi axes of the inclusion
and the Poisson’s ratio. In the present study the elastic constants used in Eshelby’s tensor
are computed using the tangent moduli. Mura (1987) provides a detailed discussion
on the Eshelby tensor and Eshelby’s inclusion theory as well as solutions for various
inclusion shapes. If in Eq. (6) the stiffness of matrix and inclusion are reversed the
strain concentration tensor corresponds to an inverse Mori-Tanaka method. Using these
two tensors an upper and lower bound for the macroscopic stiffness is found. Lielens
(1999) proposed a material model with an interpolation between upper Bu and lower
strain concentration tensor Bl. This approach can be seen as strengthening effect of the
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real inclusion on the matrix.

B =
[
(1− ξ(vr)) B−1

l + ξ(vr)B
−1
u

]
(7)

with the following interpolation function

ξ(vr) =
1

2
vr (1 + vr) (8)

This work uses the detailed discussion on computation and implementation aspects of
the double-inclusion model given by Doghri and Ouaar (2003), only for the three phase
composite some adaption is necessary.

For a composite with more than two phases the double-inclusion method is extended
in a straight forward manner as the strain concentration tensor is additive. The upper
and lower strain concentration tensors are computed for each phase. Lielens interpolation
function relates each inclusion phase to the matrix phase, this implies that for every new
phase taken into account an additional interpolation is used. The strain concentration
tensors are then used to compute the strain in respective phase until the residual criteria
of the phase is fulfilled.

In the present work the homogenization methods are studied up to the point when the
Consideré criteria is fulfilled. The Consideré criteria marks the point of plastic instability
or the onset of necking.

σ =
dσ

dε
(9)

2.3 Influence of carbon content on properties of martensite

During the formation of ferrite, carbon migrates into the remaining austenite. Pure
ferrite, even at elevated temperatures, can not hold considerable amount of carbon. The
carbon migrates therefore to the remaining austenite and enriches it to a higher carbon
content than the bulk material. Phases formed after ferrite thus contain higher amounts
of carbon. The influence of carbon on the hardness and strength of martensite is well
documented in literature. Krauss (1999) gives a review of the strengthening mechanisms
associated with the various components of martensitic microstructures in steels with a
carbon content up to 1.3 wt%.

Bainite found in high strength steels shows a similar effect on carbon partition into
austenite as ferrite. Young and Bhadeshia (1994) found that most of the carbon is
partitioned into the residual austenite and remains in solution rather than precipitating
as carbides. In lower bainite the carbon migration is slower compared to upper bainite
but even for that phase much of the carbon is nevertheless partitioned into austenite.

The carbon content in the remaining austenite before quenching is estimated by a
simple mass balance. For the homogenization methods the input for the martensite
hardening curve is therefore dependent on the carbon content.

Bainite shows as well a dependency of strength and hardness on carbon content though
not as pronounced as martensite. During the formation of bainite, remaining austenite
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is enriched with carbon in a similar way than during ferrite formation but the effect is
smaller as bainitic ferrite, the ferrite component in bainite, can hold more carbon.

Carbon partitioning during the formation of ferrite or bainite with the effect of increas-
ing the amount of carbon in remaining austenite is calculated by the following relationship
derived from a mass balance consideration. It is possible to use a simple mass balance
as the density of the phases differs only in a negligible size.

Cγ =
C̄ − vfCf − vbCb

1− vf − vb
(10)

where Cγ is the carbon concentration in austenite and C̄ is the carbon content of the bulk
material. The variables vf and vb are the volume fraction of formed ferrite or bainite, Cf
and Cb are the carbon contents of the formed ferrite and bainite. In general, Cf is less
than 0.022 wt% as suggested by Chen and Cheng (1989). Bainitic ferrite contains up to
0.03 wt% in solid solution found by Bhadeshia and Edmonds (1983).

The hardening curve of martensite is scaled depending on the carbon content of the
remaining austenite before quenching. It is assumed that all austenite transforms into
martensite. To describe the hardening Eq. (1) is used and scaling of the curve is only
performed by changing the initial yield strength σy0. Speich and Warlimont (1968), as
well as Pierman et al. (2014) give a correlation between carbon content and yield strength
for carbon steels. In this study the relationship proposed by Speich and Warlimont (1968)
is used with the constant part adjusted to pure martensite formed from bulk material.

σy0 = 240 + 1720
√
Cγ (11)

2.4 Strengthening effect of small amounts bainite in bainite-
martensite composites

Tomita and Okabayashi (1983) found for microstructures consisting only of bainite and
martensite a strengthening of the composite above pure martensite for bainite volume
fractions up to 25%. The effect behind the strengthening consists of two factors, the first
is the increase of carbon in remaining austenite during bainite formation and the second
is an enhancement of the bainite via a plastic constraint by the surrounding martensite.
Young and Bhadeshia (1994) formulated a formula for the yield strength of bainite in a
bainite-martensite composite.

σy0 = σ′y0 (0.65 exp (−3.3vb) + 0.98) (12)

Here σ′y0 is the yield strength of unconstrained bainite. According to the formulation
above, for small volume fractions of bainite the yield strength of it is virtually equivalent
to the strength of martensite with its dependency of carbon content.
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3 Experimental approach

3.1 Production of samples

To compare the predictive capabilities of the homogenization methods described in Sec-
tion 2, samples with different microstructures and volume fractions of phases are pro-
duced.

The tensile test specimens are cut perpendicular to rolling direction of the blank. The
blank thickness is t = 1.2 mm and cross-section width for standard tensile test specimens
is w = 12.5 mm. A second type of test specimen has a notched geometry with a radius of
r = 30 mm and a width of w = 15 mm. All samples are made from the boron alloyed steel
22MnB5. The elongation during testing is measured with an extensometer with a gauge
length of L0 = 50 mm. The tests are performed at a constant speed of v = 0.1 mm/s.
The notched specimens are additional measured using digital speckle photography (DSP).
Östlund et al. (2014) describe the use of such a full field measurement to obtain stress
strain curves for both types of specimens. Tensile test data in this work represent the
average of two samples with different geometry. The temperature during the process is
measured in three points along the gauge length using thermocouples welded on to the
specimen.

Samples produced in this work possess the final specimen geometry prior to tensile
testing. The chosen approach is different from most studies found in literature where
usually samples are cut from formed components. Advantage of the used method is the
effective use of material and the possibility of controlling the specimen temperature with
good accuracy. Phase transformations in the experiment are conducted under isothermal
conditions this is contradictory to the hot stamping process where continuous cooling oc-
curs during forming operations. Simultaneous forming and cooling has as well influence
on the type of formed phases and mixed microstructure present in finished components.
Plastic deformation at elevated temperatures causes strain-induced ferrite formation as
reported by Somani et al. (2001) in a study on boron alloyed bearing steel. The effect of
strain induced phase transformation is incorporated into a constitutive model described
by Åkerström, Bergman, et al. (2007) aimed for the analysis of thermo-mechanically
formed thin sheet components. Tang et al. (2014) investigated the influence of temper-
ature and deformation on phase transformation in a component with tailored material
properties. This study emphasized the importance of the shift of TTT curves with respect
to the applied stress and the effect of the deformation strain on the movement of CCT
diagram. Consideration of these effects is necessary in order to obtain reasonable results
in the prediction of phase transformations. During continuous cooling the formation of
granular bainite is reported by Barcellona and Palmeri (2009), while isothermally formed
bainite is described as upper or lower depending on transformation temperature. This
discrepancy is tolerated as it does not influence the comparison between homogenization
methods and present experimental results.

A tool with plane surfaces and the possibility of being heated is used for quenching
to martensite and isothermal bainite transformations. The pressure on the specimen
during heat treatment is 20 MPa. The tool surface has the dimension 40mm× 200 mm.
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Figure 2: Schematical representation of the heat treatment used to produce different
volume fractions of phases in dual- and multi-phase microstructures.

The temperature in the tool is measured at six points 2 mm below the tool surface. It
is desired to get contact between upper and lower tool and both sides of the specimen
at the same time, therefore spring supported holders are used. In Fig. 3 a graphical
representation of the tool used in the production of samples is given.

In total fourteen phase compositions were produced. Different heat treatments are used
to produce samples consisting of ferrite-martensite, ferrite-bainite, bainite-martensite
and ferrite-bainite-martensite. All samples are austenitized at 900 ◦C for 4 minutes in
advance to heat treatment. Three material grades are assumed as single phases and used
as input data for the models. Henceforth the single phase microstructures are labeled
F730, B1015 and M1660. The material grade F730 is after austenitization inserted in
the heated tool, the tool is closed until the spring supported holders are in contact,
post-cooling is conducted in air. The microstructure characterization shows an irregular
ferritic microstructure. As reference material for bainite the material B1015 is used. The
grade is produced by cooling in the tool to 430 ◦C and held there for 100 s. The resulting
microstructure is considered to consist of bainite. Sample M1660 is quenched in a cold
tool, the microstructure of these samples is characterized to consist of martensite.

Eleven samples are produced consisting of different microstructures and volume frac-
tions. Schematic temperature histories for the production of specimens consisting of
ferrite-bainite, bainite-martensite and ferrite-bainite-martensite are shown in Fig. 2.
Ferrite in these samples is formed by holding at 650 ◦C in a furnace, bainite is formed
by cooling in a tool to 430 ◦C, holding times for both phases are shown in Tab. 1. To
produce bainitic-martensitic microstructures the samples are after austenitization cooled
in a tool heated to 430 ◦C, different holding times are used to form varying volume frac-
tions of bainite, see Tab. 1. The remaining austenite is transformed into martensite by
quenching in water.

Ferrite in samples MF–1, MF–2 and MF–3 is formed by air cooling in a tool with
the blank resting on spring supported holders. Three different holding times are used
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Figure 3: Representation of the tool used to obtain bainite and martensite.

to produce varying amounts of ferrite, see Tab. 1. The ferrite formation is stopped
by quenching in a cold tool to transform the remaining austenite into martensite. All
previously described samples consist mainly of two phases. A sample containing three
phases is produced using two holding temperatures, one for the ferrite and one for the
bainite transformation. To form ferrite the same procedure as for samples FB is used but
the holding time is changed. Bainite is formed isothermally in the heated tool similar
to samples BM, the remaining austenite is transformed into martensite by quenching in
water.

3.2 Microstructure characterization

Besides the mechanical properties the volume fraction of phases in the mixed microstruc-
ture is needed for the models. The main characterization methods were SEM/EBSD and
SEM imaging of slightly etched surfaces with subsequent image analysis. It is assumed
that the volume fraction of present phases and the measured area fraction of a sample
correlate. The area fractions are measured in ten points on one of the heat treated sam-
ples. The EBSD measurements are made at about one quarter of the blank thickness
to avoid surface specific phenomena and center segregations. Retained austenite is dis-
tributed very finely in the microstructure and an EBSD step size of 0.05 µm is used for
the characterization. The remaining phases could be characterized using a larger step
size of 0.2 µm. The samples are wet ground, polished with diamond paste to 0.25 µm
and subsequently polished during 20 min using an oxide suspension and water for EBSD.
The final preparing step for SEM imaging is electrolytic polishing.

The estimation of phase fractions in samples FB–1, FB–2 and FB–3 is made using SEM
images and manual image analysis. All samples contain small amounts of martensite and
retained austenite besides the main phases bainite and ferrite. The residual austenite is
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Table 1: Phase volume fraction of test samples and holding times for ferrite and bainite
formation. Balance in the phase volume fraction is the amount of retained austenite.

Sample Ferrite Bainite Martensite Ferrite Bainite
[vol.%] [vol.%] [vol.%] formation formation

time tf [s] time tb[s]

F730 100.0 x x Air cooled 0
B1015 x 100.0 x 0 100
M1660 x x 100.0 0 0

MF–1 38.0 x 62.0 20 0
MF–2 50.0 x 50.0 35 0
MF–3 70.0 x 30.0 50 0

FB–1 32.5 66.1 0.9 40 100
FB–2 49.0 48.0 2.6 60 100
FB–3 57.5 37.7 4.3 100 100

BM–1 x 22.5 77.4 0 8
BM–2 x 37.5 62.3 0 13
BM–3 x 66.2 33.5 0 17
BM–4 x 89.9 10.0 0 25

FBM–1 41.7 36.1 21.1 44 13

distributed as small islands, both in the ferrite and in the martensite. Fig. 4b shows
an SEM picture of sample FB–1. The phase volume fractions in samples consisting of
bainite and martensite are made using the same technique as for ferrite-bainite samples.
The amount of residual austenite is small and is found as small islands in martensite.
Fig. 4c shows a SEM picture of sample BM-3. The estimation of phase fractions in
the sample consisting of three phases again uses the technique described earlier. The
residual austenite was distributed as small islands in the sample. Fig. 4d shows a SEM
picture of the three phase sample FBM–1. The estimation of ferrite fractions in samples
MF–1, MF–2 and MF–3 is made using EBSD data. Using the band slope information it
is possible to separate the ferrite from the martensite. The martensite is mainly in self-
tempered condition. The residual austenite is distributed as small islands and is found
both in ferrite and martensite. In Tab. 1 the amount of retained austenite is given by
the balance of phase volume fractions.

4 Assumptions in modeling the mechanical response

of multi-phase microstructures

For the modeling of the hardening some assumptions are made. The secant method and
the double-inclusion model need a decision which phase is the matrix phase, therefore the
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(a) Ferrite-martensite sample MF–1. Brighter ar-
eas are martensite, darker areas correspond to fer-
rite, area size 150× 130 µm at a magnification of
2000×.

(b) Ferrit-bainite sample FB–1. Ferrite is gray
colored and brighter areas are bainite. The white
parts in the bainite grains is cementite.

(c) Bainite-martensite sample BM–3. Brighter ar-
eas are martensite, darker areas with dot pattern
correspond to bainite.

(d) Ferrit-bainite-martensite sample FBM–1. The
dark gray areas are ferrite, darker areas with
dot pattern are bainitic and light gray areas are
martensite.

Figure 4: Examples of microstructures from scanning electron microscope. The area size
is 120× 80 µm at a magnification of 2500× if not indicated differently.

phase with the highest volume fraction is assumed as matrix phase. During the formation
of ferrite and bainite the remaining austenite is enriched with carbon and therefore the
mechanical properties of martensite change. To model the increased strength of marten-
site the initial yield strength is scaled, see Eq. (11). Bainite is assumed to be independent
on the carbon content. Furthermore it is assumed that cementite precipitation does not
make a significant contribution to the strength, but that the carbon that is rejected into
the austenite makes a contribution via its effect on the solid solution strengthening of
any martensite formed subsequently. Small amounts of formed phases are neglected and
added to the phase with closest mechanical properties. Input data for the models are
material grades F730 which is characterized as an irregular ferritic microstructure, B1015
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which is a microstructure characterized as bainite isothermal transformed at 430◦C and
M1660 a fully martensitic microstructure. The Young’s modulus and Poison’s ratio for
all phases are assumed to be equal, 200 GPa and 0.3 respectively. The steel 22MnB5
used in experiment includes several alloying elements in small amounts. The only alloy-
ing element influencing results of the modeling is carbon due to its effect on martensite
strength. The manufacturer specification of the carbon content is tolerated between 0.2
and 0.25 wt%. For the models the average value 0.225 wt% is used. The initial yield
strength of M1660 is not well predicted by Eq. (11), therefore the constant term is
adjusted to measured observation.

5 Results

In total fourteen samples with different volume fraction of phases and microstructures are
produced. Three samples are assumed as pure phase consisting of a single microstructure,
ten samples are assumed as dual-phase microstructure while one sample consists of three
phases with significant volume fractions of formed phase. The models for homogenization
of a mixed microstructure are in the following compared to the experimental results from
tensile tests.

5.1 Mixtures of ferrite and martensite

Ferrite and martensite exhibit large difference in mechanical properties. During ferrite
formation carbon enriches in the remaining austenite altering the initial yield strength of
martensite. Experimental results showed that with increasing volume fraction of marten-
site the initial yield strength of the composite remains nearly unchanged. This behavior
is well predicted by the secant method and the DI model but is not possible to repro-
duce using the phenomenological models. As a consequence the iso-strain and iso-work
assumption must over predict the tensile curve for small strains. The phenomenological
models cannot predict the measured composite response due to the increased strength of
martensite. The micromechanical based models yield better results concerning the ini-
tial yield strength. The carbon strengthening of martensite contributes to the composite
response only in the case of sample MF–1, in case of MF–2 and MF–3 the martensite
does not reach the increased yield strength and remains elastic. See Figs. 5a–5c for
comparison of experimental and computed results of ferrite-martensite composites.
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(a) Sample MF–1, 38 % ferrite and 62 % marten-
site.
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(b) Sample MF–2, 50 % ferrite and 50 % marten-
site.
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(c) Sample MF–3, 70 % ferrite and 30 % marten-
site.

Figure 5: Comparison of flow curves of samples consisting of ferrite and martensite.

5.2 Mixtures of ferrite and bainite

A composite made of ferrite and bainite consists of two phases with less pronounced
difference in mechanical properties. The temperature at which bainite is formed is crucial
for its mechanical properties. Upper bainite formed at elevated temperature has tensile
properties close to ferrite-pearlite compositions. Decreasing the temperature leads to
the formation of lower bainite with properties approaching the values of martensite. To
test the predictive capabilities of the homogenization models bainite was formed at 430
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◦C in all composites. Experimental results show a clear influence of the bainite volume
fraction on the strength of the composite. The influence of carbon content in the bainite
phase on the mechanical properties is neglected. Without scaling the input data for the
phases the homogenization models predict all very similar composite yield curves. The
micromechanical models show throughout all compositions the lowest response for small
plastic strains.
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(a) Sample FB–1, 33 % ferrite and 67 % bainite.
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(b) Sample FB–2, 50 % ferrite and 50 % bainite.
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(c) Sample FB–3, 58 % ferrite and 42 % bainite.

Figure 6: Comparison of flow curves of samples consisting of ferrite and bainite.
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5.3 Mixtures of bainite and martensite

Similar to the samples in the previous section, bainite and martensite show smaller differ-
ence in material behavior compared to ferrite-martensite composites. It could be expected
that prediction yields good agreement but due to a strengthening effect in composites
consisting of bainite and martensite modification in the calculation are necessary.

Tomita and Okabayashi (1985) showed that microstructures consisting of bainite and
martensite with a phase volume fraction of bainite up to about 25 % show a strengthening
behavior. Composites of these two phases exceed the properties of pure martensite formed
from the bulk. The strengthening is explained in analogy with a braze joint where the
brazing alloy needs to be small enough to be constrained by the surrounding phase.

Two assumptions in modeling are used to predict the response of the composites, the
increase of strength of martensite with increasing carbon content and a strengthening
effect of bainite due to the brazing effect. Similar to the ferrite-martensite mixtures the
partitioning of carbon into the remaining austenite during bainite formation influences
the properties of formed martensite.

For low amounts of formed bainite all models predict similar composite response but the
experimental value is not reached. Certainly, the effect of carbon enriched martensite and
the bainite strengthening effect are to small to predict the measured result. For higher
amounts of bainite the models show different responses. With increasing amounts of
bainite the micromechanical based models predict lower stress than the phenomenological
assumptions. This is explained by the martensite not entering plastic deformation for
higher amounts of bainite.
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(a) Sample BM–1, 23 % bainite and 77 % marten-
site.
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(b) Sample BM–2, 38 % bainite and 62 % marten-
site.
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(c) Sample BM–3, 66 % bainite and 34 % marten-
site.
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(d) Sample BM–4, 90 % bainite and 10 % marten-
site.

Figure 7: Comparison of flow curves of samples consisting of bainite and martensite.

5.4 Mixture of ferrite, bainite and martensite

In previous sections only two phase composites were taken into account but during heat
treatment of blanks or in transition zones it is more likely that three or more phases
form. The iso-strain and iso-work method are straight forward in handling three phases.
Using Mori-Tanaka type estimates is as well straight forward for three phase systems
while Lielens interpolation function needs some adjustments as described in Section 2.
The secant method is not adapted for three phases; therefore, an iterative procedure
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in two steps is necessary. Several different combinations are possible for the secant
method. Rudiono and Tomota (1997) performed a study on different approaches to
combine three phases into a imaginary matrix or inclusion to determine the three phase
composite in a second step. For the present composite ferrite was the matrix as it has the
highest volume fraction and is the first formed phase, the first inclusion is bainite and
the second martensite. Ferrite and bainite form an imaginary matrix in which martensite
is embedded. This approach is in analogy with the recommendation given by Rudiono
and Tomota (1997). In Fig. 8 a comparison to experimental results is shown. The two
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Figure 8: Flow curves of sample FBM–1, 42 % ferrite, 36 % bainite and 22 % martensite.

phenomenological models show comparable results with an over prediction compared to
the experimental result. The micromechanical models underestimate the experimental
result. For both micromechanical based models better estimations of the composite are
possible but would not be consistent with the modeling approach used for dual-phase
samples. The DI model yields best result if Lielens interpolation function is excluded
and a pure Mori-Tanaka estimate is used. Computing an imaginary matrix with ferrite
as matrix and bainite as inclusion and inserting the resultant material as inclusion into
a martensite matrix yields best result for the secant method. This suggests that a
small volume fraction of martensite keeps the first formed phases together. In this case
martensite should be the continuous phase but this was contradictory to SEM observation
of the sample.
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6 Discussion and conclusions

Eleven samples with different microstructure compositions and volume fractions of formed
phases are compared to four homogenization methods. Two homogenization methods
are phenomenological, iso-strain and iso-work, and two models are based on Eshelby’s
inclusion theory, secant and double-inclusion (DI). The pure phases taken into consider-
ation are ferrite, bainite and martensite. Austenite which did not transform is found in
marginal amounts and is therefore neglected as a pure phase, its volume fraction in the
composite is added to the softest phase present. Pearlite is not observed in any sample
and is therefore not taken into consideration. For all models and compositions the same
boundary conditions are applied. For samples consisting of ferrite and martensite the
micromechanical based models yield the closest approximation to experimental results.
The DI model takes in this case advantage of the strengthening effect given by the in-
terpolation between MT- and inverse MT-scheme, while the secant method is elevated
to higher results due to the martensite strengthening. For the ferrite-bainite samples
all models gave results in good agreement with experimental observations. Ferrite and
bainite exhibit less pronounced difference in strength resulting in a smaller sensitivity for
phase volume fractions. The absence of additional strengthening terms lead to similar
results for all models. For composites made of bainite and martensite a strengthening of
the bainite phase is assumed while the strength of the martensite increases due to carbon
partitioning. In general numerical results underpredict observations. For small volume
fractions of bainite a strengthening effect is described in literature, the strengthening
term is not calibrated to present results leading to less underestimated results. The use
of a strengthening term in the computation of this type of microstructure is beneficial
but further investigation is needed. The sample consisting of three phases uses the same
modeling assumptions as the previous discussed samples. The secant method and the DI
model allow different combinations of matrix and inclusion phase. Consistent with dual-
phase samples the phase with largest volume fractions is assumed to be the matrix. Both
micromechanical models underpredict the experimental result by far, phenomenological
models do not predict the initial yield strength properly but are in good agreement for
larger strains. Depending on the composition, the agreement with experimental results
varies between models. An advantage of the micromechanical models becomes obvious
looking at the initial yield strength of the composites consisting of two different mi-
crostructures; neither the iso-strain nor the iso-work assumption is able to predict the
nearly constant initial yield stress of these mixtures. This is not unexpected as both
models use the same linear mixture rule. Main difference between those models is the
strain distribution among the phases. The prediction of the individual strain in each
phase is assumed to be important in future developments of damage criteria. To predict
the onset of necking the Consideré criteria is valid in uniaxial tension. The calculation
of homogenization models and likewise the experimental data is plotted until the criteria
are fulfilled. Experimental results for ferrite-martensite mixtures show a brittle fracture
behavior and thus the Consideré criteria marked the actual fracture with good agree-
ment. Brittle fracture of ferrite-martensite samples is reported in literature, especially
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for composites with higher carbon content in martensite. Samples with less pronounced
differences between phase properties, including the microstructure consisting of three
phases, showed a more ductile response in tensile loading. Within this work experimen-
tal results are not displayed in Figs. 5a–8 beyond the onset of necking. An issue to be
addressed is the microstructural characterization of the samples and their phase volume
fractions. The analysis is performed in through thickness direction at half of the width
of the specimen, this is done to avoid edge specific phenomena. Variation in the phase
volume fractions found in this small section shows that the only parameter possible to
change in the model, the phase volume fraction, undergoes an uncertainty. Advantage
of the phenomenological models is their simplicity, with the iso-work assumption adding
the possibility of dividing the strain into present phases. Drawback is the often poor
prediction of composites especially for small strains. The secant method showed good
results for many composites but its stepwise calculation for three phase composites is a
disadvantage in further FEM implementations. The DI model is, due to its incremental
nature, possible to implement into a user defined material routine in FEM codes.
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Åkerström, P., G. Bergman, and M. Oldenburg (2007). Numerical implementation of a
constitutive model for simulation of hot stamping. Modelling and Simulation in Mate-
rials Science and Engineering 15.2, pp. 105–119.
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Abstract

In recent years the demand of press hardened ultra-high strength steel for safety struc-
tures in automobiles has increased and it is estimated that this trend continues. Using
a thermo mechanical process with heated and cooled areas in a tool, components with
tailored properties can be manufactured. By controlling the cooling rate of the blank
different microstructures with varying mechanical properties are achieved. A combina-
tion of different material grades based on the microstructure within a component gives
additional possibilities in the design of the structural response in a crash situation. The
automotive industry and its suppliers require material models to improve the quality and
reliability of numerical simulations in the development of press hardened components. A
thermo-mechanical model to predict the phase composition is combined with a homog-
enization scheme to calculate the hardening, softening and fracture of a press hardened
component. Localization occurring in the softening part of the stress strain curve is
taken into account by parameters adapted to the element size by introducing an analysis
length scale parameter into the material model. The material model is implemented as
a user defined material in the commercial finite element code LS-DYNA and validated
by comparison to experimental result on component level.

1 Introduction

Through advances of process modeling within the press hardening technology it is pos-
sible to predict the final phase composition of a workpiece after forming and differential
cooling. Details of the modeling strategy can be found in Åkerström and Oldenburg
(2006) and a ready to use material model is implemented in the commercial available
finite element code LS-DYNA, Hallquist (2006). Components with predicted microstruc-
ture can be used for a crashworthiness analysis in a further simulation step. Impact
beams and other passive safety structures can be subjected to loads until fracture. To
simulate loading beyond instability of the material a failure and localization model is
needed. During initial plastic deformation of a sheet metal, plastic strain is generally
distributed uniformly within the volume. If further loaded the plastic strain often local-
izes, first forming a diffuse neck and finally a localized neck preceding rupture. Once a
neck has formed, subsequent straining is confined within the neck. This causes instabil-
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ity and the ductility limit of the material is rapidly reached. Plastic strain rate increase
may also be accelerated due to material deterioration caused by ductile plastic damage.
Localized necking is a dominant mechanism leading to fracture of safety components in
a crash situation, Östlund et al. (2014). Instability is also associated with the analysis of
localization problems, where under quasi-static loading conditions the equations of incre-
mental equilibrium for rate-independent material descriptions lose ellipticity, Needleman
(1988). As a consequence finite element numerical solutions of localization problems
are mesh dependent, Tvergaard et al. (1981). The discretization decides the width of
the localized band and therefore affects calculated stiffness and strain level within the
localized zone. Another issue is the ability of the mesh to accurately resolve localized
necking. These matters must be addressed in order to successfully use a strain based
failure criterion for problems where localized necking is a probable mode of deformation.
A methodology suggested by Häggblad et al. (2009) is adopted here where constitutive
and failure parameters are adapted to element size by introducing an ”analysis” length
scale into these equations. Analysis length is not viewed as a material parameter but
rather as a coupling between local plastic strain and the plastic strain calculated with a
certain mesh size, Östlund et al. (2014). In previous studies the strain acting in every
phase is not decomposed, Åkerström, Bergman, et al. (2007), or only the macroscopic
stress-strain behavior is taken into account, see Östlund et al. (2014) and Häggblad et al.
(2009). Using a micromechanical homogenization scheme it is possible to decompose the
macroscopic strain into local strain acting in every phase. The homogenization approach
used is described by Mori and Tanaka (1973) and uses the Eshelby inclusion theory,
Eshelby (1957). Eshelby’s theory assumes an ellipsoidal inclusion in an infinite matrix.
Computing the macroscopic material properties by such an average-field theory is com-
parable to solving a representative volume element at every integration point. With
distinct strains in every phase a more accurate modeling of localization and fracture de-
pending on the phase composition is possible. The mesh dependency as another issue
of localization and fracture problems is resolved using an analysis length scale factor.
The implementation of the Mori-Tanaka homogenization scheme and its interpretation
by Lielens are described by Doghri and Ouaar (2003) and Perdahcıoğlu and Geijselaers
(2011).

2 Homogenization schemes based on Eshelby’s solu-

tion for inclusions and inhomogeneities

Many mean field methods used in the micromechanical modelling of materials are based
on the work of Eshelby. Eshelby studied the stress and strain distributions in homo-
geneous media and assumed that inhomogeneities in the composite are far apart from
each other and no interactions between them occur. With these assumptions every in-
homogeneity can be treated as if it exists in a homogeneous matrix. If an elastic body
with elastic moduli D(m) contains an ellipsoidal inhomogeneity with elastic moduli D(r),
let the body be subjected to a surface traction on the boundary of it. The stress field
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in the boundary can be evaluated. For the case that the elastic moduli of matrix and
inhomogeneity are equal the stress field would be uniform throughout the body. Using
the principle of linear superposition the stress field in the body can be obtained if the
elastic moduli differ from each other. An inhomogeneity is perturbating the stress and
strain field in a body, to solve for the stresses and strains the so-called equivalent inclu-
sion method is applied introducing an eigenstrain into the calculation. The eigenstrain
ε∗ is related to the perturbed strain field ε by the Eshelby tensor S.

ε = Sε∗ (1)

Eshelby’s inclusion tensor is computed using the aspect ratio of the axes of an ellipsoid.
In the present paper Eshelby’s tensor is calculated for three different cases. In the first
case the inclusion has a spherical shape. The second case assumes a penny shaped
inclusion, the in plane half axes are equal and the half axis in thickness direction is
assumed to be infinit small. In a third case Eshelby’s tensor is calculated for a flat
ellipsoidal shape, in plane half axes are equal and through thickness half axis is taken as
a fraction of the in plane axes. The first two cases are solved to obtain analytic expressions
for Eshelby’s tensor. For the third case the general expression for Eshelby’s tensor for
ellipsoidal inclusion is solved. For detailed information about Eshelby’s inclusion theory
see Mura (1987) or Qu and Cherkaoui (2006). A property of the Eshelby tensor is its
independence from the size of the inclusion, the only variables used to calculate the
tensor are the elastic properties of the phases. In Doghri and Ouaar (2003) it is proposed
good numerical predictions are obtained if Eshelby’s tensor is computed using isotropic
moduli. The general expression of the elastic moduli D is

D = 3κtI
vol + 2µtI

dev (2)

where variables κt and µt are the tangent bulk and shear moduli. The Tensors Ivol and
Idev are the volumetric and deviatoric operator, notation according to Doghri and Ouaar
(2003). For spheroidal inclusions and isotropic moduli the Eshelby tensor is defined only
by the tangent Poisson’s ratio νt

νt =
3κt − 2µt

2 (3κt + µt)
(3)

where the tangent bulk and shear modulus can be calculated according to

κt = κ, µt = µ

[
1− 3µ

h

]
(4)

where h is the hardening modulus. The effective properties of a multi-phase composite
are obtained by the properties of the constituents, the volume fraction of them and the
strain concentration tensors relating constituent to composite. A standard averaging
scheme is used to relate phase properties to composite properties according to

〈f〉 =
N∑
r=0

vr 〈f〉r (5)
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where vr is the volume fraction of the phase and f a placeholder for a property, e.g.
stress.

For a typical inhomogeneity in the composite, the effects of other inhomogeneities
are communicated to it through the strain and stress fields in its surrounding matrix
material. Although the strain and stress fields are different from one location to another
in the matrix the averages ε̄m and σ̄m represent good approximations of the actual fields
in the matrix surrounding each inhomogeneity Qu and Cherkaoui (2006). The strain in
the r-th inhomogeneity is related to the average strain in the matrix phase by

〈ε〉(r) = B(r) : 〈ε〉(m) (6)

where Br represents the local strain concentration tensor. The Mori-Tanaka strain con-
centration tensor for multi-phase materials is used throughout all simulations.

B(r) =
[
I + S :

(
D−1

(m) : D(r) − I
)]−1

(7)

2.1 Double-inclusion model

The double-inclusion model was first proposed by Hori and Nemat-Nasser (1993) and was
extended by Lielens (1999). In the model, an inclusion is wrapped into another inclusion
of different stiffness. These two inclusions share the same center, symmetry axis and
aspect ratio, the volume ratio is equal to that of inclusion and matrix in the composite.
The inclusions are embedded into an outer material with a stiffness to be chosen by the
user. The choice of using the effective stiffness for the outer material yields the self-
consistent model. In the same way the outer material can be chosen to have the stiffness
of the actual matrix material or of the real inclusion material. In case of the real matrix
material as the outer material the Mori-Tanaka model with strain concentration tensor
Bl

(r) is obtained. If the real inclusion material is used the so called inverse Mori-Tanaka
model with strain concentration tensor Bu

(r) is found. These two possi bilities correspond

to upper and lower bounds for the Mori-Tanaka type homogenization. In Lielens (1999)
a homogenization scheme is proposed using an interpolation between the Mori-Tanaka
and the inverse Mori-Tanaka scheme. The strain concentration tensor for the composite
is than calculated by

B(r) =
[
(1− ξ (vr))

(
Bl

(r)

)−1
+ ξ (vr)

(
Bu

(r)

)−1
]−1

(8)

Lielens (1999) proposed a quadratic interpolation function

ξ (vr) =
1

2
vr (1 + vr) (9)

3 Implementation in LS-DYNA

The commercially available finite element code LS-DYNA provides the possibility to im-
plement user defined subroutines. The most widely used subroutine is the interface for
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the implementation of constitutive models. LS-DYNA solves the fundamental conser-
vation equations in continuum mechanics using an explicit time algorithm. In the time
integration loop the user routines are called after having calculated strains and strain
rates. The user routine calculates the stress field using these input arguments, Unosson
and Buzaud (2000). In previous sections a homogenization scheme and model for the
prevention of mesh dependency during localization and fracture is presented. A detailed
description of the localization and fracture model is available in Östlund et al. (2014).
The localization and fracture model is an extension of a commonly used radial return
mapping algorithm for isotropic von Mises plasticity as described in e.g. Ottosen and
Ristinmaa (2005). The homogenization of phases is performed using the elasticity tensor
with tangent shear and bulk modulus and the Eshelby tensor calculated in the radial
return subroutine. Strain concentration tensors and stiffness tensors are computed and
used to obtain a macroscopic stiffness tensor to update the composite stress. Fracture
occurs when the localization function L reaches its critical value or the shear failure
criterion is fulfilled

∫ tf

0

L̇

Lf
dt = 1,

∫ tf

0

˙̄εp
εf
dt = 1 (10)

The material model described is intended to be used with shell elements. To account for
thickness changes plane stress iteration is included into the algorithm. The hardening
part of the flow curve is described by an exponential function. The localization and
fracture model uses parameters fitted to initial conditions of heat treated blanks. How
to obtain those parameters is described in Kajberg and Lindkvist (2004), parameters for
the model can be found in Östlund et al. (2014).

Beside parameters describing the flow curve of the material the phase composition
of the steel is of importance to predict the mechanical response. Five different phase
compositions were produced using varying cooling times in air before quenching the
samples in a tool. Microstructure characterization using LOM (Light Optical Microscope)
observations lead to the phase composition depicted in Tab. 1.

Table 1: Phase composition of test samples

Sample Ferrite Martensite
[volume fraction in %] [volume fraction in %]

M1660 0 100
MF–1 30 70
MF–2 50 50
MF–3 70 30
F670 100 0
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4 Results

To validate the material model finite element simulation of a tensile test specimen with
different phase compositions and mesh sizes and inclusion shapes is performed. The
result of the simulation is compared to experimental results performed on a straight
uniaxial specimen. The finite element model is discretized with Belytschko-Tsay shell
elements (LS-DYNA, type 2) using three different element sizes and square shape in the
localization zone. The boundary conditions on one side of the specimen are set to zero
and on the other side to linear displacement in accordance to experimental conditions.

The material used for all samples is the boron alloyed steel 22MnB5 produced by
Arcelor Mital. Test specimens with five different phase compositions, see Tab. 1, were
produced. All samples are austenitized at 900 ◦C for about 15 minutes but in contin-
uation treated with different cooling times. Two types of microstructures are produced
as reference material for pure phases, the ferritic microstructure F670 and the marten-
sitic microstructure M1660. Sample F670 is air cooled after the austenitization, while
sample M1660 is quenched in a tool. Test specimens with mixed microstructure are air
cooled, horizontal lying on pins in the quenching tool, with different holding time prior
to quenching. Tensile test specimens for all material grades are cut perpendicular to
rolling direction of the blank. Tensile testing results of samples with phase compositions
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(a) Spherical inclusion.
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(b) Penny shape inclusion.

Figure 1: Result from FEM analysis for different phase compositions, mesh sizes and
inclusion shapes.

from Tab. 1 show similar elongation and only minor tendency to localization. In Fig.
1 numerical results for different phase composition, mesh sizes and inclusion shapes are
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summarized. The model for localization and fracture to minimize the effect of mesh de-
pendency provides good comparability for different mesh sizes, see Östlund et al. (2014).
Combining the model with the homogenization leads to a certain dependency on phase
composition and inclusion shape as can be seen for sample MF–3 in Fig. 1a. Harden-
ing of the material using spherical inclusion geometry is underestimated especially for
sample MF–3. This result is expected as Mori-Tanaka type estimates are reported to un-
derestimate the hardening of metals for low volume fractions of inclusion phases. From
LOM observations ferrite is seen as continuous phase even for high volume fractions of
martensite, this assumption is supported by Marder (1982). Ferrite is therefore assumed
as matrix phase for all simulated compositions. For higher volume fractions of marten-
site the computed hardening is in better agreement with experimental results. Numerical
results over predict the elongation for samples MF–3 and MF–2 hence fracture values
do not correspond to experimental values. For sample MF–1 the elongation is in good
agreement with experimental results but the localization is incorrect. The distinct local-
ization for high volumes of martensite is expected because of the calibrated parameter
values for pure martensite which showed pronounced localization. The second case inves-
tigated is a change of the inclusion geometry. Eshelby’s tensor is calculated for a penny
shape, Fig. 1b compares the obtained result. In general the hardening of the material
is higher compared to spherical inclusion results while the elongation before fracture is
lower. Introducing an inclusion geometry different from spherical into the material model
results in anisotropy. The anisotropy introduced acts in through thickness direction and
therefore thinning calculated in plane stress condition is affected but in negligible size.
Spherical and penny shape for geometries describing the inclusion shape are special cases.
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Figure 2: Result from FEM analysis for different phase compositions, mesh sizes and
ellipsoid inclusion shape.
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Choosing a ratio of the in plane half axes to the through thickness half axis of the in-
clusion between these two cases leads to an ellipsoidal inclusion. Numerical results for
an ellipsoidal inclusion geometry are between the results for spherical and penny shape.
An example for an ellipsoidal result is shown in Fig. 2, the aspect ratio of the through
thickness half axis is changed to ten percent of the in plane half axes.

5 Conclusion

Three different material compositions were produced using air cooling and tool quench-
ing. A homogenization method to calculate distinct strain in each phase is combined
with a phenomenological localization and fracture model to predict the composite re-
sponse under tensile loading. Numerical results show that the hardening behavior of the
steel grades can be well predicted at higher volume fractions of martensite. The local-
ization and fracture model is possible to combine with the homogenization. Variation
of the half axis ratio defining Eshelby’s tensor is a way to achieve reasonable agreement
between experimentally obtained elongation before fracture. A possible explanation for
differences between experiment and simulation is the parameters used. Initially all pa-
rameters were determined on measurements of sheets with a thickness of 1.2 mm but
all tensile specimens were cut from sheets with thickness 1.8 mm. Numerical results for
the composition labeled MF–3 show a scattered result for the fracture strain. A possible
explanation is the analysis length scale factor. The localization band is most likely within
the element size for two elements but for smaller elements the band is larger than one
element in width.
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quench-hardenable boron steel: Influence of

microstructure and processing conditions

Stefan Golling, Rickard Östlund and Mats Oldenburg

Abstract

Developments of the hot stamping technology have enabled the production of compo-
nents with differential microstructure composition and mechanical properties. These can
increase the performance of certain crash-relevant automotive structures by combining
high intrusion protection and energy absorption. This paper presents a comprehensive
experimental investigation on the flow and ductile fracture properties of boron-alloyed
steel with a wide range of different microstructure compositions. Three types of dual-
phase microstructures at three different volume fractions, and one triple phase grade,
were generated by thermal treatment. Flow curves extending beyond necking and the
equivalent plastic strain to fracture for each grade was determined by tensile testing
using full-field measurements. The influence of phase composition and microstructural
parameters were further investigated by means of a multiscale modeling approach based
on mean-field homogenization in combination with local fracture criteria. Inter-phase
and intra–phase fracture mechanisms were considered by adopting two separate fracture
criteria formulated in terms of the local average stress field. The micromechanical model
captures with useful accuracy the strong influence of microstructure and processing con-
ditions on the flow and fracture properties, implying promising prospects of mean-field
homogenization for the constitutive modeling of hot stamped components.

1 Introduction

Continuous efforts by automotive manufacturers to reduce vehicle weight is of paramount
importance to meet emissions legislation and reduce fuel consumption, whilst still main-
taining or increasing passive safety in crash situations. The increase in crashworthiness to
weight ratio is partially addressed by the application of new advanced materials and man-
ufacturing processes. One such technology is the simultaneous forming and heat treat-
ment of boron alloyed sheet metal components, termed press-hardening or hot-stamping.
During the last decade, much effort has been put in developing the manufacturing process
to enable the production of components with spatially varying microstructure and prop-
erties, termed tailored properties (TP) components. Using special tool technology, with
differential in-die cooling rates by heated tool sections and/or reduced thermal conductiv-
ity of the tool material, is one approach to obtain the desired microstructure composition
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and variation thereof within the final component. Distributed mechanical properties can
be advantageous in terms of crash performance for certain parts of the vehicle structure,
combining high intrusion protection and energy absorption.

To support the current development, a systematic investigation of the relative influ-
ence of various microstructural constituents on the overall flow properties and ductil-
ity of quench-hardenable boron alloyed steel is needed. To this end, we have designed
processing routes to produce tensile specimens with a comprehensive range of differ-
ent microstructures. These include dual-phase ferritic-martensitic, ferritic-bainitic and
bainitic-martensitic compositions, and a triple phase grade consisting of ferrite, bainite
and martensite. Additionally, the aim of the current work is to explore the possibilities
of a multiscale modeling approach to ductile fracture prediction. Specifically, if the sig-
nificant variations in strength and ductility arising from microstructural effects can be
captured with useful accuracy, at a computational expense which can be used in crash-
worthiness predictions of automotive components with tailored properties. Developments
concerning the constitutive modeling of boron alloyed steel that takes into account the
processing history have been proposed by several investigators. Åkerström and Olden-
burg (2006) and Åkerström, Bergman, et al. (2007) modeled the austenite decomposition
into daughter phases during continuous cooling and extended it with a mechanical module
to simulate the complete press hardening process. In press hardening the boron alloyed
steel 22MnB5 is a common choice in industrial application as in research and hence thor-
oughly investigated. Modeling the process from austenitization to finished product relies
on in depth knowledge of parameters influencing the microstructural composition and the
mechanical properties of the finished product. Besides the cooling rate the importance of
considering hot plastic deformation in isothermal and non-isothermal forming operations
are pointed out by Min et al. (2012), Chang et al. (2015), and Nikravesh et al. (2012).

Constitutive models for the use in hot stamping applications have typically been formu-
lated with microstructure dependent coefficients, see e.g. Bardelcik, Worswick, Winkler,
et al. (2012), Bardelcik, Worswick, and Wells (2014), Eller et al. (2014), and Östlund,
Berglund, et al. (2011). An alternative route is to estimate effective material proper-
ties based on the properties of the constituent phases and arrangement at the microscale.
Homogenization schemes are numerical or analytical methods, devised to estimate macro-
scopic effective constitutive properties based on the microstructural behaviour. Belonging
to numerical methods, the computational homogenization is based on discretized micro-
geometries for which they aim at fully accounting for the interactions between phases.
Mean-field homogenization (MFH) approaches are analytical (semi-analytical in case of
non-linear constituents) where the microfields within each phase are approximated by
their phase averages. Approximations concerning field fluctuations, geometry and inter-
actions at the microscale render a less computationally demanding scheme. The micro-
geometry enters the formulation through statistical measures such as volume fractions
and phase topology. They provide estimates of the composite material behaviour and
the average stress and strain fields as well as deformation histories within each present
phase. A survey of these types of homogenization methods can be found in Zaoui (2002),
Mercier et al. (2012), and Golling et al. (2016). Fracture models can be formulated in
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terms of these microscopic average fields in order to estimate the ductility of the steel
with respect to microstructure and process history. Methods to estimate the effective
ductility of heterogeneous metals by a combination of MFH and various damage and/or
fracture models have been proposed in literature. Tekoglu and Pardoen (2010) integrated
a Gurson type damage combined with MFH, where the damage model was applied to
the homogenized material in a multi-step approach. They considered an elasto-plastic
matrix material reinforced with elastic particles with reference to cast aluminum alloys.
A systematic study of the influence on flow behavior of the microstructural parameters of
dual-phase steels consisting of ferrite and martensite with preliminary results on fracture
were presented by Pierman et al. (2014). Ductile fracture is a field with intensive research
focus for different materials and loading conditions. The microstructure of a material has
a strong influence on fracture properties, typical influence factors are voids, inclusions
and micro cracks. The nucleation of voids, their growth and coalescence, is usually seen
as the predecessor of ductile fracture. Recently, Bai and Wierzbicki (2015) published a
comparative study on twelve ductile fracture models and divided them into three groups,
physics based, empirical and phenomenological models. Two general types of approaches
to capture ductile fracture are described by Li and Wierzbicki (2010). The first approach
utilizes damage accumulation within the continuum, these models couple constitutive
and fracture model. The second approach assumes fracture as a sudden event in an
undamaged continuum where failure is postulated if the stress and strain state reaches
a critical limit. In literature the former type is referred to as coupled and the latter as
uncoupled fracture modeling. In the field of physics based, coupled, constitutive and
ductile fracture models the stress-state dependence caused by growth and coalescence
of micro-defects using numerical simulations of unit cells and experimental observations
over a wide range of triaxialities is studied and good correlation is found by Brünig,
Brenner, et al. (2015) and Brünig, Gerke, et al. (2014). Li, Fu, et al. (2011) present
a detailed review of coupled and uncoupled damage criteria which are implemented in
a commercially available FE code and compared to experimental results of tensile and
compression tests with different specimen geometries. Malcher et al. (2012) extended the
GTN model with a shear mechanism and compared it to CDM based Lemaitre damage
model and the Bai-Wierzbicki model (termed B-W model, Bai and Wierzbicki (2008)),
it is concluded that for high stress triaxiality the B-W model is in closer agreement with
experimental results compared to GTN and Lemaitre’s model, while for low triaxiali-
ties all constitutive models have limitations. For completeness it should be mentioned
that the B-W, like the model presented by Johnson and Cook (1985) and CrashFEM
(Hooputra et al. (2004)), is an empirical based model. Among the phenomenological
models are the oldest fracture models proposed, the maximum shear stress (MSS) and
the Mohr-Coulomb criteria, for both aforementioned models literature reports modified
versions. Cockcroft and Latham (1968) proposed a ductile fracture criteria which in-
tegrates the maximum principal tensile stress over incremental plastic strain i.e. the
energy density is calculated. Among the phenomenological fracture criteria the magni-
tude of stress vector (MSV) criteria was proposed more recently by Khan and Liu (2012).
The MSV criterion showed good results in comparison to a number of phenomenological
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and empirical fracture criteria. Phenomenological models captivate due to their simplic-
ity in calibration, usually only few specimen geometries are needed to obtain a small
number of parameters. Concerning quench-hardenable boron steel, recent experimental
investigations have focused on materials characterization and on the manufacturing of
components with distributed mechanical properties, among other aspects. In traditional
hot stamping or press hardening the material properties are obtained by quenching of
the blank. In order to obtain spatially varying mechanical properties within a single
component special tool design and/or tool materials are necessary. The thermal condi-
tions necessary to obtain TP components are a major field of interest. The tool design
utilizes in-die heating and cooling as well as two different tool steels with varied thermal
conductivity. A u-shaped beam is formed showing martensite formation in the cooled
section and a ferritic microstructure in the heated tool section, Oldenburg and Lindkvist
(2011). Experimental evaluation of parameters influencing the press hardening process
are performed on lab-scale TP component using in-die heating and cooling technology.
The influence of tool temperatures and temperature gradients on phase formation is
a crucial factor in the production of TP components, George et al. (2012). Bardelcik,
Worswick, Winkler, et al. (2012) based their constitutive model on experimental data ob-
tained from specimens quenched at five different cooling rates, by forced air convection,
producing microstructures that ranged from bainitic to martensitic, with intermediate
mixed microstructures. In order to produce larger amounts of ferrite, a dual furnace and
tool-quenching system can be used according to Meza-Garcia et al. (2013). However, a
study on the flow behavior and ductile fracture properties of boron steel with direct refer-
ence to the mechanical properties of the constituents and arrangement at the microscale
is, to the authors knowledge, missing. Such an investigation is relevant in establishing
predictive tools for determining performance envelopes of press hardened components
with distributed microstructure composition. In this work we employ a dual furnace
and cartridge-heated plane quenching tool processing system to produce tensile speci-
mens with an extensive range of microstructure compositions. Fracture data and flow
curves extending to large plastic strains are obtained from tensile tests using full-field
deformation measurements. We propose a multiscale approach to ductile fracture mod-
eling within the framework of mean field homogenization. Two non-interacting fracture
criteria are formulated in terms of the local average stress field, referring to inter-phase
and intra-phase fracture mechanisms. The predicted overall ductility is governed by the
weakest constituent or interface present in the multi-phase material.

2 Experiments

The material investigated is a low alloyed boron steel, which is widely used in industry
for hot stamped components. In as delivered condition, 22MnB5 exhibit homogeneous
distribution of pearlite in an equiaxed grain ferritic matrix, the material is coated with
an AlSi layer which protects from oxidation during heat treatment and corrosion during
service life.

This section is intended to give a general overview of samples used for the study
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of fracture in mixed microstructures, the tool used for the heat treatment and sample
production procedure used to obtain different microstructure compositions. The aim of
the experimental study on a larger variety of mixed microstructures is to increase the
understanding of their overall properties.

2.1 Specimens

Five types of sample geometries were cut perpendicular to rolling direction of the sheet
using abrasive water jet cutting. The method for the extraction of test specimens from
the blank has an impact on the elongation before fracture, reported Wang et al. (2014).
To keep edge effects marginal all water jet cut surfaces in the vicinity of the critical
cross section were polished. The sheet thickness for all samples is 1.25 mm. Schematic
specimen geometries are shown in Fig. 1. The geometry of the specimens was dictated
by the dimensions of the tool used during heat treatment. All specimens have the basic
dimensions 240× 40 mm.
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Figure 1: Overview of tensile specimens. Nominal sheet thickness is 1.25 mm. All
dimensions are in millimeters.

2.2 Production process of heat treated specimens

The production process was designed with the purpose to: (i) produce tensile test speci-
mens with distinctly different microstructures and varying amount of phase volume frac-
tions; and, (ii) ensure those microstructures are relevant to those commonly found in hot
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stamped components. With differential in-die cooling rates, ferritic-bainitic and bainitic-
martensitic microstructures may form depending on the specific cooling rate. Less likely
are the formation of ferritic-martensitic compositions during the forming process, due to
the significant temporal variations in cooling rate required. However, ferritic-martensitic
mixtures may form in the vicinity of welds, especially if welding is performed in fully
martensitic material. To encompass all aforementioned microstructure compositions, we
have chosen an iso-thermal transformation based process.

The equipment used for specimen heat treatment consists of two furnaces, a plane
quenching tool and a water container. Prior to heat treatment, all samples were equipped
with three thermocouples and are electrically grounded to data logging equipment in
order to avoid interference during sampling. The temperature of the specimen was con-
tinuously monitored throughout the experiment.

All samples were austenitized in the first furnace at 1223 K (900 ◦C) for four min-
utes. Samples were positioned on a brick in the center of the furnace to achieve even
temperature distribution throughout heating. A second furnace was used to form ferrite;
the temperature of this furnace was set to 923 K (650 ◦C). Formation of bainite or
martensite was possible in the plane quenching tool.

A schematic representation of the plane quenching tool is shown in Fig. 2. The tool
uses two plane surfaces where an area of 200 × 40 mm can be temperature controlled
using cartridge heating. Specimens were cut 40 mm longer compared to the temperature-
controlled tool area for handling purposes. The tool temperature was measured in six
points, 2 mm beneath the surface, equally distributed along the tool length. To achieve
even heat transfer between sample and tool a pressure of 20 MPa was applied onto
the specimens. Symmetric contact conditions between tool and specimen are desired,
therefore spring supported pins with a length of 2 mm are used in both tool halves.

For circumstances which required a heated tool, such as to produce bainitic-martensitic
samples or composites consisting of three phases, the tool could not simultaneously be
utilized as quenching device, thus water quenching was applied. The water temperature
was kept at room temperature. A pre-study showed negligible discrepancy in mechanical
properties between the tool and water quenched specimens. The production process was
monitored by the real time data logging system, which enabled accurate manual transfers
between production steps.

An advantage of the production process used in this study is the control over trans-
formation time and temperature independent of the specimen geometry. During transfer
between furnace to furnace or furnace and tool the cooling rate may be different along the
sample but the main part of the phase transformation is under temperature controlled
conditions. Using a plane tool provides the advantage of equal pressure distribution on
the specimen and, resulting in even heat transfer between tool and specimen. Cooling
rates from the austenite region or ferrite formation temperature to bainite transformation
are high due to efficient heat conduction between sample and tool. Rapid temperature
change of the specimen allows short holding times leading to possible production of
samples with smaller amounts of bainite. The production of three phase composites is
possible by controlling temperature of transformation and holding times.
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Figure 2: Schematic representation of the tool used to produce heat treated samples.
On the test specimen three locations used for continuous temperature measurement are
marked with dots. Insulation and limit stops are excluded for clarity.

Mixed microstructures

Ferritic-bainitic microstructures were produced by air cooling during transfer and hold-
ing at 923 K (650 ◦C) in the second furnace to form ferrite, the remaining austenite
is subsequently transformed into bainite in the heated tool. Samples of this type are
henceforth abbreviated FB. In total three different combinations of ferritic-bainitic sam-
ples were produced. Similarly to the FB specimens, ferritic-martensitic specimens were
produced by ferrite transformation at 923 K (650 ◦C), but with subsequent tool quench-
ing to room temperature. Forced air convection was applied to prevent heating of the
tool during consecutive process steps. In total three different phase volume fractions are
produced and subsequently labeled FM. Samples consisting of bainite and martensite are
produced with the tool heated to 703 K (430 ◦C) and subsequent quenching in water.
The bainite transformation in 22MnB5 is a comparably fast process and therefore short
holding times in the tool are used. Four samples with bainitic-martensitic microstruc-
ture are produced and are abbreviated as BM. A microstructure containing three distinct
phases is produced by a combination of the two previous mentioned routines, ferrite for-
mation at 923 K (650 ◦C) and bainite formation at 703 K (430 ◦C) with subsequent
quenching in water to transform the remaining austenite into martensite, the sample is
abbreviated FBM. A schematic representation of the heat treatment process is shown in
Fig. 3, the holding times tf and tb are adjusted depending on the desired volume fraction
of phases. In Tab. 1 the holding times for all produced samples are given.

Single phase microstructures

For the purpose of calibrating the local plasticity model and fracture criteria, see Section
2.4, three single phase microstructures were produced, each consisting of predominantly
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Figure 3: Schematic heat treatment cycle.

ferrite, bainite and martensite, respectively. The term ’single phase’ is used throughout
this study and denotes microstructures consisting of more than 95 % of the same type of
phase. Specimens with ferritic and bainitic microstructures are available from an earlier
study performed by Berglund (2009), where they were cut after heat treatment from
larger blanks. Martensitic specimens were obtained by quenching the pre-cut specimen
in the tool to room temperature. Since these specimens were produced for calibration
purposes, all specimen geometries depicted in Fig. 1 were used. Single phase samples
are henceforth abbreviated by their first letter and ultimate tensile strength, e.g. F730,
B1015 and M1660.

2.3 Microstructure characterization

In this work the main characterization techniques were SEM/EBSD and SEM imaging
with subsequent image analysis. The measurements are made at one quarter of the blank
thickness in order to avoid surface specific phenomena and center segregations. Prior to
analysis the samples are wet ground, polished and etched.

For single phase data three microstructures were produced and results are presented in
Tab. 1 and Section 2.2. The ferritic microstructure is described as ’irregular ferritic’, this
means that the morphology cannot be described as polygonal, but not either as acicular
since no lath structure can be observed. Bainite was characterized as lower bainite, e.g.
lath formed ferrite with fine carbides within the laths. Martensite was mainly found in a
self tempered condition; this is typical for martensite that is formed at high temperature.

All mixed microstructures are characterized using SEM imaging except of the ferritic-
martensitic samples which were made using EBSD data. For ferrite-martensite samples
the band slope information was used to separate the ferrite from the martensite. Ferrite
found in the samples showed polygonal features but with irregular tendencies. All samples
show small amounts of retained austenite, e.g. austenite that did not transform during
cooling, distributed as small islands in the main phases. In Fig. 4 typical micrographs
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of mixed microstructures characterized in the framework of this study are depicted. The
result of the microstructure characterization and a summary of all transformation times
used in the production of samples is presented in Tab. 1.

(a) Ferritic-martensitic microstructure of sample
FM–1. Brighter areas are martensite, darker areas
correspond to ferrite, area size 150x130 µm at a
magnification of 2000x.

(b) Ferritic-bainitic microstructure of sample FB–
1. Ferrite is gray colored and brighter areas are
bainite. The white dots in the bainite grains is
cementite.

(c) Bainitic-martensitic microstructure of sample
BM–3. Brighter areas are martensite, darker areas
with dot pattern correspond to bainite, similar to
sample FB–1 the white dots correspond to cemen-
tite.

(d) Three phase microstructure consisting of ferrit,
bainite and martensite. The dark gray areas are
ferrite, darker areas with dot pattern are bainitic
and light gray areas are martensite.

Figure 4: Examples of microstructures from scanning electron microscope. The area size
is 120× 80 µm at a magnification of 2500× if not indicated differently.

2.4 Plasticity and fracture

Tensile tests were performed using a servo-hydraulic machine with a cross-head displace-
ment rate of 0.1 mm/s. The digital image correlation (DIC) and acquisition system
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Table 1: Phase volume fraction of test samples and holding times for ferrite and bainite
formation. Balance in the phase volume fraction is the amount of retained austenite.

Sample Ferrite Bainite Martensite Ferrite Bainite
[vol.%] [vol.%] [vol.%] formation formation

time tf [s] time tb[s]

F730 95.0± 2 3.0± 2 x air cooled 0
B1015 x 97.0± 1 1.5± 1 0 100
M1660 x x 98.5± 1 0 0

FM–1 50.8± 3 0.8± 0.2 48.8± 3 45 0
FM–2 62.1± 3 1.3± 0.2 36.3± 3 60 0
FM–3 74.0± 3 0.9± 0.2 23.5± 3 100 0

FB–1 32.5± 2 66.1± 2 0.9± 0.2 30 100
FB–2 49.0± 2 48.0± 2 2.6± 0.2 45 100
FB–3 57.5± 2 37.7± 2 4.3± 0.2 60 100

BM–1 x 22.5± 4 77.4± 4 0 8
BM–2 x 37.5± 4 62.3± 4 0 13
BM–3 x 66.2± 4 33.5± 4 0 17
BM–4 x 89.9± 4 10.0± 4 0 25

FBM–1 41.7± 2 36.1± 2 21.1± 2 44 13

Aramis (GOM GmbH, Braunschweig, Germany) was used to record the displacement
field of the specimen surface during loading. DIC is a common technique for the de-
termination of fracture parameters of dual-phase steel. This technique is applicable to
specimens which stay in-plane during loading as well as to out-of-plane tests like the
Nakajima test, Gruben et al. (2013). Applying the DIC technique on microstructural
level provides the possibility of visualizing the strain distribution in grains and grain
boundaries up to the point of void formation, Park et al. (2014). DIC requires a random
pattern on the specimen surface, the in-plane displacement of any small unique region
can be determined by a cross-correlation procedure of the digital images taken before and
after deformation. To avoid decorrelation due to surface cracking of the AlSi coating,
the specimen surface was sandblasted to remove the coating prior to tensile testing. The
sandblasted surface showed enough contrast and pattern which made it unnecessary to
spray paint the specimens. A frame rate of three images per second was used.

The experimentally determined displacement fields and force recordings constitute the
basis for determining the flow curve up to large strains, as well as the stress tensor
components and equivalent plastic strain values at the location and instant of fracture
initiation. Details of this procedure, which is shortly described in the following, can
be found in Eman (2007) and Östlund et al. (2014). Using a J2 plasticity model with
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isotropic hardening and piecewise linear flow curve representation,

σnY = σn−1
Y +Hn(εnp − εn−1

p ), n = 1, 2, 3 ... nf , (1)

the stress field can be computed from the measured deformation. In Eq. (1), σY is the
yield strength and H is the plastic modulus, superscript denotes the load step where nf
is the final step. When the stress field is known, the force acting on any cross-section
(in the current deformed geometry) can be determined, and H is determined iteratively
in each load step n so that the difference between measured and calculated force is
minimized. Provided that the virgin yield strength σ0

Y is known, the flow curve can be
constructed stepwise through the set of measured deformation fields up to fracture. This
procedure uses solely experimental field data, avoiding detailed finite element analysis of
each test and inverse modeling. We define that the instant of fracture initiation occurs
during the load step directly preceding the first detectable discontinuity in the measured
displacement field, denoted nf . This procedure was used to extract flow and fracture
data from all material compositions. Optical measurement systems are commonly used
to determine material properties or displacement fields in multi-phase microstructures.

3 Modelling

Micromechanical modeling was performed to gain further insight into the deformation
and fracture behavior of the different microstructure compositions produced. In addition
to this end, systematic investigations of the predictive performance of homogenization
schemes in combination with various local fracture criteria could contribute to the estab-
lishment of predictive tools for design and development of press-hardened components
with tailored properties.

3.1 Mean-field homogenization

Within mean field techniques the microscale stress and strain fields within each con-
stituent are expressed through their phase averages 〈•〉(r),

〈σ〉(r) =
1

Ωr

∫
Ωr

σ dΩ, 〈ε〉(r) =
1

Ωr

∫
Ωr

ε dΩ (2)

where Ωr is the subdomain occupied by phase r within the representative volume element
(RVE) domain Ω. The average fields over the entire RVE domain, which correspond to
the applied macroscopic fields, follows as

〈σ〉 =
∑
r

vr〈σ〉(r), 〈ε〉 =
∑
r

vr〈ε〉(r) (3)

where vr = Ωr/Ω is the volume fraction of phase r. The per-phase average stress and
strain fields are related to the overall fields by the stress and strain concentration tensors
through

〈σ〉(r) = A(r) : 〈σ〉, 〈ε〉(r) = B(r) : 〈ε〉. (4)
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Various mean field homogenization models differs in their expressions for the fourth-order
concentration tensors A(r) and B(r), however most rely on the solution for the elastic fields
of a single inclusion embedded in an infinite matrix by Eshelby (1957). To account for
collective interactions between inhomogeneities at non-dilute concentrations, Mori and
Tanaka (1973) replaced the macroscopic fields in Eqs. (4) with the average matrix fields,
rendering in the following expression for the average strain within inclusion r,

〈ε〉(r) = B(r) : 〈ε〉(m) (5)

where subscript m denotes the matrix phase and B(r) the concentration tensor for the
single inclusion,

B(r) =
[
I + E :

(
(De

(m))
−1 : De

(r) − I
)]−1

. (6)

Here I is the fourth order identity tensor, E is the Eshelby tensor, De
(r) and De

(m) Hooke’s
elasticity tensor for inclusion phase r and the matrix phase, respectively. For isotropic
elasticity, the Eshelby tensor depends only on the semi-axes of the elliptic inclusion and
the Poisson’s ratio of the matrix. We consider an idealization of the multi-phase steel
microstructures where we have a combination of non-dilute concentrations of inclusion
phases that are dispersed within a distinct matrix phase to a certain degree, and that
they may also form continuous interwoven networks. Consequently, we employ an homog-
enization model based on interpolation between the regular Mori-Tanaka (MT) model,
and the inverse Mori-Tanaka where the material properties of the inclusion and matrix
are permuted. This interpolation model was proposed by Lielens et al. (1998) and further
explored by Doghri and Ouaar (2003), where it was derived from Hori and Nemat-Nasser
(1993) and thus referred to as the double-inclusion (DI) model. In the form of incremen-
tal elasto-plasticity, the average strain rate of inclusion phase r is related to the average
matrix strain rate by

〈ε̇〉(r) = B(r) : 〈ε̇〉(m), where

B(r) = [(1− ξ(vr))(Bl
(r))
−1 + ξ(vr)(B

u
(r))
−1]−1 and

Bl
(r) =

[
I + E(m) :

(
D−1

(m) : D(r) − I
)]−1

,

Bu
(r) = I + E(r) :

(
D−1

(r) : D(m) − I
)
.

(7)

In Eq. (7), ξ(vr) is a smooth interpolation function, and Bl
(r), Bu

(r) are the regular
and inverse MT strain concentration tensors, respectively. Furthermore, D(r) and D(m)

are reference tangent moduli of inclusion phase r and the matrix phase, as computed
with the average strain rates of that phase, and E(m), E(r) denote the Eshelby tensor
computed using the matrix or the inclusion reference moduli, respectively. The present
homogenization scheme and its implementation is largely based on the work presented
in Doghri and Ouaar (2003), from which additional details can be found. They studied
composites consisting of an elasto-plastic matrix phase reinforced with elastic inclusions,
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and found that using the tangent moduli when computing the Eshelby tensor gave overly
stiff predictions in terms of overall response. To solve this issue it was suggested to use an
isotropic projection of the tangent moduli, Diso, to calculate E . In connection to this, it
is stated that for the per-phase behaviour, however, depending on the relative properties
of the inclusion and the matrix, and on the loading conditions, using Diso to calculate
the Eshelby tensor E leads, in some cases, to an underestimation of the magnitude of
stress in the inclusion compared to finite element calculations, Tekoglu and Pardoen
(2010). Then in turn, an underestimation of the local average fields might contribute to
an over-prediction of the overall ductility. When both matrix and inclusion phases are
elasto-plastic, however, the homogenization scheme predicts reasonable overall properties
as compared to experiments (see Section 4.1). Therefore, we proceed by evaluating the
Eshelby tensor using D numerically using the method proposed by Gavazzi and Lagoudas
(1990).

3.2 Properties of constituents

The input data for the homogenization of composites with varying microstructure are
material grades assumed as single phase microstructures. How the single phase grades
are produced is described in Section 2. Each constituent phase is assumed to obey J2

elasto-plasticity with isotropic hardening according to a power law flow stress model

σY (r) = f crσY 0(r) +Kr(ε
p
r)
mr (8)

where f cr is a scaling factor taking microstructural effects in composites into account;
σY 0(r), Kr, mr and εpr are the initial yield stress, strength coefficient and hardening
exponent of phase r. It is further assumed that differences in isotropic elastic properties
of the constituents are negligible, rendering in a homogeneous elastic response.

During diffusive decomposition of austenite into daughter phases, carbon migrates
from the newly formed phase into the remaining austenite. This is true for the formation
of ferrite, it is less true for lower bainite but even for that phase much of the carbon
is partitioned into the austenite rather than precipitating as carbides. If this process
is followed by a quenching transformation the martensite will contain a larger amount
of carbon than the bulk content, thus increasing the martensite yield strength. The
carbon content of the remaining austenite, Cγ, can be estimated from mass balance
considerations,

Cγ =
C̄ −∑r vrC(r)

1−∑r vr
(9)

where C̄ is the bulk carbon content, vr the volume fraction of formed phase r and C(r) is
the carbon phase r can hold. The initial yield stress and the carbon content of carbon
steels show a correlation and should be taken into account, Speich and Warlimont (1968).
Calculating the carbon content in the remaining austenite the scaling factor of the initial
yield stress for martensite, f cm, is

f cm =

(
C̄

Cγ

) 1
2

(10)
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A strengthening effect in microstructures consisting of lower bainite and martensite is
found by Tomita and Okabayashi (1983). A quantitative relationship between the volume
fraction of bainite vb and the strength of the mixed microstructure is proposed by Young
and Bhadeshia (1994).

f cb = 0.65 exp (−3.3vb) + 0.98 (11)

The strengthening effect in this type of mixed microstructure is explained by two ma-
jor contributions. The first is the increase in the strength of martensite as carbon is
partitioned into austenite during the formation of bainite, the second effect is a plastic
constraint in which the strength of bainite is enhanced. Eq. (11) is calibrated to a steel
with different alloying, no recalibration was performed for this study.

3.3 Ductile fracture

The progressive nucleation, growth and coalescence of micro voids during plastic loading
ultimately lead to macroscopic crack initiation in ductile metals. This mechanism is
influenced by the microscopic field quantities and the nucleation or growth resistance
of each constituent phase and interfaces present. We consider the nucleation process
being the dominant factor, and assume that this process is mainly controlled by the local
average stress field acting in the microscopic scale. Furthermore, a distinction is made
between two cases. 1: intra-phase fracture; void nucleation caused by microcracking
within grains or interface decohesion between adjacent grains of the same phase, and
2: inter-phase fracture; void nucleation caused by interface decohesion between adjacent
grains of different phases. A line of thought supported by Avramovic-Cingara et al.
(2009), Saai et al. (2014), and Alharbi et al. (2015) who identified decohesion of the
ferrite-martensite interface as one mechanism of void nucleation and that those voids
grow along ferrite grain boundaries.

It is assumed, for case 1, that the intra-phase strength is governed by a ductile fracture
criterion on the form suggested by Khan and Liu (2012), abbreviated the MSV criterion.
The MSV criterion involves the magnitude of the stress vector, MSV ,

MSV = (σ2
1 + σ2

2 + σ2
3)1/2 =

(
3(σmean)2 +

2

3
σ2

)1/2

(12)

as the fracture indicator, where σi, i = 1, 2, 3 are the principal stresses, and the criterion
is given by

MSV = c1(σmean)2 + c2σ
mean + c3, (13)

where σmean is the hydrostatic mean stress and c1 − c3 are model parameters. For load-
ing conditions involving dependence on tension and compression two different quadratic
expressions for the positive and negative hydrostatic mean stress regions are necessary,
Khan and Liu (2012). We consider only the positive region as being of relevance for
thin-walled structures. This criterion is established in terms of the microscopical average
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stress acting within each phase, so that Eqs. (12) and (13) read

〈MSV 〉(r) =

(
3〈σmean〉2(r) + 2

3
〈σ〉2(r)

)1/2

〈MSV 〉(r) = c1(r)〈σmean〉2(r) + c2(r)〈σmean〉(r) + c3(r),

(14)

where 〈σ〉(r), 〈σmean〉(r) are the local average effective stress and mean hydrostatic stress,
respectively, acting within phase r.

For case 2, the inter-phase strength is governed by a critical maximum principal stress
criterion, given by

max( 〈σ1〉(r) ) = min(σcritr ), (15)

for all phases r present. This means that if the maximum major principal stress of
all phases present, max( 〈σ1〉(r) ), equals the strength of the weakest interface present,
min(σcritr ), fracture occurs. These two criteria are integrated with the mean field homog-
enization scheme. Whichever criterion is violated first, either the intra-phase criterion
in any of the present phases, or the inter-phase criterion, determines the fracture initi-
ation limit of the multi-phase material. With this formulation, the weakest link of the
composite material governs the effective ductility.

Microstructural effects on constituent fracture properties

A natural assumption would be that the fracture stress of martensite and bainite increases
with carbon content, as is the case for the flow stress. However, the relationship between
fracture limit stress and carbon content could not be fully investigated in this work, since
only one steel composition, 22MnB5, was used. Therefore, we assume values applicable
to the martensite tested. The fracture criteria of the preceding section are evaluated with
the reduced local average stress tensor components according to

〈σij〉(r) = 〈σdevij 〉(r)f scr + 〈σmean〉(r)δij, where

f scr =
σY 0(r)+Kr(ε

p
r)mr

fcrσY 0(r)+Kr(ε
p
r)mr

.
(16)

Which is essentially the stress tensor without carbon dependent yield stress scaling.
Observe that only the fracture criteria are evaluated using the reduced stress tensor.

3.4 Parameter estimation

For the preceding micromechanical simulations, constitutive data including fracture pa-
rameters for each constituent phase, i.e. ferrite, bainite and martensite, are needed.
These parameters were obtained from plasticity and fracture experiments as described
in Section 2.4, using the specimens consisting of predominantly one constituent phase,
see Section 2.2. Piecewise linear flow curves were determined from the full-field mea-
surements, using specimen geometries #1, #2 and #5. Then the flow stress model, Eq.
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Table 2: Material parameters.

Phase Parameter
Flow stress model Fracture criterion

fc σY 0 K m c1 c2 c3 σcrit

(-) (MPa) (MPa) (-) (MPa)−1 (-) (MPa) (MPa)

Ferrite 1 203 724 0.1820 1.284e-3 0.1093 755.0 1650
Bainite Eq.(11) 306 916 0.0942 6.564e-4 0.2997 996.4 ∞
Martensite Eq.(10) 400 1517 0.0661 6.005e-4 0.1287 1545.0 ∞

(8), was fitted by least squares to the piecewise linear measured flow curves of those
three specimen geometries per constituent phase. The result is shown in Fig. 5a. The
parameters for ferrite and bainite were obtained in an earlier study, see Östlund et al.
(2015), parameters for martensite were determined within the framework of the present
study. The parameters are given in Tab. 2, followed by short discussion of the parameter
estimation of each constituent phase.
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Figure 5: Flow and fracture limit curves for each constituent phase. In (a), the power-law
fit and the corresponding points obtained from Eq. (1) are shown. The fracture criterion
is illustrated in (b), where squares, triangles etc. indicate fracture initiation as obtained
from experiments, and the solid lines are the fracture limit curves according to the MSV
criterion. The legend entries in (b) refer to the test specimen number as depicted in Fig.
1, and applies to (a) and (b).
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4 Results

4.1 Overall flow behaviour

The experimentally obtained flow curves for all multi-phase materials, with phase volume
fractions given in Tab. 1 and determined using specimen geometry #1, are shown in Figs.
6a - 6d. These are flow curves that extend beyond the onset of necking, up to large strains.
Also included in Figs. 6a - 6d are the overall flow behavior of all material compositions
as predicted by the DI model. As expected, most satisfactory agreement in terms of

0 0.1 0.2 0.3 0.4 0.5 0.6
300

400

500

600

700

800

900

1000

1100

εp (-)

σ
Y

(M
P
a)

FB-1
FB-2
FB-3

DI-model

(a) Flow curves of ferrite-bainite

0.00 0.02 0.04 0.06 0.08 0.10
300

400

500

600

700

800

900

1000

1100

1200

1300

εp (-)

σ
Y

(M
P
a)

FM-1
FM-2
FM-3

DI-model

(b) Flow curves of ferrite-martensite

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

400

600

800

1000

1200

1400

1600

εp (-)

σ
Y

(M
P
a
)

BM-1
BM-2
BM-3
BM-4

DI-model

(c) Flow curves of bainite-martensite

0.00 0.03 0.06 0.09 0.12 0.15 0.18
300

400

500

600

700

800

900

1000

1100

1200

εp (-)

σ
Y

(M
P
a)

FBM-1
DI-model

(d) Flow curve of ferrite-bainite-martensite

Figure 6: Experimentally obtained and predicted flow curves for the multi-phase steels
with different microstructure compositions
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measurements and predictions are obtained for ferrite-bainite dual-phase steels, since
these have the least contrast in mechanical properties of the constituents. Generally, the
initial amount of hardening at small plastic strains is overpredicted to various degrees.
All in all, the agreement with respect to experiments are reasonably good, except for
the BM–1 specimen. It seems that the strengthening effect at low bainite fractions of
bainite-martensite compositions could not be captured with Eq. (11), suggesting that
this relation should be recalibrated for the present alloy.

4.2 Overall ductility

The influence of different microstructure compositions on the overall ductility of the
boron alloyed steel is shown in Figs. 7a - 7c, as obtained from specimen geometry
#1. The ductile fracture criteria formulated in the local average stress space are path
independent, however, the stress distribution within a RVE depends on the reference
moduli which are history dependent, thus introducing a slight path dependence on the
overall ductility predictions by the double-inclusion model. Furthermore, the objective is
to study the influence of microstructure separately from the effect of loading condition on
ductile fracture. Consequently, in the following comparisons, the DI model was integrated
along the average of the experimentally measured strain path of the point where fracture
initiates, for each group of tests. Thus, these results are specific to specimen geometry
#1. For those cases where the model overpredicts the overall ductility, the load path was
extrapolated linearly, but with a cutoff value at β = 0.0, where β is the in-plane principal
strain rate ratio. This cutoff value corresponds to a loading state of generalized plastic
plane strain. The measured and calculated overall ductility are illustrated in Figs. 7a - 7c,
in the space of macroscopic equivalent fracture initiation strain, εf , and relative volume
content of constituent phases, and the values are presented in Tab. (3). Some general
trends can be observed from these results. It seems, for all dual-phase microstructures
in this investigation, that the overall ductility limit diminishes for volume fractions of
stronger phase exceeding around 30 % compared to the ductility of the stronger phase
alone. Concerning the ferrite-bainite dual-phase steels, the model indicates intra-phase
fracture occurring in the bainitic inclusions, for all volume fractions reported. The overall
ductility of these grades is systematically overpredicted with an average relative error
fraction of approximately 0.2.

The ferrite-martensite dual-phase steels show a remarkable loss of ductility compared
to that of the constituent phases alone. This behavior was observed for several additional
samples with ferritic-martensitic microstructure of boron alloyed steel not included in this
investigation. Commercial steels of this type normally show higher ductility. They differ
in chemical composition and, for the most part, go through a post-quench tempering
process to reduce some of the internal stresses due to phase transformation as well as to
reduce the hardness of the martensite. Ferrite-martensite samples in this study contain
relatively large volume fractions of martensite and did not undergo further heat treatment
after quenching.

The low ductility limit of the ferrite-martensite steels was the prime motivation to
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Figure 7: Overall ductility of dual-phase microstructures, measurement and prediction.

include the interface strength model in the present modeling approach. For martensite
volume fractions exceeding about 20 %, the interface strength model governs the pre-
dicted overall ductility, which is rapidly reduced with increasing martensite content. The
predicted rate of decrease is smaller than what is indicated by the experimental results,
resulting in a large overprediction of the fracture initiation strain of the FM–1 grade. For
the other two, the agreement is surprisingly good. According to the model, vanishingly
small fractions of ferrite embedded within a martensitic structure results in a drastic
reduction of ductility. Additional experimental data is needed to reject or support this
behavior. Also included in Fig. 7b are model predictions with the interface strength
model deactivated, to illustrate the expected ductility limit in the case of infinite ferrite



104 Paper C

Table 3: Fracture strain of specimen #1.

Specimen Experiment Prediction Relative error

F730 0.8219 0.7793 0.0518
B1015 0.6453 0.6262 0.0295
M1660 0.3254 0.3656 -0.1234

FB–1 0.5064 0.5916 -0.1683
FB–2 0.4713 0.5834 -0.2378
FB–3 0.4424 0.5215 -0.1788

FM–1 0.1055 0.2738 -1.5956
FM–2 0.1216 0.1181 0.0288
FM–3 0.0763 0.0716 0.0614

BM–1 0.4164 0.3278 0.2127
BM–2 0.3215 0.2685 0.1647
BM–3 0.1870 0.2282 -0.2205
BM–4 0.2210 0.2161 0.0222

FBM–1 0.1864 0.1696 0.0900

interface strength.
The third dual-phase steel type investigated in this work is the bainite-martensite

microstructure. The model indicates intra-phase fracture occurring in the bainitic phase,
for all volume fractions reported. For martensite fractions lower than approximately 50
%, the predicted values are conservative.

For the triple-phase steel, the model predicts the fracture initiation strain quite accu-
rately, shown in Tab. 3, and indicates ferrite interface fracture. A behavior supported
by Zare and Ekrami (2011) who investigated triple-phase ferrite-bainite-martensite steels
and identified interface decohesion as a primary mechanism due to the density of dislo-
cations at interphase boundaries.

To summarize the preceding discussion, it seems that the integrated MFH scheme and
weakest link fracture criterion can to a certain degree explain and provide additional
insight the observed fracture behavior of boron alloyed steel.

4.3 Uncertainties

A major practical difficulty in the use of multiscale methods is the identification of ma-
terial properties of the individual constituents. A principal assumption of this work is
that the single phase specimens can be considered homogeneous, and that the measured
properties obtained from macroscopic tensile tests of those specimens can describe the
in-situ response of the constituents at the microscale. This is off course not strictly valid,
since these specimens are heterogeneous to various degrees. How accurately the mechan-
ical properties of the irregular ferrite in specimen F730 corresponds to the properties of
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the proeutectoid ferrite phase present in the multi-phase microstructures is difficult to
estimate. The same applies to bainite, a phase which can show quite different mechan-
ical properties depending on transformation temperature. Moreover, the simplifications
inherent to the MFH scheme relative to the physics of the problem, such as phase-wise
constant fields, topological simplifications, strict validity only to small strains etc., in
combination with local fracture criteria, are certainly debatable. The present approach
shows a viable way forward for the microstructure-based modeling of ductile fracture
initiation in press-hardened steels, but more research is needed in order to quantify these
aforementioned uncertainties.

The phase volume fractions were determined from image analysis of SEM micrographs
taken from a small region of the tensile specimens. Within this small region, the varia-
tion of volume fractions was estimated to be about ±2−4 %. However, two independent
characterizations, both using essentially the same methods as earlier described, have indi-
cated a higher uncertainty. The processing conditions should ensure an even temperature
distribution within the gauge length of the specimen, an assertion supported by hardness
measurements across the gauge length which showed no significant variations.

5 Conclusion

An experimental investigation of the ductile fracture properties of boron steel with eleven
mixed microstructures consisting of different phase compositions, and volume fractions
thereof, was conducted. Tensile test specimens underwent thermal treatment followed by
characterization of mechanical properties using full-field measurements and microstruc-
ture characterization using SEM imaging. This enabled mapping of the influence of
constituent phase volume fractions on the overall flow and ductile fracture properties.
Results revealed significant ductility variations depending on microstructure, which mo-
tivated the formulation of two independent local fracture criteria in the framework of
a mean-field homogenization scheme. The flow and fracture properties of each con-
stituent was identified experimentally from tensile specimens with what was considered
as single phase microstructures. Certain additional microstructural effects such as the
influence of carbon content on the constituents yield strength were taken into account.
The proposed modeling approach which separates inter-phase and intra-phase fracture
mechanisms could reproduce the experimental observations with useful accuracy. This
confirms to some extent that the different fracture modes observed can be explained by
the model, for the material compositions studied in this work. This also indicates that
a mean-field homogenization approach combined with local fracture criteria can be an
efficient approach to the constitutive and ductile fracture modeling for estimating the
performance envelopes of components with distributed microstructure composition.
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Östlund, R., M. Oldenburg, H.-Å. Häggblad, and D. Berglund (2015). Numerical failure
analysis of steel sheets using a localization enhanced element and a stress based fracture
criterion. International Journal of Solids and Structures 56-57, pp. 1–10.



109

Park, K., M. Nishiyama, N. Nakada, T. Tsuchiyama, and S. Takaki (2014). Effect of
the martensite distribution on the strain hardening and ductile fracture behaviors in
dual-phase steel. Materials Science and Engineering: A 604, pp. 135–141.

Pierman, A.-P., O. Bouaziz, T. Pardoen, P.J. Jacques, and L. Brassart (2014). The influ-
ence of microstructure and composition on the plastic behaviour of dual-phase steels.
Acta Materialia 73, pp. 298–311.

Saai, A., O.S. Hopperstad, Y. Granbom, and O.-G. Lademo (2014). Influence of Volume
Fraction and Distribution of Martensite Phase on the Strain Localization in Dual Phase
Steels. Procedia Materials Science 3. 20th European Conference on Fracture, pp. 900–
905.

Speich, G.R. and H. Warlimont (1968). Yield strength and transformation substructure
of low-carbon martensite. The Journal of the Iron and Steel Institute 206.4.

Tekoglu, C. and T. Pardoen (2010). A micromechanics based damage model for composite
materials. International Journal of Plasticity 26.4, pp. 549–569.

Tomita, Y. and K. Okabayashi (1983). Improvement in lower temperature mechanical
properties of 0.40 pct C-Ni-Cr-Mo ultrahigh strength steel with the second phase lower
bainite. Metallurgical and Materials Transactions A 14.2, pp. 485–492.

Wang, K., M. Luo, and T. Wierzbicki (2014). Experiments and modeling of edge fracture
for an AHSS sheet. International Journal of Fracture 187.2, pp. 245–268.

Young, C.H. and H.K.D.H. Bhadeshia (1994). Strength of mixtures of bainite and marten-
site. Materials Science and Technology 10.3, pp. 209–214.

Zaoui, A. (2002). Continuum Micromechanics: Survey. Journal of Engineering Mechanics
128.8, pp. 808–816.

Zare, A. and A. Ekrami (2011). Influence of martensite volume fraction on tensile proper-
ties of triple phase ferrite-bainite-martensite steels. Materials Science and Engineering:
A 530, pp. 440–445.



110



Paper D

Microstructure based modeling of
ductile fracture initiation in
press-hardened sheet metal

structures

Authors:
Rickard Östlund, Stefan Golling and Mats Oldenburg

Reformatted version of paper originally published in:
Computer Methods in Applied Mechanics and Engineering 302, pp. 90-108, 2016,
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Microstructure based modeling of ductile fracture

initiation in press-hardened sheet metal structures

Rickard Östlund, Stefan Golling and Mats Oldenburg

Abstract

The manufacturing of sheet metal components with spatially varying microstucture com-
position and mechanical properties using press-hardening technology is now an estab-
lished practice in the automotive industry. To estimate the performance envelopes of
such components, a multiscale approach to ductile fracture prediction based on mean-
field homogenization is proposed. Two non-interacting fracture criteria are formulated
in terms of the local average stress field, referring to inter-phase and intra–phase fracture
mechanisms. The overall ductility is governed by the weakest constituent or interface
present in the multi-phase material. Moreover, instabilities related to the strain localiza-
tion problem at the macroscale are treated by embedding discontinuities in the element
formulation. These are triggered by a localization criterion derived via bifurcation anal-
ysis of the homogenized material. Issues concerning numerical implementation include
a forward Euler scheme for integrating the mean-field equations, suitable for explicit fi-
nite element analysis of heterogeneous materials. Tensile specimens with ten distinctly
different microstructure compositions are evaluated, for which useful predictions of the
overall force-displacement response and fracture elongations are demonstrated.

1 Introduction

The growing demands for higher occupant safety and lower energy consumption by re-
ducing vehicle weight is a continuous driving force for the development of advanced
materials in the automotive industry. Simultaneous forming and heat treatment of sheet
metal components, termed press-hardening, has shown a steady increase in use for the
manufacturing of automotive body structures. Conventionally, the austenitized blank
is fully quenched during forming, producing a high-strength martensitic microstructure.
However, the manufacturing process can be designed in such a way that the blank is
subjected to differential in-die cooling rates, thus yielding different phase fractions and
spatial variation of phases present within the component. These types of components
with distributed mechanical properties, termed tailored properties (TP) components, can
increase the crash performance in certain applications. One such is the B-pillar, see e.g.
Karbasian and Tekkaya (2010).

Efforts to predict the final material state of press-hardened components have been
carried out in several investigations. Among those, Åkerström and Oldenburg (2006)
and Åkerström, Bergman, et al. (2007) used an austenite decomposition model, based
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on the work of Kirkaldy and Venugopalan (1983) and Koistinen and Marburger (1959),
to conduct thermo-mechanical analysis of the forming process. This enables predictions
of the microstructure composition in terms of phase volume fractions at each material
point in the component from a given set of process conditions.

Predicting the performance envelopes of TP components poses some modeling chal-
lenges due to continuously varying material properties. In addition, fracture is often the
limiting case requiring reliable ductile fracture prediction capabilities. Various aspects of
this issue have been addressed in some recent works: Bardelcik, Worswick, Winkler, et
al. (2012) and Bardelcik, Worswick, and Wells (2014) developed a strain rate dependent
flow-stress model with microstructure dependent coefficients. Eller et al. (2014) proposed
a Vickers hardness dependent constitutive model, where the composite flow curve was
determined by linear interpolation between three calibrated hardness grades. Moreover,
they used the modified Mohr-Coulomb fracture criterion, see Bai and Wierzbicki (2010),
where the equivalent fracture strain was interpolated in a similar fashion in order to esti-
mate the overall ductility at arbitrary volume fractions of ferrite, bainite and martensite.

An alternative approach to the constitutive modeling of steels with spatially varying
heterogeneity is the mean-field homogenization (MFH) route. In the case of non-linear
constituents, MFH schemes are semi-analytical methods which provide estimates of the
macroscopic response, i.e. homogenization, and predictions of the local average fields
within each phase. For a review on continuum micromechanics and associated homog-
enization techniques, see Zaoui (2002). MFH schemes has been successfully applied to
predict the macroscopic behavior of steels based on their constituent properties, see e.g.
Weng (1990).

Concerning fracture prediction, methods to estimate the effective ductility of hetero-
geneous materials by a combination of MFH and various damage and/or fracture models
have been proposed in literature. Wu et al. (2012) investigated the application of the
Lemaitre-Chaboche damage model to a multiscale analysis of fiber reinforced composites.
The damage model was applied to the elasto-plastic matrix, with a non-local gradient
enhanced formulation to maintain solution uniqueness in the softening regime. Further
developments of the MFH scheme to allow partial elastic unloading of the elastic fibers
during matrix softening was done in Wu et al. (2013a) and Wu et al. (2013b). Another
proposal put forward by Tekoglu and Pardoen (2010) involved Gurson type damage com-
bined with MFH, where the damage model was applied to the homogenized material in
a multi-step approach. Further investigations on this subject include Chaboche et al.
(2001), Pierman et al. (2014), Östlund, Berglund, et al. (2013), and Adam et al. (2009),
among others. A constitutive model for the macroscopic response of porous plastic metals
at finite strains has been recently proposed by Agoras and Ponte Castañeda (2014) and
Song et al. (2015). They investigated the effects of porosity evolution on the macroscopic
strain localization limit for different loading conditions.

This paper addresses some of the difficulties associated with crashworthiness assess-
ments of tailored properties components outlined above. The major concern is the pre-
diction of the fracture initiation limit of in-plane loaded steel sheets and the influence
of various volume fractions of ferrite, bainite and martensite phases. We employ an
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incremental MFH procedure combined with a ductile fracture initiation criterion formu-
lated in terms of the local average stress field acting on the microscale. For simplicity,
we consider only small strains and thus no evolution of the microstructure during de-
formation. Instabilities related to the strain localization problem at the macroscale are
treated by means of embedded bands. Discontinuities in the strain field are introduced
into the quadrilateral finite element when instability is signaled by a local bifurcation
analysis of the homogenized material. The kinematical enhancements are of the weak
discontinuity type, i.e. a jump in the velocity gradient, modeling the strain localization
process. The propagation of fracture, i.e. strong discontinuities, are not included in this
work resulting in that the fracture criterion serves only for fracture indication purposes.
The embedded band approach within a multiscale framework has been investigated by
Massart et al. (2007) using computational homogenization, however a concept based on
MFH is missing.

The aim here is to develop a simple and efficient framework based on established
MFH models, localization enhancements and phenomenological fracture models which
can capture the strong influence of phase composition on overall flow and ductile fracture
properties. Our long term goal is to develop a formulation which can be used to assess
the crashworthiness of press-hardened steel components consisting of a wide range of
microstructure compositions.

2 Modeling

This section summarizes the modeling techniques used in the development of a new
integrated approach for ductile fracture analysis of heterogeneous steel sheets. Particular
attention is directed towards macroscopic sheet stability analysis of the homogenized
material, which is a necessary ingredient in the kinematic enhancement for localization
analysis. Moreover, issues concerning ductile fracture initiation are presented in some
detail. Methods which are applied in a standard fashion, such as the MFH procedure
and the localization enhancements are only briefly described.

2.1 Mean-field homogenization for elasto-plastic metallic alloys

A fundamental approximation of mean-field approaches is that the microscopic stress
and strain fields acting on each phase ensemble within a representative volume element
(RVE) are uniform and given by their volume averages 〈•〉(r),

〈σ〉(r) =
1

Ωr

∫
Ωr

σ dΩ, 〈ε〉(r) =
1

Ωr

∫
Ωr

ε dΩ (1)

where Ωr is the subdomain occupied by phase r within the RVE domain Ω. The average
fields for the RVE follows as

〈σ〉 =
∑
r

vr〈σ〉(r), 〈ε〉 =
∑
r

vr〈ε〉(r) (2)
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where vr = Ωr/Ω is the volume fraction of phase r. Considering incremental elasto-
plasticity, the average stress and strain rates are related to the overall rates by

〈σ̇〉(r) = A(r) : 〈σ̇〉, 〈ε̇〉(r) = B(r) : 〈ε̇〉. (3)

where A(r) and B(r) are the fourth-order stress and strain concentration tensors, respec-
tively, for phase r. Various homogenization models give different expressions for the
concentration tensors. One such is the double-inclusion (DI) model proposed by Hori
and Nemat-Nasser (1993), from which many homogenization models can be retrieved. In
this work, we chose the DI model as proposed by Lielens et al. (1998) and Doghri and
Ouaar (2003). Golling et al. (2016) studied various homogenization schemes applied to
cases where both the matrix and inclusion phases were elasto-plastic, and results showed
that the DI model performed well under those circumstances. In this model, the strain
concentration tensor is determined from the following interpolation

B(r) = [(1− ξ(vr))(Bl
(r))
−1 + ξ(vr)(B

u
(r))
−1]−1, (4)

where ∀ ξ(vr) ∈ [0, 1] is a smooth interpolation function. In Eq. (4), Bl
(r) and Bu

(r) are

concentration tensors corresponding to the regular Mori-Tanaka (MT) model, proposed
by Mori and Tanaka (1973), and the inverse MT model where the material properties of
the inclusion and matrix phase are permuted,

Bl
(r) =

[
I + E(m) :

(
D−1

(m) : D(r) − I
)]−1

,

Bu
(r) = I + E(r) :

(
D−1

(r) : D(m) − I
)
.

(5)

Here I is the fourth order identity tensor, D(r) and D(m) are the reference (algorithmic)
tangent moduli of inclusion phase r and the matrix phase, as computed with the average
strain rates of that phase, and E(m), E(r) denote the Eshelby tensor1 computed using the
matrix and the inclusion reference moduli, respectively. A large portion of the MFH
descriptions relies on the solution for the elastic fields of a single inclusion embedded
in an infinite matrix by Eshelby (1957). To summarize, we have the following relations
which defines the multiscale constitutive relations,

〈ε̇〉 =
∑
r

vr〈ε̇〉(r), 〈ε̇〉(r) = BDI
(r) : 〈ε̇〉, 〈σ〉 =

∑
r

vr〈σ〉(r) (6)

and

BDI
(r) = B(r) :

(
vmI +

∑
r 6=m

vrB(r)

)−1

(7)

where vm is the volume fraction of matrix phase. The tensors B(r) are computed from
Eqs. (4) and (5), and the homogenization scheme is complete.

1The Eshelby tensors was computed using the code which was kindly provided by Lagoudas, based
on his paper, Gavazzi and Lagoudas (1990).
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2.2 Local constitutive model

Each of the constituent phases, i.e. ferrite, bainite and martensite, are assumed to obey
J2 elasto-plasticity with isotropic hardening, according to a power law flow stress model
on the form

σY (r) = f crσY 0(r) +Kr(ε
p
r)
mr (8)

where σY 0(r), Kr, mr and εpr are the initial yield stress, strength coefficient, hardening
exponent and equivalent plastic strain of phase r, respectively. f cr is a factor accounting
for a scaling of the initial yield stress depending on microstructural effects. The influence
of carbon content on the flow strength of martensite is well documented in literature, see
e.g. Krauss (1999). The martensite carbon content can be estimated by a simple mass
balance equation of the carbon content in the remaining austenite prior to quenching,
since the carbon present in austenite prior to transformation is equal to the martensite
carbon content.

Cγ =
C̄ −∑r vrCr

1−∑r vr
(9)

In Eq. (9), Cγ is the carbon concentration in the austenite, vr and Cr the volume fraction
and carbon content other phases formed, and C̄ the carbon content of the bulk material.
In general, ferrite carbon content is less than 0.022 wt%, Chen and Cheng (1989), and
bainitic ferrite contains up to 0.03 wt% in solid solution, Bhadeshia and Edmonds (1983).

Several different expressions for f cr have been established by various investigators. Spe-
ich and Warlimont (1968) proposed an equation with two fitting parameters accounting
for structural contributions to strength, including austenite grain size or packet size, lath
size and dislocation fine structure. Pierman et al. (2014) applied a different relationship
to model the martensite carbon strengthening in ferritic-martensitic microstructures.
Both authors used experimental results to calibrate their scaling equations, where the
major difference between those propositions is a square root dependency of the marten-
site carbon content used by the first author and a cubic root relationship applied by the
second named author. These differences may be attributed to the different additional
alloying elements used in their respective studies. Due to the lack of experimental data
of martensite strength at different carbon contents for the boron alloyed steel used in
this study, we employ a simple expression according to

f cm =

(
Cγ
C̄

) 1
2

(10)

where subscript m indicates the martensite phase. Young and Bhadeshia (1994) reported
strengthening effects in bainitic-martensitic microstructures for low volume fractions of
bainite, a phenomenon which could not be observed in this work. This could be explained
by volume fractions in present samples, see Section 3, which are probably not small
enough to show a significant effect. Thus, we consider microstructural strengthening
effects of all other phases except martensite to be negligible, rendering in a scaling factor
equal to unity, f cr 6=m = 1.
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2.3 Instability of heterogeneous thin-walled structures

Macroscopic sheet instability in the form of localized necking occurs when the rate of
work hardening is no longer sufficient to balance the rate of thickness decrease of the
sheet, during tensile loading. This causes the deformation to localize into narrow bands,
characterized by a discontinuity in the velocity gradient across the band,

∂

∂xj
[vi] = q̇inj, [vi] = vli − v0

i . (11)

Square brackets denote the difference between a macroscopic field inside and outside the
localized zone. Here, vli and v0

i denote the components of the macroscopic velocity within
the localized zone and outside, respectively. Moreover, n is the unit normal to the band
and the rate vector q̇ represent the deformation mode. Considering that equilibrium
requires a continuous resultant traction rate,

˙[tσij]nj = 0, (12)

the classical necessary condition for discontinuous bifurcations in the plane of the sheet
is obtained, as given in e.g. Hill (1952) and Stören and Rice (1975),

([σ̇ij] + σij[d33])nj = 0, where [d33] = −(q̇1n1 + q̇2n2), (13)

and dij are the components of the macroscopic rate of deformation tensor, i.e. the
symmetric part of the velocity gradient, σij are the macroscopic stress tensor components
and t the sheet thickness. Zhu et al. (2001) reduced Eq. (13) to

ñ1([σ̇1]− σ1( ˙̃q1ñ1 + ˙̃q2ñ2)) = 0

ñ2([σ̇2]− σ2( ˙̃q1ñ1 + ˙̃q2ñ2)) = 0,
(14)

by considering moment equilibrium, where a superposed (̃·) denotes components ex-
pressed with respect to a basis aligned with the principal stress directions, and σ1, σ2

are the in-plane principal stresses ordered such that σ1 ≥ σ2. In order to solve Eq. (14)
for the localization threshold and the orientation vector components ni, we consider a
fictitious reference material, obeying J2 deformation theory of plasticity and having the
flow strength of the actual composite material, undergoing proportional loading. Using
deformation theory, a solution which satisfies Eq. (14) is

If σ1 ≥ 2σ2,

h− 1
2
(σ1 + σ2) = 0, ñ =

[ 2σ1−σ2

3(σ1−σ2)
σ1−2σ2

3(σ1−σ2)

0

]1/2

else

4σ
3ε
− (σ−hε)

σ2ε
σ2

1 − σ1 = 0, ñ =

[ 1
0
0

]
,

(15)
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where additional details can be found in Östlund, Oldenburg, et al. (2015). Here, h,
σ and ε are the hardening modulus, von Mises effective stress and equivalent plastic
strain of the reference material, respectively. In order to relate these to the properties
of actual composite material, we simply make use of the homogenized overall effective
stress, equivalent plastic strain and hardening modulus, such that

σ =

(
3
2
〈σdev〉 : 〈σdev〉

)1/2

,

ε =
∫ (

2
3
〈ε̇p〉 : 〈ε̇p〉

)1/2

dt,

h = σ̇/ε̇,

(16)

where 〈σdev〉 is the overall deviatoric stress and 〈ε̇p〉 the overall plastic strain rate tensor.
It should be noted that the present criterion does not take into account the anisotropy
that might result from the homogenization procedure, thus, Eqs. (15) together with Eqs.
(16) define an approximate stability criterion for thin sheets with multi-phase materials.

2.4 Fracture model

Macroscopic crack initiation in ductile metals is preceded by three consecutive and over-
lapping microscopical mechanisms, the nucleation, growth and coalescence of voids. We
consider the nucleation process being the dominant factor, and assume that this pro-
cess is mainly controlled by the local average stress field. Furthermore, two different
mechanisms are considered: 1. Void nucleation caused by microcracking within grains or
interface decohesion between adjacent grains of the same phase, and 2: Void nucleation
caused by interface decohesion between adjacent grains of different phases. For case 1,
the intra-phase strength is modeled by the ductile fracture criterion suggested by Khan
and Liu (2012), established in terms of the local average stress within each phase,

〈MSV 〉(r) = c1(r)〈σmean〉2(r) + c2(r)〈σmean〉(r) + c3(r), (17)

where the fracture indicator MSV is defined by

〈MSV 〉(r) = (〈σ1〉2(r) + 〈σ2〉2(r) + 〈σ3〉2(r))1/2 = (3〈σmean〉2(r) +
2

3
〈σ〉2(r))1/2 (18)

and c1 − c3 are model parameters and 〈σ〉(r), 〈σmean〉(r) are the local average effective
stress and mean hydrostatic stress acting within phase r.

For case 2, the inter-phase strength is governed by a critical maximum principal stress
criterion, given by

max( 〈σ1〉(r) ) = min(σcritr ), (19)

for all phases r present. This means that the maximum major principal stress of all
phases present, max( 〈σ1〉(r) ), cannot exceed the strength of the weakest interface present,
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min(σcritr ), without fracture occurring. This criterion is mainly motivated by the frac-
ture behavior observed in microstructures containing ferrite and martensite. Avramovic-
Cingara et al. (2009) identified decohesion of the ferrite-martensite interface as one mech-
anism of void nucleation and that those voids grow along ferrite grain boundaries, ulti-
mately leading to macroscopic fracture.

To summarize, whenever fracture is indicated by either Eq. (17), for any one of the
phases present, or by Eq. (19), fracture initiation occurs, so that in this formulation the
weakest link dictates the overall ductility of the material.

Carbon effect on martensite strength

The influence of carbon content on the fracture properties of martensite is not as well-
investigated as the influence on yield strength. This work centers around one bulk chem-
ical composition, prohibiting a study on the separate influence of martensite carbon
content from that of martensite volume fraction. Therefore, we consider the following
approach. The fracture criteria of Section 2.4 are evaluated with the reduced stress tensor
according to

〈σij〉(r) = 〈σdevij 〉(r)f scr + 〈σmean〉(r)δij, where

f scr =
σY 0(r)+Kr(ε

p
r)mr

fcrσY 0(r)+Kr(ε
p
r)mr

.
(20)

where σdevij is the deviatoric stress tensor components. This is essentially the stress tensor
without carbon dependent yield stress scaling. Observe that only the fracture criteria
are evaluated using the reduced stress tensor.

2.5 Embedded discontinuity finite element

For ductile metals, localization of deformation acts as a precursor to fracture in tension-
dominated loading. Associated with the analysis of rate-independent elasto-plastic struc-
tures, loaded beyond their stability limit, is that the deformation localizes to a set of
measure zero resulting in vanishing energy dissipation. This in turn causes mesh depen-
dent numerical solutions, since the mesh size effectively sets the width of the localized
zone. Kinematic enhancements with respect to the localization problem, often termed
the weak discontinuity approach Ortiz et al. (1987), Belytschko et al. (1988), Sluys and
Berends (1998), and Borst et al. (2001), is an attractive method considering the increased
coarse-mesh accuracy and reduced mesh-dependency regarding the localization problem.
We employ a 2D plane stress version of the localization enhanced element described in
Östlund, Oldenburg, et al. (2015). This is a four-node bilinear element where a coro-
tational basis of orthogonal unit vectors (e1,e2,e3) is defined as a reference frame. The
velocity components are given by

v̂i = ν̂iINI (21)

where ν̂iI are the nodal velocity components. Repeated subscripts I denote summation
over all nodes, and a superposed hat indicates that the components are expressed with
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respect to the basis ei. NI are the conventional four-node finite element bilinear shape
functions. The in-plane components of the velocity gradient are given by

∂v̂i
∂x̂j

= ν̂iIbjI + ~ ˙̂qin̂j, (22)

Where the second term represents the additional discontinuous mode, and

biI =
1

2Ω

(
ŷ2 − ŷ4 ŷ3 − ŷ1 ŷ4 − ŷ2 ŷ1 − ŷ3

x̂4 − x̂2 x̂1 − x̂3 x̂2 − x̂4 x̂3 − x̂1

)
, i = 1
, i = 2.

(23)

Moreover, ~ is given by

~ =
{ Ω0/Ωl ∀ x̂i ∈ Ωl

−1 ∀ x̂i ∈ Ω0,
(24)

where Ωl, Ω0 is the area of the localized and non-localized part of the element, and Ω is
the total element area. Ωl is determined by the width of the band, w, which is considered
a material parameter, together with the angle under which the band is superimposed,
and the element dimensions. Resultant traction continuity is enforced,

(tlσ̂lij − t0σ̂0
ij)n̂j = 0 (25)

where σ̂lij and σ̂0
ij are the macroscopic stress components of the localized and non-localized

zone, respectively, and tl, t0 denote the respective thicknesses. The traction continuity
requirement dictates the amplitude and form of the mode vector ˙̂q, such that together
with the coefficient ~, the additional mode makes no contribution to the element defor-
mations. The rate of deformation tensor components d̂ij follows from the symmetric part
of the velocity gradient, Eq. (22). The internal element nodal forces are developed from
the principle of virtual power, with additive contributions from the localized volume and
non-localized volume of the element. Inter-elemental continuity of the localization path
is not enforced resulting in that mesh size and orientation objectivity is not assured,
however, as shown in Östlund, Oldenburg, et al. (2015), the present formulation allows
for a significant reduction of mesh size dependence on fracture prediction compared to
standard finite elements.

2.6 Numerical implementation

To illustrate some important issues concerning numerical implementation, consider a
time interval (Tn, Tn+1), where the solution is advanced from Tn to Tn + ∆T = Tn+1.
Foremost, the finite element equations of motion are integrated with the explicit central
difference method, providing the nodal velocities at Tn+1. Now, two major issues can
be identified, pertaining to the Gauss-point level: Performing an efficient constitutive
update using the mean-field equations and, if the localization criteria has been violated,
determining the corotational components of the jump vector, ˙̂qi.



122 Paper D

Resultant traction continuity

A dual set of field quantities are defined for each material point, defining the localized
and non-localized behavior. Preceding instability, they are identical. If the localization
criteria has been violated during this time interval, (Tn, Tn+1), the problem consists of
determining ˙̂qi such that resultant traction continuity between localized and non-localized
fields are satisfied. This is done iteratively, however iteration indices are omitted for
clarity in the following. The resultant traction continuity condition, Eq. (25), is rewritten
in residual form,

f res = R : (tlσln+1 − t0σ0
n+1) (26)

where R is the transformation operator between the corotational element coordinate sys-
tem and a coordinate system aligned with the normal vector n, and tl, t0 denote the
thicknesses of the localized and non-localized zones, respectively. The localized stresses,
σln+1, are obtained through constitutive update as described in Box 1, with the macro-

scopic strain increment components of the localized zone given by ∆εlij = d̂lij∆T .
In the non-localized zone, partial elastic unloading is enforced. Since the material is

considered elastically homogeneous, the non-localized stresses are determined without
recourse to the homogenization scheme. The non-localized strain increment components
are given by ∆ε0

ij = d̂0
ij∆T , and d̂lij, d̂

0
ij are determined from the symmetric part of

the velocity gradient, Eq. (22), with the appropriate values for ~. The procedure is
summarized in Box 1.

Once the norm of f res is sufficiently small, convergence is achieved. Then, the internal
force vector is assembled, including the hourglass control force, followed by a transfor-
mation to the global coordinate system and the solution is advanced to the next time
step.

Constitutive update

Due to the small time-steps required for maintaining stability of the central difference
method, we have found that the mean-field equations can be integrated efficiently and
accurately using a forward Euler scheme. This means that the per-phase average strain
increments are determined based on the concentration tensors at time Tn. However,
if plastic loading prevailed in the previous time step, and elastic unloading takes place
during the current time interval, the forward Euler scheme may result in erroneous results.
This is due to the fact that the unloading effect is not reflected by BDI

(r) since it was
calculated at time Tn. To remedy this issue, we propose a two step predictor-corrector
scheme explained in the following:

In this scheme, the concentration tensors are only updated if plastic loading prevails
during the current time step. This ensures that, if plastic reloading takes place, the
concentration tensors are the same as they were last time the loading was plastic. One
problem remains however, which is that of the first initial yielding. During those time
steps where initial yield takes place in each respective phase, the strain increment parti-
tion will not be correct. However, the impact on the accuracy of the overall properties,
considering the small strain increments as dictated by the central difference scheme, were
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For time interval (Tn, Tn+1)

Evaluate the stability criterion, Eqs. (15), using the σn and εn determined from
Eqs. (16).

if Stability is violated then
while f res > tol do

Compute the stress in the localized zone,

σln+1 = σln + Dn+1 : ∆εl,

and in the non-localized zone,

σ0
n+1 = σ0

n + De : ∆ε0,

where De is the elastic modulus and Dn+1 is the overall elasto-plastic
tangent modulus, computed via Box 2.

Compute Jacobian

∂fres

∂ ˙̂q
= R :

(
Ω0

Ωl
D + t0

tl
De

)
: RT ,

and update ˙̂q and the residual,

m← m− f res/∂fres
∂ ˙̂q

, where m = R : ˙̂q

f res = R : (tlσln+1 − t0σ0
n+1)

end

else
Perform a standard constitutive update, Where the localized and non-localized
fields are identical, and and Dn+1 computed via Box 2,

σln+1 = σln + Dn+1 : ∆εl, σ0
n+1 = σln+1

end
Evaluate the fracture criterion via call to Box 4 with the local average stresses
computed in Box 2.

Box 1: Resultant traction continuity.

found to be negligible. In light of the significant computational cost save compared to a
backward Euler scheme, the proposed integration scheme is an attractive method for the
explicit finite element analysis of heterogeneous components.

2.7 Model calibration

Preceding numerical simulations, the initial yield stress, strength coefficient and harden-
ing exponent together with the inter-phase fracture model parameters c1 - c3, for each
constituent phase, need to be identified. These were obtained from plasticity and frac-
ture experiments of notched tensile and inplane shear samples, with a microstructure
consisting of predominantly one single phase, in an earlier work, Östlund, Oldenburg,
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Initialize 0B(r) ← I;
For time interval (Tn, Tn+1):

for r ← 1 to number of inclusion phases do
Assume elastic (iso-strain) step, 〈∆ε〉(r) ← ∆ε (the predictor step).

Calculate the local average trial stress, 〈σ〉t(r) = 〈σ〉n(r) + De : 〈∆ε〉(r)
Evaluate the local yield condition: if 〈σ〉t(r) < σnY (r) then

update the local average stress, 〈σ〉n+1
(r) ← 〈σ〉t(r), and the tangent modulus,

Dn+1
(r) ← De

else
recompute the average inclusion strain increment, 〈∆ε〉(r) = nBDI

(r) : ∆ε,
where

nBDI
(r) = nB(r) :

(
vmI +

∑
r 6=m

vr
nB(r)

)−1

is the DI strain concentration tensor for phase r at time Tn.

Calculate the local average stress and reference algorithmic tangent moduli,
Dn+1

(r) , using the implicit radial return scheme, from the average inclusion

strain increment 〈∆ε〉(r) together with state and history variables at Tn.
This is the corrector step.

end

end
Determine the average strain increment in matrix phase,

〈∆ε〉(m) =

(
∆ε−∑r 6=m vr〈∆ε〉(r)

)
/vm, and calculate the local average trial stress

for the matrix phase, 〈σ〉t(m) = 〈σ〉n(m) + De : 〈∆ε〉(m). If the local yield condition is

violated, calculate the local average matrix stress and reference moduli, Dn+1
(m) ,

using the radial return scheme.

If plastic loading was indicated in any of the present phases, update the strain
concentration tensors via Box 3, using Dn+1

(m) and Dn+1
(r) .

Compute the macroscopic algorithmic tangent modulus,

Dn+1 =

[
vmDn+1

(m) +
∑
r 6=m

vrD
n+1
(r) : Bn+1

(r)

]
:

[
vmI +

∑
r 6=m

vrB
n+1
(r)

]
.

Box 2: Constitutive update.

et al. (2015). The experimental procedure relies on full-field measurements to estimate
the flow curve up to large strains, as well as the stress tensor components and equivalent
plastic strain at the location and instant of fracture initiation. In addition to previously
obtained data, characterization of a material with fully martensitic microstructure was
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Compute the Eshelby tensor for the matrix, En+1
(m) , using Dn+1

(m) if the matrix
experienced plastic loading, De otherwise

for r ← 1 to number of inclusion phases do
Compute the inclusion Eshelby tensor1, En+1

(r) , using Dn+1
(r)

Compute MT and inverse MT concentration tensor,

n+1Bl
(r) =

[
I + En+1

(m) :
(

(Dn+1
(m) )−1 : Dn+1

(r) − I
)]−1

,

n+1Bu
(r) = I + En+1

(r) :
(

(Dn+1
(r) )−1 : Dn+1

(m) − I
)
.

Update B(r) for the next step

Bn+1
(r) = [(1− ξ(vr)) (n+1Bl

(r))
−1 + ξ(vr) (n+1Bu

(r))
−1]−1.

end

Box 3: Concentration tensor update.

for r ← 1 to number of inclusion phases do
Compute the magnitude of the local average principal stress vector, using Eq.
17

if 〈MSV 〉(r) ≥ c1(r)〈σmean〉2(r) + c2(r)〈σmean〉(r) + c3(r) then
GoTo 1

end

end
Check interface fracture criterion

if max( 〈σ1〉(r) ) ≥ min(σcritr ) then
GoTo 1

end
1. Fracture indicated, abort simulation.

Box 4: Fracture criterion.

performed using the same method.

Additionally, the interface strength parameter, σcritr , is needed, which is more difficult
to obtain. Here, we consider only the interface between ferrite and any second phase
having a finite strength, and calibrated the ferrite interface strength to obtain a best fit
with respect to experimental results.

Finally, the localization band with parameter, w. In Östlund, Oldenburg, et al. (2015),
a simple procedure to estimate the band with evolution from experimental full-field mea-
surements is proposed. This is however not used in this work, instead we have chosen a
constant value for all material compositions, w = 0.75 mm, which gave a best fit in terms
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Table 1: Material parameters.

Phase Parameter
Flow stress model Fracture criterion

fc σY 0 K m c1 c2 c3 σcrit

(-) (MPa) (MPa) (-) (MPa)−1 (-) (MPa) (MPa)

Ferrite 1 203 724 0.1820 1.284e-3 0.1093 755.0 1650
Bainite 1 306 916 0.0942 6.564e-4 0.2997 996.4 ∞
Martensite Eq.10 400 1517 0.0661 6.005e-4 0.1287 1545.0 ∞

of post-necking response and fracture elongations for the material compositions studied.
This value is relevant for the sheet thickness used in this work.

2.8 Preliminary analysis

Before presenting validating examples in Section 4, preliminary analyses are performed
in order to convey some of the features and capabilities associated with the integrated
DI-ductile fracture model. To this end, two dual-phase systems are chosen to illustrate
the influence of loading condition and phase composition on the localization and fracture
initiation limit in terms of of macroscopic equivalent plastic strain, εp. The first consists of
bainite-martensite and the second of ferrite-martensite, at various volume fractions. The
loading condition is characterized by the overall stress triaxiality parameter, η = σmean/σ,
where σ is the effective stress, and σmean the mean hydrostatic stress on the macroscopic
scale. Two cases are are considered: A series of proportional loadings, at constant η for
each loading condition, for two different phase volume fractions, to illustrate the effect
of loading condition. Secondly, constant loading at η = 0.58, for a number of different
phase compositions.

Fig. 1 shows the model response for bainite-martensite dual-phase compositions. The
intra-phase fracture criterion governs the predicted ductility for all loading paths and
compositions. The localization limit, which is related to the overall flow properties,
shows to be almost constant for all compositions in this case.

The same scenario, but for ferrite-martensite compositions, is shown in Fig. 2. In
this case the fracture behavior is governed by both the intra-phase, at lower triaxialities,
and inter-phase fracture models. The transition between these modes can be seen by the
sharp slope discontinuity, occurring at different triaxiality depending on phase content.
For η = 0.58, and volume fractions of martensite exceeding vm = 0.4, the model predicts
fracture before necking. For higher volume fractions, the ductility is severely reduced.
Brittle behavior ferrite-martensite microstructures under various circumstances have been
reported in literature, one such being if annealing is omitted Fang et al. (2003), or at
higher martensite carbon contents Pierman et al. (2014).

In order to assess the accuracy and efficiency of the proposed integration scheme for
the DI model, a comparison with an implicit midpoint rule could be fruitful. Consider a
dual-phase microstructure under an imposed macroscopic uniaxial strain rate, ε̇11. The
total work of deformation is

W =

∫
σ11ε̇11 dT, (27)
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Figure 1: Model predictions of the localization and fracture initiation limit for dual-phase
bainite-martensite compositions. Here, vb and vm denote the bainite and martensite vol-
ume fractions, respectively. Circular marks, both filled an unfilled, denote the localization
limit. Square marks, both filled an unfilled, denote the fracture limit.
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Figure 2: Model predictions of the localization and fracture initiation limit for dual-phase
ferrite-martensite compositions. Here, vf and vm denote the ferrite and martensite vol-
ume fractions, respectively. Circular marks, both filled an unfilled, denote the localization
limit. Square marks, both filled an unfilled, denote the fracture limit.

denoted W exp for the forward Euler scheme and Wmid for the midpoint rule, respectively.
Firstly, a reference value, W ref , is determined using the midpoint rule and a small strain
increment of ∆ε11 = 1e− 7. Then, the error in W exp and Wmid relative to the reference
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value is estimated by

δW exp =
|W ref −W exp|

W ref
, δWmid =

|W ref −Wmid|
W ref

. (28)

The model is driven up to a a total strain of ε11 = 0.1, and the cpu-time is determined as
the average of three consecutive runs. Details of the reference midpoint rule implemen-
tation can be found in Östlund (2015). The results in terms of error in total work, and
cpu time, are illustrated in Fig. 3. This example shows that the benefit of the proposed
scheme becomes significant for relatively small strain increments, which is relevant when
solving structural dynamics problems with explicit time integration. Additionally, even
for ∆ε11 = 1e− 3, the deviation δW exp is less than 1 percent.
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Figure 3: Comparison between the present explicit integration scheme and an implicit
midpoint rule.

3 Experiments

In order to assess the predictive performance of the suggested modeling approach, ex-
periments which are capable of distinguishing microstructural effects on the overall me-
chanical properties are needed. In this work, tensile tests performed on specimens with
ten distinctly different microstructure compositions serve as validation examples. This
section is intended to give a brief overview of the production of those specimens.

The process was designed to reproduce microstructures commonly found in press-
hardened components, but using an isothermal cycle instead of the continuous cooling
process normally used in press-hardening, for increased controllability. The material in-
vestigated is the low alloyed boron steel 22MnB5 with an AlSi coating, produced by
ArcelorMittal. In as-delivered condition, the material has a ferritic-pearlitic microstruc-
ture.
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All specimens were cut in advance of the heat treatment process, perpendicular to
the rolling direction of the blank using abrasive water jet cutting and edge polishing.
The specimen dimensions are shown in Fig. 4a, and nominal blank thickness is 1.25
mm. Then, all specimens were austenitized at 900 ◦C for 4 minutes. To obtain ferrite,

1540

R30

(a) Tensile specimen with notch.
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(b) Schematic heat treatment cycle.

Figure 4: Nominal sheet thickness is 1.25 mm. All dimensions are in millimeters. Position
of three thermocouples marked with dots.

the samples were allowed to cool to 650 ◦C during transfer between the austenitization
furnaces and a second furnace. The second furnace was constantly held at 650 ◦C to
achieve long enough holding times to form larger amounts of ferrite. Applying different
holding times the amount of ferrite formed was varied. Ferritic-bainitic samples were
produced by transferring the specimens from the second furnace into a heated tool and
holding it for two minutes to transform the remaining austenite into bainite.

Ferritic-martensitic microstructures were obtained by ferrite formation as mentioned
before and subsequent quenching, thus transforming the remaining austenite into marten-
site. Quenching of ferritic-martensitic samples is done in a tool kept at constant room
temperature by forced convection.

Samples consisting of bainite and martensite were produced by inserting the specimen
into the heated tool and holding it prior to quenching in water. A comparison between
tool quenching and water quenching showed no noticeable effect on the mechanical prop-
erties of the martensite. A microstructure consisting of three distinct phases is possible
to achieve by combining the aforementioned routines.

During heat treatment of the specimen, the temperature was measured using three
thermocouples spot welded on the through thickness side, see Fig. 4a for the position
of thermocouples on the specimen. In Fig. 4b a schematic representation of the heat
treatment cycle is presented, holding times tf and tb used for the production are shown
in Tab. 2.
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Table 2: Phase volume fraction of test samples and holding times for ferrite and bainite
formation. The volume fractions are balanced by the fractions of retained austenite which
have been omitted.

Sample Ferrite Bainite Martensite Ferrite Bainite
[vol.%] [vol.%] [vol.%] formation formation

time tf [s] time tb[s]

FM–1 50.8 0.8 48.8 45 0
FM–2 62.1 1.3 36.3 60 0
FM–3 74.0 0.9 23.5 100 0

FB–1 32.5 66.1 0.9 30 100
FB–2 49.0 48.0 2.6 45 100
FB–3 57.5 37.7 4.3 60 100

BM–1 x 37.5 62.3 0 13
BM–2 x 66.2 33.5 0 17
BM–3 x 89.9 10.0 0 25

FBM–1 41.7 36.1 21.1 44 13

Necessary input data for the homogenization scheme, besides the mechanical properties
of the constituents, are the phase volume fractions of phases present. All samples pre-
sented underwent a microstructural characterization using SEM/EBSD and SEM imaging
with subsequent image analysis. To avoid surface specific phenomena and center segrega-
tions all measurements were performed at one quarter of the blank thickness. The volume
fractions obtained are the mean value taken of ten randomly chosen positions. The po-
sition used for characterization is located in an undeformed region at half of the width
of the specimen. All samples showed small amounts of retained austenite distributed
within the main phases. Pearlite was not found in any sample. Martensite was found to
be mainly in self-tempered condition. In Tab. 2 the volume fractions of all samples are
summarized, the balance in the volume fractions is held by retained austenite.

The mechanical response in terms of force-elongation data of all test specimens were
obtained by tensile testing using a servo-hydraulic testing machine. All tests were car-
ried out at constant cross-head velocity of 0.1 mm/s. During testing the force and the
elongation at 50 mm gauge length were recorded.

4 Numerical simulations of tensile tests

This section presents some discriminating numerical simulations of the tensile tests de-
scribed in Section 3, to review the predictive capacity in terms of overall force-displacement
response and fracture elongations of finite element solutions employing the enhanced shell
element, the DI multiscale constitutive model, and the local fracture criterion. All simu-
lations were performed with the commercial finite element program LS-DYNA Hallquist
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(2006), utilizing the user-element and user-material interfaces for model implementation.
The flow stress and fracture model parameters used are shown in Tab. 1, and the phase
composition for each tensile specimen is specified in Tab. 2. Displacement boundary con-
ditions corresponding to experimental conditions were imposed. The simulations were
interrupted when fracture initiation was indicated at any material point in the mesh. Ad-
ditionally, the specimen geometry was discretized with two different mesh sizes, shown
in Figs. 5a and 5b, to demonstrate the performance of the embedded band approach in
terms of coarse-mesh accuracy and reduced mesh sensitivity. Additionally, Fig. 6 shows
iso-contours of the displacement field prior to fracture for a representative simulation, to
illustrate the achieved strain localization. The predicted and experimentally measured
force-displacement curves are shown in Figs. 7-9, where vertical dashed lines indicate the
predicted fracture elongations, and vertical solid lines the measured fracture elongations,
included for clarity.

(a) Mesh 1. (b) Mesh 2.

Figure 5: Finite element meshes of the specimen geometry depicted in Fig. 4a.

5 Discussion

Some general observations concerning the predicted overall properties of all reported
microstructure compositions reported can be made. It seems that the initial amount of
hardening, at small plastic strains, is overpredicted to various degrees, resulting in an ini-
tial overshoot of the force compared to experiments. Moreover, the elongation to fracture
is generally overpredicted, mostly pronounced for specimen FM–3. However, consider-
ing the uncertainties of the constituents mechanical properties, uncertainties concerning
microstructural characterization of phase contents, and simplifications associated with
mean-field homogenization techniques, the agreements with respect to experiments are
reasonably good.

Concerning ductile fracture prediction, the weakest link approach coupled with intra-
phase and inter-phase void nucleation mechanisms modeled by two non-interacting cri-
teria, seem to provide a reasonable tradeoff between model complexity and predictive
performance for the material compositions studied in this work. Although the limitations
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Figure 6: Iso-contours of the displacement component in the y-direction for the FB–1
specimen.

inherent to the MFH scheme, such as phase-wise constant fields, topological simplifica-
tions, and validity only to small strains, in combination with the local fracture model,
suggest that additional experiments would be needed to give further confidence in this
opinion. Especially, different specimen geometries providing fracture data for additional
loading paths and microstructure compositions.

A large portion of the computational expense associated with explicit finite element
analysis is spent by the constitutive update routine. Despite the increased efficiency
of the proposed forward Euler rule, the MFH scheme is still quite expensive compared
to conventional plasticity. This means that the proposed methodology of dealing with
a wide range of microstructure compositions is more computationally demanding than
approaches based on interpolating material coefficients, such as the one proposed by
Eller et al. (2014). However, the multiscale approach is richer in terms of describing the
influence of the various constituent phases.

The main focus of this work is the computational aspects related to the integrated
DI-ductile fracture model and embedded band approach, with its potential to predict
performance envelopes of press-hardened components with tailored properties. There-
fore, certain details concerning experimental conditions, fracture model formulations and
uncertainties related to model input parameters are only briefly discussed. A more thor-
ough description of these aforementioned items can be found in Östlund (2015).
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(b) FB–2.
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(c) FB–3.

Figure 7: Force-displacement curves for the notched tensile specimen, shown in Fig. 4a,
with a dual-phase microstructure consisting of various volume fractions of ferrite and
bainite.
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(a) FM–1.
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(b) FM–2.
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(c) FM–3.

Figure 8: Force-displacement curves for the notched tensile specimen, shown in Fig. 4a,
with a dual-phase microstructure consisting of various volume fractions of ferrite and
martensite.
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(a) BM–1.
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(b) BM–2.
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(c) BM–3.
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(d) FBM–1.

Figure 9: Force-displacement curves for the notched tensile specimen, shown in Fig. 4a,
with a dual-phase microstructure consisting of various volume fractions of bainite and
martensite, and in (d), a triple-phase microstructure consisting of ferrite, bainite and
martensite.
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6 Conclusion

A localization enhanced multiscale framework based on mean-field homogenization and
ductile fracture modeling was proposed for the failure behavior of sheet metal, with ap-
plication to press-hardened components with tailored material properties in mind. A
mean–field approach based on the double-inclusion model as proposed by Lielens et al.
(1998) and Doghri and Ouaar (2003), in combination with two separate local ductile
fracture criteria, the MSV criterion proposed by Khan and Liu (2012), and the interface
strength criterion, was employed. Moreover, a localization criterion for the multi-phase
material was derived, which was used to trigger the addition of discontinuous modes in
the elements. The performance of the suggested approach was illustrated by compari-
son of overall force-elongation response with experimental results of tensile samples with
various phase contents. These indicated that useful predictions of the overall hardening
and ductility for a wide range of different microstructure compositions can be obtained.
With a preceding thermo-mechanical analysis of the forming process using phase pre-
diction models, to obtain the necessary input data in terms of phase content for each
material point, the present approach can be used to estimate the performance envelopes
of components with spatially varying microstructure.
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Östlund, R., M. Oldenburg, H.-Å. Häggblad, and D. Berglund (2015). Numerical failure
analysis of steel sheets using a localization enhanced element and a stress based fracture
criterion. International Journal of Solids and Structures 56-57, pp. 1–10.

Pierman, A.-P., O. Bouaziz, T. Pardoen, P.J. Jacques, and L. Brassart (2014). The influ-
ence of microstructure and composition on the plastic behaviour of dual-phase steels.
Acta Materialia 73, pp. 298–311.

Sluys, L.J. and A.H. Berends (1998). Discontinuous failure analysis for mode-I and
mode-II localization problems. International Journal of Solids and Structures 35.31-32,
pp. 4257–4274.



139
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Stefan Golling, Rickard Östlund and Mats Oldenburg,
Study on Fracture in Heat Affected Zones in the Vicinity of Spot Welds in A Steel with
Tailored Material Properties

141



142



Study on Fracture in Heat Affected Zones in the

Vicinity of Spot Welds in A Steel with Tailored

Material Properties

Stefan Golling, Rickard Östlund and Mats Oldenburg

Abstract

The demand for ultra-high strength steel (UHSS) increased in the last decade due to
their favorable properties in the process of press hardening. Press hardening is a process
where an austenitized blank of boron steel is formed and quenched in one production
step to achieve superior mechanical properties compared to the blank in as-delivered
condition. Driving force for the development of this technique is the automotive industry
and regulations concerning passenger safety and fuel consumption. In this work fracture
in spot welds and their proximity in low alloyed boron steel have been investigated
using finite element simulation and digital speckle photography. This study is motivated
by the use of spot welding as major joining method in automotive components. The
investigation includes blanks with three different base microstructures, ferritic, bainitic
and martensitic. These types of microstructures are commonly found in press hardened
components with tailored material properties. All test samples are spot welded in a
centered position with a coupon. The welding process introduces heat into the blank
and affects the microstructure in the vicinity of the weld leading to varying mechanical
properties. During tensile testing of the spot welded samples the mechanical response of
the material has been recorded by digital speckle photography (DSP), extensometer and
force measurement. The experimental method of DSP measurement allows to resolve
displacement and strain fields in the specimen up until fracture. For finite element
analysis the commercial available code LS-DYNA together with a user defined material
model is used. The material model predicts the mechanical response of the bulk material,
i.e. the composite, depending on the phase volume fractions of present phases.

1 Introduction

Due to the demand for reduced vehicle weight, improved safety, and crashworthiness
qualities, the need to manufacture automobile structural components from ultra-high
strength steels (UHSS) is apparent, Åkerström and Oldenburg (2006). Hot stamping
was developed and patented by a Swedish company that used the process for saw blades
and lawn mower blades. In 1984 Saab Automobile AB was the first vehicle manufacturer
who adopted a hardened boron steel component for the Saab 9000, Berglund (2008). Hot
stamping involves the austenitization of a blank in a furnace with subsequent forming
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and quenching in a tool. In a cooled tool the blank is quenched below the martensite start
temperature and the microstructure becomes fully martensitic. If a tool is sequentially
heated and cooled, mechanical properties within the blank can be influenced, this tech-
nique is called tailored material properties. In tailored material components transition
zones evolve between sections with desired mechanical properties. These transition zones
consist of mixed microstructures or intermediate grades. In lightweight body-in-white
mass production of automobiles, resistance spot welding is the most important joining
technique. Typical vehicles contain about 3000-5000 spot welds. Therefore, good resis-
tance spot welding behavior must be one of the key characteristics of any steel grade
to be used in automobile production, Radakovic and Tumuluru (2008). Resistive spot
welding (RSW) is a process in which contacting metal surfaces are joined by the heat
obtained from resistance to electric current. Workpieces are held together under pressure
exerted by electrodes. The process uses two shaped copper alloy electrodes to concen-
trate welding current into a small area. Welding electrodes have to purposes, conducting
the weld current and simultaneously clamp the sheets together. Forcing a large current
through the spot will locally melt the metal and form a weld nugget. The attractive
feature of spot welding is that high amounts of energy can be delivered to the spot in
very short time. That permits the welding to occur without excessive heating of the
remainder of the sheet. The amount of heat (energy) delivered to the spot is determined
by the resistance between the electrodes and the magnitude and duration of the cur-
rent. Another feature of spot welding is that the energy delivered to the spot can be
controlled to produce reliable welds, Jeffus (2011). Both processes, hot stamping and
resistance spot welding, involve heat treatment of the material. Spot welds in a hot
stamped component can be found in every type of microstructure. During deformation
of a component strain concentrates around spot welds and different failure modes can
be found. In this work a straight tensile test specimen is spot welded with a coupon.
During tensile testing digital speckle photography (DSP) is used to obtain the strain
distribution in the base material, the heat affected zone (HAZ) and the weld. Hard-
ness measurements are conducted across the weld and the surrounding material. From
hardness a correlation to phase composition is performed and used as input data for a
constitutive model for mixed microstructures. Three different base materials are used in
this investigation; one microstructure is ferritic and represents soft zone material. The
second microstructure is martensitic and equals a fully hardened zone. An intermediate
microstructure is bainite formed at 430 ◦C, this type of microstructure is produced by
a higher cooling rate compared to ferrite. Experimental results obtained by tensile tests
and DSP measurements of the welded section in the specimen are compared to finite
element simulations corresponding to the experimental setup. The aim of this study is to
improve the understanding of strain in the vicinity of welds in different microstructures
commonly found in components with tailored material properties and to investigate the
possibility of modeling spot welds using a user defined constitutive model.
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2 Experimental approach

Tensile test specimens with a thickness of 1.25 mm were cut perpendicular to the rolling
direction of the blank. The specimen geometry with indicated spot weld position is de-
picted in Fig. 1a. Test specimens were heat treated to obtain different base microstruc-
tures. A first batch of samples was left without weld for reference purpose. The second
batch of samples was spot welded with a coupon. In as delivered condition the blank has
an AlSi coating protecting the base material from oxidation during heat treatment and
from corrosion during service life.

2.1 Heat treatment

Three different microstructures were produced as base material. For all samples austeni-
tization is carried out at 900 ◦C for four minutes. To produce a fully hardened martensitic
microstructure the specimen is after austenitization transferred into a plane quenching
tool, the tool was constantly held at room temperature using forced convection. A bainitic
microstructure was produced by isothermal phase transformation at 430 ◦C. The spec-
imen was after austenitization transferred to the tool and held for two minutes. During
two minutes the austenite transforms completely into bainite. A ferritic microstructure
was produced by holding the specimen in a second furnace at 650 ◦C for three minutes
with subsequent air cooling. The heat treatment procedure is schematically presented in
Fig. 1b.
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(b) Schematic heat treatment of test specimens
to obtain the base microstructure.

Figure 1: Experimentally obtained and predicted flow curves for the multi-phase steels
with different microstructure compositions
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Besides the test specimens coupons with the same base microstructure were produced.
The coupons were cut from the same blank, the geometry is square shaped with a width
of 30 mm. The coupons were spot welded in a centered position on the tensile specimen,
creating a heat affected zone in the vicinity of the weld. For all samples the same
weld parameters were used, these parameters are standard weld parameters found in
literature, see for example Brauser et al. (2010) and Zhong (2009). Welding is a type
of heat treatment changing the microstructure in the weld itself and in its vicinity. In
spot welding the radius of influence in the base material is comparable small as will be
demonstrated in the next section using hardness measurements. Reason for the change in
mechanical properties is austenitization, or partial austenitization, and different cooling
rates in the blank. Spot welding usually has a squeeze time after welding were water
cooled copper electrodes cause higher cooling rates closer to the weld, with increasing
distance from the weld heat conduction in the blank and convection are dominating the
cooling.

2.2 Tensile testing

During tensile testing the elongation of the 50 mm gauge length was measured. Simul-
taneous to this standard measurement digital speckle photography (DSP) was used to
obtain local strain fields in the vicinity of the weld. The full-field measurement provides
direct information about the local planar deformation field at the region of interest for
a number of time instants during deformation. If the specimen surface exhibit a ran-
dom pattern the in-plane displacement of any small unique region can be determined
by a cross-correlation procedure of the digital images taken before and after deforma-
tion. The digital image correlation (DIC) is performed stepwise using the previous image
as reference state. The in-plane strain and shear components are calculated from the
displacement field, Östlund et al. (2014). A detailed description of the measurement
procedure and the determination of the strain field are given in Kajberg and Lindkvist
(2004). Tensile tests were performed on a servo-hydraulic testing machine, pictures for
the image correlation are taken with a standard CCD camera. The AlSi coating is af-
ter heat treatment brittle and flaking of during deformation therefore sandblasting was
used to remove it in advance to tensile testing. The specimen surface after sandblast-
ing showed enough contrast and pattern which made it unnecessary to spray paint the
specimens prior to testing. During testing three pictures per second were.

2.3 Hardness measurement

Hardness measurements across spot welds were used to obtain information about the mi-
crostructure present in the vicinity of the weld. Microhardness measurements are an easy
and cost effective way of microstructural characterization. In a previous study different
single- and multi-phase microstructures were produced. The multi-phase microstructures
consist of different volume fractions and types of phases. These samples were tensile and
hardness tested, a correlation between ultimate tensile strength and Vickers hardness is
summarized in Fig. 2a. In order to measure the Vickers hardness of the weld, the heat
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affected zone and the base material spot welded samples were cut in an approximately
centered position. Subsequent polishing and etching revealed the microstructure and
made accurate microhardness measurements possible. The microhardness was measured
using a load of 500 g and a standard Vickers pyramid. In Fig. 2b the result of hardness
measurements across the spot welds in different base materials are shown. The different
base materials are clearly visible with increasing distance from the weld center. The weld
nugget consists in all base materials of a martensitic microstructure, a slight difference in
hardness was found. Apparently the base material has a slight influence on hardness in
the weld nugget. The martensitic base material has the largest heat affected zone with
a high gradient between soft material and base material/nugget. The difference between
softest zone and base material is less pronounced in bainitic base material. The ferritic
base material shows no heat affected zone, this is not surprising as the welding process
creates a hard zone within the soft base material.
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Figure 2: Relationship between Vickers hardness and ultimate tensile strength in samples
with varying microstructure and phase volume fraction. Hardness distribution in the
vicinity of spot welds.

Applying a simple lever rule a correlation between hardness and phase composition in
the heat affected zone is given. Hardness values in a section of 0.5 mm are used for the
correlation, this leads to four sections within the heat affected zone for the martensitic
base material. The estimated phase composition is summarized in Tab. 1 and used as
input data in the constitutive model.
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Table 1: Phase volume fraction estimated from hardness measurement. Microstructures
are abbreviated with their first letter, numerical values are in per cent. To the right side
a schematic representation of the division of present zones.

Nugget HAZ 1 HAZ 2 HAZ 3 HAZ 4 Base

Nugget

HAZ1

HAZ2

HAZ3

HAZ4

Base material

M100 F57 M43 F94 M6 F97 M3 F100 F100

M100 F56 M44 F22 B78 B100 B100 B100

M100 F51 M493 F38 M62 F25 M75 F9 M91 M100

3 Finite element modeling

The finite element model is a reduced section of the physical test geometry. For modeling
purposes only a section corresponding to the extensometer measurement length (50 mm)
is generated. Centered in the model is the weld with a concentric heat affected zone. The
heat affected zone was modeled using the width found by hardness measurement. This
approach divides the model into six distinct sections with different material properties,
see Tab. 1. The coupon is not taken into account in the finite element model. During
the welding process a force is applied onto the blank which causes local deformation.
The thickness of the spot weld is not equal to double the blank thickness, indeed the
thickness is reduced to 2.1 mm which corresponds to a thickness reduction of 16 %. A
user defined material model is implemented in the commercially available finite element
code LS-DYNA. The constitutive material routine is based on a micromechanical model
and performs a homogenization of present phases. In order to predict fracture a stress
based fracture criterion is combined with homogenization scheme. Measured single phase
microstructural data is applied in the mean field homogenization method. Three different
single phase microstructures were investigated in an earlier study and parameters for the
modeling of plasticity and fracture calibrated to experimental results. The single phase
microstructures used as input data correspond to the base materials used in the present
study. Detailed description and discussion regarding the constitutive model is found in
Östlund et al. (2015), Golling et al. (2016a), and Östlund, Golling, et al. (2016).

4 Results

In the heat affected zone different phase compositions were assumed to form during post
welding cooling. The phase composition was estimated based on microhardness measure-
ment across the welded section in the blank and known hardness values of single phase
microstructures. Mixed microstructures with different volume fractions of phases present
were investigated in an earlier study, see Golling et al. (2016b). The relationship between
hardness and volume fraction of present phase is found to correspond well. Estimated
phase compositions in the heat affected zone are applied into the FE model in accordance
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with Tab. 1. Straight tensile tests of the base material were conducted to check the va-
lidity of the input data of the constitutive model implemented in the finite element code
LS-DYNA. In Fig. 3a results of a series of three tensile specimens produced for each base
material are compared to computed results of the constitutive model for single phase
microstructures. The single phase microstructures used for the present investigation are
well reproduced by the input data obtained in a previous study. Deviations found are in
the range of variation for the production of this type of microstructures. The base mate-
rial used for the welded samples is well reproduced by the input data used for modeling
and thus assumed to be valid for the base material and the nugget in welded specimens.
Three different base materials are spot welded with a coupon and tensile tested. Force
and displacement were recorded during testing, results of these test are plotted in Fig.
3b. A general observation is the good agreement of experimental and FE results until
crack formation. Simulations were stopped after four elements failed, reason for this
is the stress based fracture criterion. In current state of the development the fracture
model is not able to predict crack propagation and numerical results provide no further
information after elements are eroded. The ferritic base material failed far outside of
the heat affected zone. Thus, this test reproduces a straight tensile test. In the sample
with bainitic base material the first observable crack occurred in the heat affected zone.
This is an expected result after hardness measurement which showed a softer material
in the vicinity of the weld. In Fig. 3b a decrease in load after initial crack formation is
observable. The crack started in the outer part of the heat affected zone approximately
one millimeter from the nugget. This suggests that the material closer to the nugget
has higher ductility compared to material at some distance from the nugget. The crack
propagated under continued loading in lateral direction to the sample edges, maintaining
some load bearing capacity as visible in Fig. 3b. A symmetric strain pattern developed
on the specimen and local deformation is visible on the sample, see Fig. 4a. The devel-
opment of the crack could be followed well in DSP images. In samples with martensitic
base material initial fracture occurred as well in the heat affected zone. Major difference
compared to bainitic samples is the brittle fracture behavior. In DSP images localization
into the heat affected zone was visible but fracture occurred instantaneously across the
whole specimen width. On the martensitic specimen no strain pattern across the sample
width could be observed, all strain localizes in the vicinity of the weld.

5 Conclusion

Heat treated tensile test specimens representing three typical material grades found in hot
stamped components with tailored material properties were spot welded with a coupon.
The welding process changed mechanical properties in the weld and its vicinity. A sim-
ulation model with a user defined material model was used to predict the mechanical
response of tested samples. Microhardness measurement was used to estimate phase
composition in the surrounding of the weld. Digital speckle photography was used to ob-
tain information about local strains in the heat affected zone of the weld. The mean-field
homogenization combined with a stress based fracture criteria showed good results con-
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(b) Spot welded specimens.

Figure 3: Comparison of experimental and numerical results for tensile a) and spot
welded b) specimens. Initial fracture in FEM simulations is indicated by an x.

(a) Bainitic base material. (b) Martensitic base material.

Figure 4: Overlay of DSP measurement and fractured test specimen. DSP pictures
represent the state prior to the first visual observable crack, specimen pictures were
taken after fully developed crack. For the martensitic sample DSP and sample picture
represent two consecutive frames e.g. fast crack growth occurred. The bainitic sample is
chosen in order to show strain paths which are visible on the picture.

cerning the global deformation of the test specimens. The location of the initial fracture
is well predicted, simulations are ended at this point as the constitutive model cannot
predict crack propagation. DSP measurements were able to resolve the local strain evo-
lution in the heat affected zone. Within the framework of this study it was not possible
to determine material properties in the heat affected zone using image correlation. Initial
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fracture in bainitic and martensitic base materials originate from the heat affected zone,
ferritic base material showed fracture at distance to the weld center. This study shows
the advantage of soft zone material in the vicinity of spot welds. Intermediate grades,
like bainite, are a possibility to increase toughness in a component and maintain some
load bearing capacity prior to failure.
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A stress-based fracture criteria validated on mixed

microstructures of ferrite and bainite over a range of

stress triaxialities

Stefan Golling, Rickard Östlund and Mats Oldenburg

Abstract

Hot stamping is a sequential process for formation and heat-treatment of sheet metal
components with superior mechanical properties. By applying different cooling rates, the
microstructural composition and thus the material properties of steel can be designed. By
controlling the cooling rate in different sections of a blank, the material properties can be
tailored depending on the desired toughness. Under continuous cooling, various volume
fractions of ferrite and bainite are formed depending on the rate of cooling. This paper
focuses on the ductile fracture behavior of a thin sheet metal made of low-alloyed boron
steel with varying amounts of ferrite and bainite. An experimental setup was applied in
order to produce microstructures with different volume fractions of ferrite and bainite.
In total, five different test specimen geometries, representing different stress triaxialities,
were heat treated and tensile tested. Through full-field measurements, flow curves ex-
tending beyond necking and the equivalent plastic strain to fracture were determined.
Experimental results were further investigated using a mean-field homogenization scheme
combined with local fracture criteria. The mean-field homogenization scheme comprises
the influence of microstructure composition and stress triaxiality with usable accuracy,
connoting auspicious possibilities for constitutive modeling of hot-stamped components.

1 Introduction

Vehicle manufacturers are continually trying to reduce vehicle weight, while maintaining
or improving passenger safety in the event of a crash. The driving forces in the auto-
motive industry are statutory regulations and the reduction of fuel consumption. The
application of advanced materials and manufacturing processes are a partial reason for
the increase in the crashworthiness to weight ratio. Hot stamping, also called press hard-
ening, of low alloyed boron steel blanks is a simultaneous forming and heat-treatment
process. Within the technology of hot-stamping, much effort has been placed on de-
veloping a manufacturing process that enables production of components with spatially
varying properties. Components produced using this process exhibit tailored material
properties in designated areas. The manufacturing process uses special tool technology,
utilizing differential in-die cooling rates by heated tool sections. This technique estab-
lishes the possibility to obtain the desired microstructure and thus the desired mechanical
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properties, in designated areas of the final component.

In safety relevant components, where high intrusion protection and energy absorption
is desired, the distribution of mechanical properties can be of advantage in the crash
performance. Ferritic microstructures show high elongation before fracture and are de-
sirable as soft zone materials in components with tailored material properties; such a
material grade is obtained by low cooling rates. In transition zones of tailored com-
ponents, intermediate grades containing varying volume fractions of ferrite and bainite
may be formed. To gain further insight, an investigation of the influence of different vol-
ume fractions of ferrite and bainite on the ductility of quench-hardenable boron alloyed
steel was conducted. A processing route was designed to produce tensile test specimens
with a range of different volume fractions of ferrite and bainite. The production process
of tailored material components has been investigated and modeled using an austenite
decomposition model in combination with the linear rule of mixture to estimate the me-
chanical properties after quenching, see Åkerström and Oldenburg (2006) and Åkerström,
Bergman, et al. (2007). A linear rule of mixture is a simple homogenization approach; the
presented model does not include fracture or damage. A variety of constitutive models
that take the processing history into account have been proposed, see e.g., Östlund et
al. (2011), Bardelcik, Worswick, Winkler, et al. (2012), Bardelcik, Worswick, and Wells
(2014), and Eller et al. (2014). These models are formulated with coefficients dependent
on microstructure in order to predict flow stress and ductile fracture. Mean field ho-
mogenization schemes are a common method in modeling dual- or multi-phase materials
or the influence of inclusions in a matrix. Eshelby (1957) developed a model describing
the stress/strain field in a matrix with no interaction between inclusions. Over several
decades, this approach has been improved and adjusted and shows good agreement over
a wide spectrum of materials. Mori and Tanaka (1973) modified the calculation of the
strain concentration tensor, and in later studies, this approach was used to calculate the
strain concentration and inverted concentration tensor, where the matrix and inclusion
are permuted, see Hori and Nemat-Nasser (1993) and Lielens et al. (1998). The basic
modeling assumption makes use of the elastic properties of the constituents and was orig-
inally only developed for linear elastic problems. Applying this method to elasto-plastic
problems requires the use of continuum or algorithmic tangent modulus, see Doghri and
Ouaar (2003).

The modeling of the mechanical response of multi-phase materials and ductile fracture
is a field of active research. In recent studies, mean field homogenization was used to
investigate the ductile fracture of aluminum and titanium plates under impact loading,
see Xiang and Chen (2015). The influence of grain shape on the onset of ductile fracture
in a multi-phase material was investigated by Geus et al. (2015) using a two-dimensional
representative volume element (RVE).

Materials consisting of two or more phases with different elastic or plastic properties
are prone to mismatch among those constituents during thermal or mechanical loading.
For example, mismatch due to thermal loading occurs during phase transformations. A
typical example for steel is the phase transformation from austenite to martensite where
a volume change occurs. If a first phase is formed, the formation of second phase will
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introduce stresses into the composite. Tomita and Okabayashi (1983) showed that a
composite of bainite and martensite has higher strength if the bainite volume fraction is
small enough. Young and Bhadeshia (1994) attributed this effect to the carbon enriched
martensite and a constraint between the phases. Similar strengthening effects have been
reported for coated bulk metallic glasses, see Chen, Chan, Yu, et al. (2011) and Chen,
Chan, Chen, et al. (2012). In general, void nucleation and coalescence occurs at grain
boundaries between grains with different microstructures. Void formation and subsequent
coalescence is the precursor of crack formation. Hence, fracture is likely to originate from
micro-cracks and lead to decohesion of microstructural constituents.

The stress triaxiality is a typical parameter used to describe the stress state of a
material under loading. In experimental investigations, different stress triaxialities are
obtained by design of test specimen with different notch radii or holes. Depending on the
type of specimen, theoretical values are obtained for notched specimen geometries. For
round bar specimens, the stress triaxiality can be calculated by the Bridgman equation,
Bridgman (1952). Based on the work of Bridgman, Bai, Teng, et al. (2009) developed
analytic equations for the cases of plane strain and plane stress notched specimens, where
the notch radius and the width of the critical cross-section are the parameters used to
calculate the triaxiality. The triaxiality in a critical cross-section is not constant dur-
ing deformation and the validity of analytic equations is limited, Selini et al. (2013). For
specimens with other geometries, e.g., shear, combined shear-tension, and specimens with
holes, inverse modeling is used to determine the stress triaxiality in the critical cross-
section. For thin structures, like sheet metals, plane stress is assumed in the material.
Therefore, the stress triaxialities can only be varied in the range from −1/3 (compres-
sion) to 2/3 (biaxial tension). In practical applications where the lower limit is often 1/3
(uniaxial tension), calibration of failure models is often performed with pure shear as
the lower limit, where the triaxiality becomes equal to zero. Negative triaxiality values
are also possible, e.g., in deep drawing applications where one stress component becomes
negative, Pineau et al. (2016). For engineering applications, the macroscopic stress tri-
axiality is adequate for model calibration and the effects on the microscopic scale are
neglected. At a crack tip, on a macroscopic or microscopic level, and at flaws in the
form of pores or inclusions, the stress triaxiality can reach significantly higher values.
Furthermore, the triaxiality at a crack tip shows a dependency on material thickness,
Chen, Liu, et al. (2016) and Chen, Ketkaew, et al. (2015). Sanyal et al. (2015) provide
a discussion on experimental obtained fracture features under different stress states.

Wierzbicki et al. (2005) presented an evaluation of seven different fracture criteria, and
Bai and Wierzbicki (2015) extended this work and published a comparative study of dif-
ferent groups of fracture criteria including physics-based models. The correct prediction
of ductile fracture over a wide range of stress triaxiality is not trivial, and a failure model
needs to be chosen depending on the application. Physics-based models, such as the
Gurson-Tvergaard-Needleman (GTN) model, usually need many parameters, and their
calibration is often difficult and not always robust. In these models, the void formation
and coalescence is of interest. A study on void evolution depending on the triaxiality
in high strength dual-phase steel is found in Hug et al. (2015). Phenomenological and
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empirical models usually require fewer parameters that are often easier to obtain. Cali-
brating a fracture model to fewer experimental points can narrow the validity range of the
model to the specimen triaxialities measured. Oh et al. (2011) proposed a stress-modified
fracture strain model calibrated to experimental data using an exponential function and
found good agreement to experimental results, not at lower stress triaxialities though.
Uthaisangsuk et al. (2011) studied the damage in multi-phase high strength steels using
representative volume element and a GTN model. The study included the variation in
the phase volume fraction of martensite and its influence on failure. Mattiasson et al.
(2014) studied boron steel in fully hardened, martensitic condition, applying two com-
mon failure criteria, and summarized suggestions for modeling of failure in sheet forming
and crash simulation. Park et al. (2014) studied the effect of the martensite distribution
on strain hardening and ductile fracture and Paul (2013) the influence of the volume
fraction on the stress triaxiality in dual-phase (DP) steel.

In the field of quench-hardenable boron steel, several experimental investigations were
focused on the manufacturing of components with tailored properties. Hot stamping is
a thermo-mechanical process, and hence, knowledge of phase formation and influencing
parameters is a necessity. The formation of different phases shows dependency on simul-
taneous forming and cooling. In recent years, a number of experimental investigations on
the influence of deformation and cooling rate on the start temperatures of phase forma-
tion and their mechanical properties were pointed out, see Min et al. (2012), Chang et al.
(2015), and Nikravesh et al. (2012). Two different approaches are common in the inves-
tigation of properties in tailored materials and lab-scale components like geometries and
heat-treated blanks. The first approach is aimed to mimic a large scale production cycle,
while the second reduces the need for tooling. For a lab-scale tailored properties (TP)
component using in-die heating and cooling, microstructural characterization revealed
the formation of ferrite, bainite, and martensite for various temperature conditions in
the tool, George et al. (2012). By using forced air convection, different cooling rates are
possible, and thus, specimens with mixed microstructures can be produced. By applying
this approach, a constitutive model is calibrated to mechanical test results of produced
microstructures, Bardelcik, Worswick, Winkler, et al. (2012). Larger amounts of ferrite
in mixed microstructures were produced by Meza-Garcia et al. (2013) applying a dual
furnace and tool-quenching process.

To the best of the authors’ knowledge, a study on the flow behavior and ductile fracture
of boron alloyed steel with direct relation to mechanical properties of the single phases
ferrite and bainite over a range of stress states relevant for sheet metal applications has
not yet been reported. Such a study is relevant in evaluating predictive tools for the
determination of performance of components with tailored material properties. In the
present work, a dual furnace and cartridge-heated plane tool processing system is used
for the production of tensile specimens with different stress states at fracture initiation
in a ferritic-bainitic microstructure. The heat treatment process is presented in more
detail by Golling et al. (2016b). The specimen geometries used in the present work cover
stress triaxialities common in sheet metal applications with special emphasizes on crash
relevant components. An earlier study by Östlund et al. (2013) showed that fracture
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initiates in the positive range of stress triaxialities, and therefore, only relevant specimen
geometries and loading in tension are used. Full-field deformation measurements during
tensile testing combined with an evaluation routine are used to obtain data for fracture
modeling and flow curves extending to large plastic strains. This approach provides a
set of parameters ready to use in the constitutive model.

Östlund, Golling, et al. (2016) showed that a mean-field homogenization scheme com-
bined with a ductile fracture criteria shows good agreement for mixed microstructures. It
is concluded that the double-inclusion method predicts the flow behavior of multi-phase
microstructures with good accuracy. The magnitude of stress vector criterion predicted
fracture initiation with reasonable accuracy when compared to the experimental results.
This fracture criterion is phenomenological and does not provide further insight into mi-
crostructural effects, and in the context of the present work, it is used to indicate failure.
Events on the microstructural level such as void growth and coalescence are assumed to
be captured by this criterion.

The aim of the present study is to further investigate the modeling approach described
by Golling et al. (2016b) and Östlund, Golling, et al. (2016) by taking into account a
wider range of stress states that are relevant for sheet metal applications.

2 Experiments

The low alloyed boron steel, 22MnB5, is the most common steel used in automotive
hot-stamped components because of its superior hardenability. The relevance of this
steel in the industry motivates the experimental investigation presented in this work. In
the as delivered condition, 22MnB5 exhibits a ferritic-pearlitic equiaxed, homogeneous
microstructure. An AlSi coating protects the blank from oxidation during heat treatment
and corrosion.

Five different specimen geometries were cut perpendicular to the rolling direction of
the sheet using abrasive water jet cutting, and a thickness of 1.25 mm was chosen. The
specimen dimensions of 240 × 40 mm are governed by the size of the plane tool used
for heat treatment. Specimen geometries, as depicted in Fig. 1, are chosen with the
objective of generating different stress triaxialities. Prior to testing, specimen edges in
the critical cross-section were polished to avoid edge specific phenomena. The cutting
method and the surface quality have an influence on fracture, Wang et al. (2014), and
could lead to deviation in the results.

A heat treatment process was designed with the purpose of controlling the volume
fraction of the formed ferrite and bainite. The intention of this process is not to repli-
cate industrial process routes but instead to achieve reliable and repeatable specimen
production.

A ferritic-bainitic microstructure was chosen because of its significance in transition
zones. The soft zone material in tailored properties components is usually ferritic pro-
duced by low cooling rates, although the zone material is commonly martensitic formed
by quenching, e.g., high cooling rate, and in a transition zone, the cooling is an interme-
diate between those limit cases. The heat treatment consists of austenitization at 900
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Figure 1: Overview of tensile specimens. Nominal sheet thickness is 1.25 mm, all dimen-
sions are in millimeters, Golling et al. (2016b).

◦C, maintaining the temperature at 650 ◦C to form ferrite, and cooling in the plane tool
heated to 430 ◦C. A detailed description of the heat treatment process is found in Golling
et al. (2016a).

In total, six different microstructural compositions are used in the present study, see
Tab. 1. Samples F730 and B1015 are assumed as single phases, i.e., they consist mainly
of one distinct phase, and samples FB1–4 are mixtures of ferrite and bainite with different
amounts of phases present, i.e., mixed microstructures consisting of mainly two distinct
phases. Samples FB1–3 were characterized using SEM/EBSD imaging with a subsequent
image analysis. In Fig. 2, SEM images of the ferritic-bainitic microstructure are shown.

The Vickers hardness of all samples was measured, and it is found that the hardness
and ultimate tensile strength correlated linearly. A linear correlation of hardness and
ultimate tensile strength is frequently reported in the literature, Zhang et al. (2011).
Hence, no SEM characterization of sample FB–4 was conducted, and the phase volume
fraction of present phases is estimated from the hardness correlation. In Fig. 3, the
correlation of hardness to ultimate tensile strength for different mixed microstructures
is summarized, and the microstructural compositions not discussed in the present work
are taken from Golling et al. (2016b). In Tab. 1, a summary of the volume fractions of
present phases and the ferrite formation time used in production is depicted.

Room temperature tensile tests were performed using a servo-hydraulic machine with a
cross-head displacement rate of 0.1 mm/s. Pictures for image correlation are taken with
a standard CCD camera. The digital image correlation (DIC) and acquisition system
Aramis (GOM GmbH, Braunschweig, Germany) were used to record the displacement
field of the specimen surface during loading. If the specimen surface exhibits a random
pattern, the in-plane displacement of any small unique region can be determined by a
cross-correlation procedure of the digital images taken before and after deformation, Ka-
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(a) Sample FB–1.

(b) Sample FB–2. (c) Sample FB–3.

Figure 2: Examples of ferritic-bainitic microstructures from scanning electron micro-
scope. Darker areas correspond to ferrite, and brighter areas are bainite, with cementite
visualized as white dots. The area size is 120× 80 µm at a magnification of 2500x.

jberg and Lindkvist (2004). After heat treatment, the AlSi coating is brittle and exhibits
flaking during deformation, and therefore, sandblasting is used to remove it before the
tensile testing. The specimen surface after sandblasting showed enough contrast and
pattern, and hence, it was unnecessary to spray paint the specimens. During testing,
three pictures were taken per second for DIC evaluation.

The determined displacement fields and force recordings constitute the basis for deter-
mining the flow curve beyond the onset of necking, as well as the stress tensor components
and equivalent plastic strain values at the location and instant of fracture initiation; de-
tails of the procedure can be found in Eman (2007) and Östlund et al. (2014). We define
that the instant of fracture initiation occurs during the load step directly preceding the
first detectable discontinuity in the measured displacement field. This procedure was
used to extract flow and fracture data from all material compositions.
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Figure 3: Correlation of Vickers hardness (HV ) and ultimate tensile strength (σUTS) of
22MnB5 for different single phase and mixed microstructures. The influence of bainite
formation temperature on hardness and σUTS is included for four samples.

Table 1: Phase volume fraction of test samples and holding times for ferrite formation.
Balance in the phase volume fraction is the amount of retained austenite.

Sample Ferrite Bainite Martensite Ferrite
[vol.%] [vol.%] [vol.%] formation

time tf [s]

F730 95.0 3.0 x air cooled
B1015 x 97.0 1.5 0

FB–1 32.5 66.1 0.9 30
FB–2 49.0 48.0 2.6 45
FB–3 57.5 37.7 4.3 60
FB–4 75.0 25.0 x 100

3 Modelling

In the following sections, an overview of the modeling strategy is given. The mean-field
homogenization scheme was chosen after a comparative study conducted by Golling et al.
(2016a), and the MSV fracture model suggested by Khan and Liu (2012) was calibrated
by Östlund et al. (2015).

3.1 Properties of constituents

The mean-field homogenization scheme employs as input data the material grades as-
sumed as single phase microstructures. Single phase grades are assumed to obey J2

elasto-plasticity with isotropic hardening according to the Ludwik equation.

σ
(r)
Y = σ

(r)
Y 0 +K(r)ε(r)m(r) (1)

where σ
(r)
Y 0, K

(r) and m(r) are the initial yield stress, strength coefficient, and hardening
exponent of phase r, respectively. It is further assumed that differences in isotropic elastic
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properties of the constituents are negligible, rendering a homogeneous elastic response.

3.2 Mean-field homogenization

To gain further insight into the deformation and fracture behavior of the different ferritic-
bainitic microstructures produced, micromechanical modeling was performed. In mean-
field techniques, the local strain and stress fields within each constituent are expressed
through their phase averages 〈•〉(r),

〈σ〉(r) =
1

Ωr

∫
Ωr

σ dΩ, 〈ε〉(r) =
1

Ωr

∫
Ωr

ε dΩ (2)

where Ωr is the subdomain occupied by phase r within the representative volume element
(RVE) domain Ω. The average fields over the entire RVE domain, which correspond to
the applied macroscopic fields, are given as

〈σ〉 =
∑
r

vr〈σ〉(r), 〈ε〉 =
∑
r

vr〈ε〉(r) (3)

where vr = Ωr/Ω is the volume fraction of phase (r). The per-phase average stress and
strain fields are related to the overall fields by the stress and strain concentration tensors
through where Ωr is the subdomain occupied by phase r within the representative volume
element (RVE) domain Ω.

〈σ〉(r) = A(r) : 〈σ〉, 〈ε〉(r) = B(r) : 〈ε〉. (4)

The per-phase average stress and strain fields are related to the overall fields by stress
and strain concentration tensors. Mean field homogenization schemes differ in their
expression of the concentration tensors. The majority of these schemes rely on the
solution of Eshelby (1957) solving for the elastic field of a single inclusion embedded in
an infinite matrix. In this approach, no interactions between inhomogeneities at non-
dilute concentrations are taken into account. Mori and Tanaka (1973) introduced the
average matrix fields into Eqs. (4) replacing the macroscopic fields. Hence, the average
strain in the inclusion r is,

〈ε〉(r) = B(r) : 〈ε〉(m) (5)

where subscript m denotes the matrix phase and B(r) the concentration tensor for the
single inclusion. The strain concentration tensor in (5) is defined as,

B(r) =
[
I + E :

(
D−1

(m) : D(r) − I
)]−1

. (6)

where I is the fourth order identity tensor, E is the Eshelby tensor, and D(r) and D(m)

are Hooke’s elasticity tensor for inclusion phase r and the matrix phase, respectively.
For isotropic elasticity, the Eshelby tensor depends only on the semi-axes of the elliptic
inclusion and the Poisson’s ratio of the matrix, Mura (1987). In real microstructures,
non-dilute concentrations of inclusion phases are dispersed in a distinct matrix phase
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and may form continuous networks. To take such microstructural effects into account,
we employ an interpolation between the regular Mori-Tanaka (MT) model, and the in-
verse of it where the material properties of inclusion and matrix are permuted. This
homogenization approach was proposed by Hori and Nemat-Nasser (1993) and further
explored by Lielens et al. (1998) and Doghri and Ouaar (2003), and it is referred to as
the double-inclusion (DI) model. In the form of incremental elasto-plasticity, the average
strain rate of inclusion phase r is related to the average matrix strain rate by

〈ε̇〉(r) = B(r) : 〈ε̇〉(m), where

B(r) = [(1− ξ)Bl
(r) + ξBu

(r)]
−1 and

Bl
(r) =

[
I + E(m) :

(
D−1

(m) : D(r) − I
)]−1

,

Bu
(r) = I + E(r) :

(
D−1

(r) : D(m) − I
)
.

(7)

where Bl
(r), Bu

(r) are the regular and inverse MT strain concentration tensors, respectively.

ξ(vr) is a smooth interpolation function. Furthermore, D(r) and D(m) are reference
tangent moduli of inclusion phase r and the matrix phase, as computed with the average
strain rates of that phase, and E(m) and E(r) denote the Eshelby tensor computed using
the matrix or the inclusion reference moduli, respectively. The implementation of the
homogenization scheme is described in more detail in Östlund, Golling, et al. (2016) and
Golling et al. (2016b) and is largely based on the work of Doghri and Ouaar (2003),
where additional details and discussions are found.

3.3 Ductile fracture

Fracture is defined as the separation of a body into two or more pieces in response to
an imposed stress. Most fracture damage theories are characterized by a mean stress
dependence. The mean stress σmean is normalized to the effective stress σ leading to the
dimensionless stress triaxiality parameter η. The stress triaxiality parameter character-
izes all loading conditions in a plane state of stress.

η =
σmean

σ̄
with, σmean =

I1

3
and σ =

√
3J2 (8)

where I1 is the first stress invariant and J2 is the second deviatoric invariant of the stress
tensor. The progressive nucleation, growth, and coalescence of micro-voids during plastic
loading ultimately lead to macroscopic crack initiation in ductile metals. This mechanism
is influenced by the microscopical field quantities and the nucleation/growth resistance
of each constituent phase and interfaces present. We consider the nucleation process as
being the dominant factor, and assume that this process is mainly controlled by the local
average stress field acting on microscopic scale.
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It is assumed that the strength of the phases is governed by a ductile fracture criterion
in the form suggested by Khan and Liu (2012), abbreviated as the MSV criterion. The
MSV criterion involves the magnitude of the stress vector, MSV ,

MSV = (σ2
1 + σ2

2 + σ2
3)1/2 =

(
3(σmean)2 +

2

3
σ2

)1/2

(9)

as the fracture indicator, where σi, i = 1, 2, 3 are the principal stresses, and the criterion
is given by

MSV = c1(σmean)2 + c2σ
mean + c3, (10)

where σmean is the mean stress and c1 − c3 are the model parameters. Two different
quadratic expressions for the positive and negative mean stress regions are suggested by
Khan and Liu (2012). We consider only the positive region as being of relevance for
thin-walled structures. This criterion is established in terms of the microscopical average
stress acting within each phase, so that Eqs. (9) and (10) read

〈MSV 〉(r) =

(
3〈σmean〉2(r) + 2

3
〈σ〉2(r)

)1/2

〈MSV 〉(r) = c1(r)〈σmean〉2(r) + c2(r)〈σmean〉(r) + c3(r),

(11)

where 〈σ〉(r) and 〈σmean〉(r) are the local average effective stress and mean stress, respec-
tively, acting within phase (r). Failure on macroscopic level is assumed if the fracture
criterion is fulfilled for a phase, i.e., the weakest link on the microscopic level fails.

3.4 Parameter estimation

Before the micromechanical simulations, constitutive data including fracture parameters
for each constituent phase, i.e., ferrite and bainite, are needed. The parameters were
obtained in an earlier study, see Östlund et al. (2015), and are reproduced in Tab. 2.
Experimental results and calibrated functions are shown in Fig. 4. These parameters
are obtained from plasticity and fracture experiments, as described in Section 2, using
specimens consisting of predominantly one constituent phase.

Table 2: Material parameters for ferrite and bainite calibrated in the work of Östlund
et al. (2015).

Phase Parameter
Flow stress model Fracture criterion

σY 0 K m c1 c2 c3
(MPa) (MPa) (-) (MPa)−1 (-) (MPa)

Ferrite 203 724 0.1820 1.284e-3 0.1093 755.0
Bainite 306 916 0.0942 6.564e-4 0.2997 996.4
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Figure 4: Flow and fracture limit curves for each constituent phase. In (a), the power-law
fit and the corresponding points obtained from experiments and image correlation. The
fracture criterion is illustrated in (b), where squares, triangles, etc., indicate the fracture
initiation as obtained from experiments, and the solid lines represent the fracture limit
curves according to the MSV criterion. The legend entries in (b) refer to the test specimen
number as depicted in Fig. 1, and applies to (a) and (b).

4 Results and discussion

4.1 Macroscopic flow behavior

Four different ferritic-bainitic phase volume fractions are presented, and for samples
FB–1 to FB–3, only specimen geometry #1 was produced and included, whereas for
sample FB–4, all specimen geometries were produced and analyzed. For microstructural
composition, the reader is referred to Tab. 1 and for specimen geometries to Fig. 1. The
focus in this work is on the predictive capabilities of the constitutive model over a range
of stress triaxialities found in sheet metal applications of mixed microstructure. The
overall flow behavior for dual-phase, ferrite-bainite microstructures, is shown in Fig. 5.
For all phase volume fractions, experimental results obtained for specimen geometry #1
are compared to results predicted by the DI model. These flow curves extend beyond the
onset of necking, up to large strains. A general observation is the good agreement between
measured and predicted results. The main source for discrepancies in the prediction of
mixed microstructures is the uncertainty of the present phase volume fractions.

4.2 Macroscopic ductility

The influence of different phase compositions on the overall ductility is shown in Fig.
6. The constitutive model was integrated using a constant stress triaxiality of η = 0.57,
which corresponds to an average value obtained by experimental analysis of specimen
geometry #1. The measured and calculated overall ductility is illustrated in the space of
macroscopic equivalent fracture strain ε̄f and the relative volume content of constituent
phase. Ferrite is seen as the continuous phase even at high volume fractions of bainite,



4. Results and discussion 167

0 0.1 0.2 0.3 0.4 0.5 0.6
300

400

500

600

700

800

900

1000

1100

εp (-)

σ
Y

(M
P
a)

FB-1
FB-2
FB-3
FB-4

Figure 5: Experimentally obtained and predicted flow curves of ferrite-bainite composites.

and is hence assumed as the matrix phase. For spherical inclusions of uniform size,
a content above the maximum packing concentration of (vr)max ≈ 0.75 is physically
not meaningful, and hence, calculations for higher volume fractions of bainite are not
included.
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Figure 6: Ferrite matrix with bainitic inclusions. Results obtained by a constant triaxi-
ality corresponding to specimen geometry #1.

Permuting bainite to matrix and ferrite to the inclusion phase is feasible but it did
not prove to yield a change in the results. The reason for equal results with permuted
phases is the strain/stress concentration into the ferrite phase indicating failure, even
for low amounts of ferrite in a bainitic matrix. Experimental results suggested that at a
volume fraction of about 25% bainite in a ferritic matrix, the overall ductility diminishes
compared to the single phase bainitic microstructure.

Concerning the predicted results, the model indicates fracture in ferrite, irrespective
of whether it is set as matrix or inclusion phase, for all volume fractions reported. The
double-inclusion model is used to calculate the macroscopic strain of the composite ma-
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terial based on the local strain field in the phases. Local strain levels differ because of
divergent properties of ferrite from bainite. This mismatch explains the indication of
fracture in ferrite, and the strain partition into ferrite sequentially increases the stress
level. The combination of the DI model and MSV fracture criterion underpredicted ex-
perimental results for all present phase compositions. A possible explanation for this is
the use of a constant stress triaxiality. The stress distribution within an RVE depends
on the reference moduli, which are history dependent, and hence introduces a slight path
dependence on the overall ductility predictions by the DI-model. The ductile fracture
criterion is formulated in the local average stress space and is path independent.

Table 3: Fracture strain of specimens with geometry #1.

Sample Experiment DI-model Relative error

F730 0.822 0.779 0.052
B1015 0.645 0.626 0.029

FB–1 0.442 0.347 0.215
FB–2 0.471 0.421 0.106
FB–3 0.506 0.463 0.085
FB–4 0.592 0.562 0.051

Evaluation of the DIC results show a variation of stress triaxiality towards plane strain,
i.e., during tensile loading, the specimen geometry changes and influences the triaxiality
parameter. This behavior is less pronounced in brittle materials, e.g., martensitic mi-
crostructures, but is pronounced in more ductile materials with larger deformation. The
observation of the inconsistent stress triaxiality has been reported by Selini et al. (2013)
as well. Tab. 3 summarizes all microstructures of specimen geometry #1 and compares
the experimental and modeling results.

4.3 Ductility at different stress states

For sample FB–4, digital speckle measurements on five different specimen geometries were
conducted. From the obtained displacement fields, the flow curve up to strains beyond
the onset of necking, as well as the stress tensor components and equivalent plastic
strain values over the full field, were determined. The equivalent plastic strain prior to
fracture is termed equivalent fracture strain ε̄f . The measured displacements represent
the deformation of the surface of the test specimen, and in turn, the macroscopic response
of a dual-phase microstructure under loading. Macroscopic image correlation provides
no further information of strain partition on the microscopic level. Hence, with the
experimental technique used in the present study, the effect of elastic mismatch between
the phases cannot be observed directly.

In Fig. 7 and Tab. 4, experimental and predicted results for the dual-phase microstruc-
ture termed FB–4 are compared over a range of stress triaxialities. Fracture of the mixed
microstructure is assumed if one of the constituents reaches its critical value, i.e., the
weakest link in the microstructure fails.
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Figure 7: Strain at fracture at different stress triaxialities for sample FB–4.

Table 4: Measured fracture strain, stress triaxiality, and standard deviation for the five
specimen geometries of sample FB–4.

η̄ sη ε̄f sε̄f

#1 0.573 0.035 0.592 0.021
#2 0.576 0.009 0.529 0.070
#3 0.480 0.053 0.726 0.035
#4 0.436 0.038 0.759 0.036
#5 0.052 0.067 0.999 0.072

A general observation is that the composite does not exceed the fracture strain of
a single phase microstructure. This is attributed to the mismatch between the ferrite
and bainite, causing interphase stresses and thus reducing the overall ductility. In the
predicted results, fracture is indicated in ferrite for all specimen geometries. The failure
model used does not include an interphase fracture criterion, and therefore, no distinction
between failure in a phase or the interface to the neighboring phase is made.

Specimen geometries were not available for triaxiality values between pure shear and
pure tension. Thus, it is unknown if the calibration for single phase microstructures is
valid in this region and similar to the prediction of the mixed microstructure.

For triaxialities up to η = 0.5, the measured results agree well with calibrated results
of the single phase ferrite. These results support the assumption of the weakest link
criterion, i.e., strain localizes into ferrite and leads to fracture. For samples with higher
triaxialities, specimen #1 and #2, fracture is also indicated in ferrite but occurs earlier
compared to the single phase microstructure. By using the DI-model, the macroscopic
strain at fracture is calculated, and this strain value corresponds to the plastic strain in
the mixed microstructure at the point where the weakest link fails. The predicted fracture
strain of the mixed microstructure and the experimental observation of specimens #1 and
#2 show good agreement. This is taken as an indication that for higher stress triaxialities,
the fracture prediction in a composite needs a different approach in modeling.

By using the constitutive model presented in Section 3, the fracture strain and its
dependence on stress triaxiality and phase volume fraction are displayed in Fig. 8. The
first boundary value for sheet metals is pure shear, and no influence on the fracture strain
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Figure 8: Equivalent fracture strain of the composite material at different stress triaxi-
alities and phase volume fractions.

by the phase composition was observed for the single phase microstructures. Hence, it is
expected that a mixed microstructure shows the depicted behavior. The second boundary
value is equi-biaxial loading. At this point, both single phase microstructures showed
different fracture strains. The constitutive model predicts a reduction in fracture strain
with a plateau at a volume fraction of bainite vB = 0.45 − 0.63, followed by a drop in
fracture strain until the critical volume fraction of the inclusion phase is reached.

4.4 Uncertainties

Identification of material properties of individual constituents is a difficulty in the appli-
cation of homogenization methods. In this work, it is assumed that (i) the single phase
specimens can be considered to be homogeneous, and that (ii) the measured properties
obtained from macroscopic tensile tests can describe the in-situ response of the con-
stituent at the microscale. The specimens are heterogeneous to some degree, and thus,
these assumptions are not strictly valid. Mixed microstructures consist of proeutectoid
ferrite and bainite. Contrary to mixed microstructures, sample F730 is irregular ferritic,
and the resemblance of mechanical properties to proeutectoid ferrite is difficult to es-
timate. The mechanical properties of bainite are strongly dependent on its formation
temperature, see Fig. 3 for comparison of four different formation temperatures. The
extent of correlation of sample B1015, which solely consist of bainite, to the bainite found
in mixed microstructures is unknown to the authors. As the bainite formation temper-
ature is equal for single- and multi-phase samples, agreement in properties is assumed.
During ferrite formation, the remaining austenite is enriched in carbon content, but its
influence on properties of bainite is neglected. Likewise, the local chemical composition,
which has influence on the mechanical properties of the constituents, will be altered by
heat treatment and is not considered.



5. Conclusion 171

Moreover, the simplifications inherent to the MFH scheme relative to the physics of
the problem, such as phase-wise constant fields, topological simplifications, and strict
validity only to small strains, in combination with local fracture criteria, are certainly
debatable. The present approach shows a viable way forward for the microstructure-
based modeling of ductile fracture initiation in press-hardened steels, but more research
is needed in order to quantify these aforementioned uncertainties.

SEM micrographs are taken from small regions of the tensile specimens to determine
the present phase volume fractions in samples FB–1 to FB–3. The variation within this
small region was estimated to be about ± 2− 4 %. In an earlier study, two independent
characterizations, both using the same method, were compared, and an indication for
higher uncertainties was found. Hardness measurements across the gauge length showed
no significant variation. Henceforth, processing conditions ensure an even temperature
distribution within the gauge length. Sample FB–4 was characterized by hardness cor-
relation, and in this case, measurements also showed little variation.

Fracture strain evaluation was performed on five different specimen geometries, and
for every geometry, seven samples were heat treated. Variation in strain to fracture and
triaxiality is expected, and the average values and mean standard deviation are shown
in Fig. 7.

5 Conclusion

A mean-field homogenization scheme based on Eshelby’s inclusion theory is combined
with the magnitude of stress vector (MSV) fracture criterion. The constitutive model is
calibrated using measured data of single phase microstructures, ferrite and bainite. By
using a heat treatment procedure, a series of ferritic-bainitic microstructures are pro-
duced, and for one specific microstructural composition, a set of five different specimen
geometries, representing different stress states, are available. By using digital image
correlation and force-elongation measurements, the flow and fracture properties of these
specimens are characterized. The mean-field homogenization scheme predicts the harden-
ing of mixed microstructures with varying amount of ferrite and bainite, with reasonable
accuracy. The MSV fracture criterion used as an indicator for composite fracture applied
in a weakest link assumption showed good agreement between the experimental and pre-
dicted results over the range of triaxialities relevant for sheet metal applications, with an
emphasis on crash relevant components.
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Golling, S., R. Östlund, and M. Oldenburg (2016a). A study on homogenization methods
for steels with varying content of ferrite, bainite and martensite. Journal of Materials
Processing Technology 228, pp. 88–97.
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