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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 extending 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.
Keywords: ductile fracture, mean-field homogenization, digital image
correlation, heat treatment, 22MnB5

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 automotive industry are statutory regulations and the reduction
∗ Corresponding

author
Email address: stefan.golling@ltu.se (Stefan Golling)

Preprint submitted to Materials Science and Engineering: A

July 13, 2016

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 hardening, 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 developing 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
establishes the possibility to obtain the desired microstructure and thus the
desired mechanical 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 desirable 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 components, intermediate grades containing varying volume fractions of ferrite and bainite may be formed. To gain
further insight, an investigation of the influence of different volume 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 mechanical properties after quenching [1, 2]. 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., [3, 4, 5, 6].
These models are formulated with coefficients dependent on microstructure in
order to predict flow stress and ductile fracture. Mean field homogenization
schemes are a common method in modeling dual- or multi-phase materials or
the influence of inclusions in a matrix. Eshelby [7] 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 [8] 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 [9, 10]. The basic
modeling assumption makes use of the elastic properties of the constituents and
was originally only developed for linear elastic problems. Applying this method
to elasto-plastic problems requires the use of continuum or algorithmic tangent
modulus [11].
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 [12]. The influence of grain shape on the
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onset of ductile fracture in a multi-phase material was investigated using a twodimensional representative volume element (RVE) [13].
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 introduce stresses into the
composite. Tomita and Okabayashi [14] showed that a composite of bainite and
martensite has higher strength if the bainite volume fraction is small enough.
Young and Bhadeshia [15] 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 et al. [16, 17]. 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 [18]. Based on the work of Bridgman,
Bai et al. [19] 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 during deformation and the validity
of analytic equations is limited [20]. 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 (compression)
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 [21]. For engineering applications, the
macroscopic stress triaxiality 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 [22, 23]. Sanyal et al. [24] provide
a discussion on experimental obtained fracture features under different stress
states. Wierzbicki et al. [25] presented an evaluation of seven different fracture
criteria, and Bai and Wierzbicki [26] extended this work and published a comparative study of different groups of fracture criteria including physics-based
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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–Needleman–Tvergaard
(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 [27]. Phenomenological and empirical models usually require fewer parameters that are often easier to obtain. Calibrating
a fracture model to fewer experimental points can narrow the validity range
of the model to the specimen triaxialities measured. Oh et al. [28] 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. [29] studied the damage
in multiphase 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. [30] studied boron steel
in fully hardened, martensitic condition, applying two common failure criteria,
and summarized suggestions for modeling of failure in sheet forming and crash
simulation. Park et al. [31] studied the effect of the martensite distribution on
strain hardening and ductile fracture and Paul [32] 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 simultaneous 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 formation and their mechanical properties were pointed out, see [33, 34, 35]. Two different approaches
are common in the investigation of properties in tailored materials and labscale 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
[36]. 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 [4]. Larger amounts of ferrite in mixed microstructures were produced by Meza-Garcia et al. [37] 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 compo4

nents 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 ferriticbainitic microstructure. The heat treatment process is presented in more detail
by Golling et al. [38]. 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 showed that fracture initiates
in the positive range of stress triaxialities [39], 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 et al. [40] showed that a mean-field homogenization scheme combined 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 microstructural
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. [38] and Östlund et al. [40] 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 ferriticpearlitic 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 1.25mm
was chosen. The specimen dimensions of 240mmx40mm 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 [41] 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
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is not to replicate industrial process routes but instead to achieve reliable and
repeatable specimen production.
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Figure 1: Overview of tensile specimens. Nominal sheet thickness is 1.25 mm. All dimensions
are in millimeters[38].

A ferritic-bainitic microstructure was chosen because of its significance in
transition zones. The soft zone material in tailored properties components is
usually ferritic produced 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 intermediate between those limit cases. The
heat treatment consists of austenitization at 900◦ 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. [42].
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
[43]. 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 [38]. 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 ma6

(a) Sample FB-1.

(b) Sample FB-2.

(c) Sample FB-3.

Figure 2: Examples of ferritic-bainitic microstructures from scanning electron microscope.
Darker areas correspond to ferrite, and brighter areas are bainite, with cementite visualized
as white dots. The area size is 120x80µm at a magnification of 2500x.

chine 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, [44]. 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 determining 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; details of the procedure can be found in [45, 46]. 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
7

2000
Interpolation
FB
FM
BM
FBM
Bainite
Single Phase

1800

σU T S (M P a)

1600

M1660

1400
380◦ C

1200

◦

400 C
B1015, 430◦ C

1000

800

480◦ C

F730

600
150

200

250

300

350
400
HV (M P a)

450

500

550

Figure 3: Correlation of Vickers hardness (HV ) and ultimate tensile strength (σU T S ) of
22MnB5 for different single phase and mixed microstructures. The influence of bainite formation temperature on hardness and σU T S 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
[vol.%]

Bainite
[vol.%]

Martensite
[vol.%]

Ferrite
formation
time tf [s]

F730
B1015

95.0
x

3.0
97.0

x
1.5

air cooled
air cooled

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

32.5
49.0
57.5
75.0

66.1
48.0
37.7
25.0

0.9
2.6
4.3
-

30
45
60
100

compositions.
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. [42], and the MSV fracture model suggested by
Khan and Liu [47] was calibrated by Östlund et al. [48].
3.1. Properties of constituents
The mean-field homogenization scheme employs as input data the material
grades assumed as single phase microstructures. Single phase grades are assumed to obey J2 elasto-plasticity with isotropic hardening according to the
Ludwik equation.
(r)
(r)
σY = σY 0 + K (r) ε(r)m(r)
(1)
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(r)

where σY 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 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 h•i(r) ,
Z
Z
1
1
σ dΩ, hεi(r) =
ε dΩ
(2)
hσi(r) =
Ωr Ωr
Ωr Ωr
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
X
X
hσi =
vr hσi(r) , hεi =
vr hεi(r)
(3)
r

r

r

where vr = Ω /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.
hσi(r) = A(r) : hσi,

hεi(r) = B(r) : hεi.

(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 [7] 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 [8] introduced the average matrix fields into Eqs. 4 replacing
the macroscopic fields. Hence, the average strain in the inclusion r is,
hεi(r) = B(r) : hεi(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,
h

i−1
B(r) = I + E : (De(m) )−1 : De(r) − I
.

(6)

where I is the fourth order identity tensor, E is the Eshelby tensor, and De(r)
and De(m) arethe Hooke’s elasticity tensor for inclusion phase r and the matrix
phase, respectively. For isotropic elasticity, the Eshelby tensor depends only
9

on the semi-axes of the elliptic inclusion and the Poisson’s ratio of the matrix
[49]. In real microstructures, non-dilute concentrations of inclusion phases are
dispersed in a distinct matrix phase 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 inverse of it where the material
properties of inclusion and matrix are permuted. This homogenization approach
was proposed by Hori and Nemat-Nasser [9] and further explored by Lielens et al.
[10] and Doghri and Ouaar [11], 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
hε̇i(r) = B(r) : hε̇i(m) ,

where

B(r) = [(1 − ξ)Bl(r) + ξBu(r) ]−1

and
(7)

h

i−1
,
Bl(r) = I + E(m) : D−1
:
D
−
I
(r)
(m)


Bu(r) = I + E(r) : D−1
(r) : D(m) − I .

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 [40, 38] and is largely based on the work of Doghri and Ouaar
[11], 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 σ mean is normalized to the
effective stress σ leading to the dimensionless stress triaxiality parameter η.
The stress triaxiality parameter characterizes all loading conditions in a plane
state of stress.
η=

σ mean
σ̄

with,

σ mean =

I1
3

and

σ=

p
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
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factor, and assume that this process is mainly controlled by the local average
stress field acting on microscopic scale.
It is assumed that the strength of the phases is governed by a ductile fracture
criterion in the form suggested in [47], abbreviated as the MSV criterion. The
MSV criterion involves the magnitude of the stress vector, M SV ,
M SV =

(σ12

+

σ22

+

σ32 )1/2


=

3(σ

2
) + σ2
3

mean 2

1/2
(9)

as the fracture indicator, where σi , i = 1, 2, 3 are the principal stresses, and the
criterion is given by
M SV = c1 (σ mean )2 + c2 σ mean + c3 ,

(10)

where σ mean 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 [47]. 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, 10) read

hM SV i(r) =

3hσ mean i2(r) + 23 hσi2(r)

1/2
(11)

hM SV i(r) = c1(r) hσ mean i2(r) + c2(r) hσ mean i(r) + c3(r) ,
where hσi(r) and hσ mean i(r) are the local average effective stress and mean stress,
respectively, 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 [48], 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 Sec. 2, using specimens consisting of predominantly one constituent
phase.
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.
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Table 2: Material parameters for ferrite and bainite calibrated in the work of Östlund et al.
[48].
Phase

Parameter
Fracture criterion
c1
c2
c3
(MPa)−1
(-)
(MPa)

Flow stress model
σY 0
K
m
(MPa)
(MPa)
(-)
Ferrite
Bainite

203
306

724
916

0.1820
0.0942

1.284e-3
6.564e-4

σY (MPa)

M SV (MPa)

1400
1000

Bainite

800
Ferrite

755.0
996.4

#1
#2
#3
#4
#5

1600

1200

0.1093
0.2997

1200
1000

Bainite

600
800

Ferrite

400
0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
εp (-)

1

(a) Flow curves.

600
−100 0

100 200 300 400 500 600 700 800
σ mean (MPa)

(b) Fracture limit curves.

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).

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

the relative volume content of constituent phase. Ferrite is seen as the continuous phase even at high volume fractions of bainite, and is hence assumed as
the matrix phase. For spherical inclusions of uniform size, a content above the
maximum packing concentration of (vi )max ≈ 0.75 is physically not meaningful,
and hence, calculations for higher volume fractions of bainite are not included.
Ferrite volume fraction (-)
1

1
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Experiments
DI + MSV

0.9
0.8
0.7
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0.3
0.2
0.1
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0

0.5
Bainite volume fraction (-)

1

Figure 6: Ferrite matrix with bainitic inclusions. Results obtained by a constant triaxiality
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, irre13

spective 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 material 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 experimental 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
B1015

0.822
0.645

0.779
0.626

0.052
0.029

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

0.442
0.471
0.506
0.592

0.347
0.421
0.463
0.562

0.215
0.106
0.085
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 microstructures, but is pronounced in more ductile
materials with larger deformation. The observation of the inconsistent stress
triaxiality has been reported by Selini et al. [20] 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 ¯f . 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 microstructure termed FB-4 are compared over a range of stress triaxial14
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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.

#1
#2
#3
#4
#5

η̄

sη

¯f

s¯f

0.573
0.576
0.480
0.436
0.052

0.035
0.009
0.053
0.038
0.067

0.592
0.529
0.726
0.759
0.999

0.021
0.070
0.035
0.036
0.072

ities. 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.
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
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#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.
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Figure 8: Equivalent fracture strain of the composite material at different stress triaxialities
and phase volume fractions.

By using the constitutive model presented in Sec. 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 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 application 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 constituent 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
estimate. 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 temperature is equal for single- and multiphase
16

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.
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 correlation, 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 produced, 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 forceelongation measurements, the flow and fracture properties of these specimens are
characterized. The mean-field homogenization scheme predicts the hardening 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 predicted results over the range of triaxialities relevant
for sheet metal applications, with an emphasis on crash relevant components.
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