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a b s t r a c t

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 micro-
structures 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.

& 2016 Elsevier B.V. All rights reserved.

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 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 proper-
ties. Components produced using this process exhibit tailored
material properties in designated areas. The manufacturing pro-
cess 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 ma-
terial 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 con-
stitutive models that take the processing history into account have
been proposed, see e.g., [3–6]. 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
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or the influence of inclusions in a matrix. Eshelby [7] developed a
model describing the stress/strain field in a matrix with no in-
teraction 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 de-
veloped for linear elastic problems. Applying this method to
elasto-plastic problems requires the use of continuum or algo-
rithmic tangent modulus [11].

The modeling of the mechanical response of multi-phase ma-
terials 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 onset of ductile
fracture in a multi-phase material was investigated using a two-
dimensional 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 transfor-
mations. 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 in-
vestigations, 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 triaxi-
ality 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. There-
fore, the stress triaxialities can only be varied in the range from
−1/3 (compression) to 2/3 (biaxial tension). In practical applica-
tions where the lower limit is often 1/3 (uniaxial tension), cali-
bration 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 applica-
tions 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 cri-
teria, and Bai and Wierzbicki [26] extended this work and pub-
lished a comparative study of different 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–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. 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. [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 re-
presentative volume element and a GTN model. The study in-
cluded 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 com-
mon 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 hard-
ening and ductile fracture and Paul [32] the influence of the vo-
lume fraction on the stress triaxiality in dual phase (DP) steel.

In the field of quench-hardenable boron steel, several experi-
mental 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 tempera-
tures of phase formation and their mechanical properties were
pointed out, see [33–35]. Two different approaches are common in
the investigation 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, mi-
crostructural 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 ca-
librated 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 be-
havior and ductile fracture of boron alloyed steel with direct re-
lation to mechanical properties of the single phases ferrite and
bainite over a range of stress states relevant for sheet metal ap-
plications 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
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