Failure analysis of a hat profile with tailored
properties subjected to axial compression
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Abstract
Numerical and experimental studies of a hat profile subjected to axial compression is performed.
Tailored properties are established through partial austenitization. The numerical analysis can be
divided into two steps. First a thermomechanical simulation of the forming process with models for
phase transformation kinetics provides the final geometry, phase composition and sheet thickness.
Then the forming result data is mapped to the axial compression analysis using a newly developed
mapping software. From the calculated phase composition and per phase data, effective mechanical
and fracture properties are estimated with a mean field homogenization scheme. Fracture prediction
is based on local average per-phase critical maximum shear stress, and a ”weakest link” criterion.
Furthermore, mesh dependence of post-localization and fracture prediction is accounted for through
a regularization. The homogenization procedure is performed during mapping and provides input
data for the regular von Mises elasto-plastic and ductile fracture model used in the axial compression
test simulation. Predictive capabilities of the proposed scheme are illustrated and compared with
experimental observations.
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Introduction

The amount of press hardened components in vehicle structures is growing rapidly, to some extent
due to tailored properties technologies. Components with distributed mechanical properties can be
designed to meet high demands in terms of weight, ductility and intrusion protection thereby replacing traditional cold formed components for energy absorption applications. Constitutive modelling
for crash analysis of tailored components comprises of some challenges, since the material state
may vary continuously making it difficult to determine mechanical properties at each material point
experimentally. Performing a thermo-mechanical simulation of the forming process together with
models for the solid state phase transformations [1], and using the predicted final material state as
a base for determining mechanical properties is a feasible way. Earlier studies on the relations between predicted Vickers hardness to flow properties [2], and to fracture properties [3], have been
performed. In this work, a mean field homogenization scheme [4] is used to determine effective
properties of the various phase mixtures present. This contribution consists of experimental and numerical analysis of an press hardened hat profile, fully quenched except for a centrally placed soft

zone. Deformation and ductility predictions are presented and compared with experiment.
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Experimental setup

The hat profile is manufactured from Usibor 1500P (Arcelor-Mittal) with a nominal thickness of 2
mm. The blank is heat treated in air atmosphere to 930o C, cooled in air for 7-9 s and then formed
in dies which are initially at ambient temperature. The soft zone is produced using thick steel cover
plates during heating, thereby avoiding austenitization. The soft zone is approximately 50 mm wide
with 30 mm wide transition zones to the fully quenched material. A 1.4 mm thick fully hardened
cover plate is spot-welded to the hat profile. Axial compression loading is performed at quasi-static
conditions, 1 mm/s. The profile is welded to a 4 mm base plate. The experimental setup is shown in
figure 1.

Figure 1: Picture showing the hat profile set up in the axial compression test.
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Modelling

The aim is to simulate the deformation properties of components with tailored properties, with reasonable accuracy and computer time. Therefore a direct finite element implementation of the homogenization procedure is considered to costly. Instead, a mapping software is developed, where
the multi-phase constitutive homogenization model is implemented. During mapping, element properties are grouped based on common yield strength values thus reducing the number of material
property definitions. For each group, material properties are determined using the homogenization procedure. The numerical analysis of the hat profile begins with a thermo-mechanical forming

simulation, followed by mapping and determination of composite material properties, then the deformation analysis is performed. LS-DYNA [5] is used for all finite element calculations.

3.1

Thermo-mechanical simulation

The initial microstructure of as-delivered Usibor 1500P is ferritic-pearlitic, and it is assumed to be of
equilibrium composition. First a furnace heating is simulated using simplified phase transformation
kinetics. It is assumed that austenitization occurs instantly to equilibrium fraction according to
actual temperature and carbon content, determined by the lever rule. Furthermore the cover plate is
idealized as a zero convection and radiation boundary condition, i.e. temperature rise at the central
soft zone position is only due to inplane conduction. Following the heating calculation, a forming
simulation is performed with the material model described in [1] for the blank.

3.2

Mapping of effective properties

The predicted phase composition at each material point, together with single phase mechanical data,
serves as input data for the mapping program. For each material group, the multi-phase constitutive
model is driven first to produce an effective flow curve, then at a number of different biaxial ratios
giving effective fracture strain for each ratio. The mapping software outputs the flow curve in tabular
form, together with isotropic ductile and shear fracture parameters according to the crachFEM model
[6]. These parameters are calibrated based on the predicted fracture strains and biaxiality ratios.
Furthermore, the mapping software outputs regularization parameters for each material group, which
requires that the nominal mesh size used in the deformation analysis is provided as input. This is
discussed in sections 3.2.1 and 3.3.
The main task of homogenization is to estimate the behaviour at the macroscale using information
from a smaller scale (the microscale). Thorough accounts of micromechanics and homogenization
techniques can be found in textbooks such as [7]. Here a Mori-Tanaka based estimate is used,
essentially following [4] expanded to include four different phases. The material in question is
considered to be composed of arbitrary mixtures of ferrite, pearlite, bainite and martensite. The
microstructure is random non-periodic, consisting of pure phase grains that are perfectly bonded
together. At the micro scale each phase is considered as a homogeneous, rate independent elastoplastic material. All phases have identical isotropic elastic modulus, but different yield strength,
hardening and ductility. Furthermore a matrix-inclusion type topology is assumed, i.e. one of the
present phases is identified as the matrix phase with embedded inclusions of the other phases. All
inclusions are assumed to be of spherical shape. The softest phase is considered as matrix provided
that none of the stiffer phases present have a volume fraction exceeding 0.65. Furthermore it is
assumed that the amount of retained austenite is zero. Details of the homogenization scheme is
discussed further in [8].

3.2.1

Local constitutive model

Each individual phase is assumed to obey rate-independent J2-plasticity with isotropic hardening.
However, since the resulting data is to be used for finite (shell-) element simulations some regularization technique is necessary to alleviate mesh dependency in the post-localization regime. The
model for localization and crack initiation suggested in [9] is used here, shortly described in the
following. A mesh size dependent strain softening term L is introduced to the yield surface equation
f = σ − σy (1 − L),

L=

A
exp[Bl(εp − ε0 ) − 1],
l

εp ≥ ε0 ,

(1)

where the flow stress σy , regularization parameters A and B, and localization treshold ε0 are material
data for each specific phase. Although necking material instability is a phenomenon pertaining to
the macro-scale, the regularization procedure is applied to each micro-field.
The fracture modelling is entirely based on local per-phase fields and histories, i.e. there is no
macro-criterion as such. The hypothesis of fracture is that when the local average maximum shear
stress reaches a critical value for any of the present phases, matrix or inclusion, crack initiation at
the macro-scale immediately follows. The weakest link determines the ductility of the homogenized
material. The per-phase fracture strain, εf , is solved from the relations
√

f
3τmax
,
cos(θ)

(2)

εf = (εf0 − ε0 ) exp[−Cl] + ε0 .

(3)

σy (εf0 )

=

where σy (εf0 ) is the yield stress value at fracture, θ is the lode angle and εf is fracture strain. Critical
f
maximum shear stress, τmax
and C are material parameters. l in equations (1) and (3) is shell
element size normalized with sheet thickness.
Material data is obtained from mechanical testing of tensile specimens containing only one phase,
using full field measurements. However at the bulk carbon content of usibor, pure ferrite or pearlite
is not obtainable. Therefore those two phases are grouped together and assigned material properties
equal to HT400 [10].

3.3

Deformation analysis

The mapping software provides material data for the constitutive model used in the deformation
analysis. Here essentially the same model as described above is used. The mesh size regularization
is performed during mapping, thus the l dependence in equation (1) is simply omitted. The isotropic
ductile and shear fracture model according to [6] is used. Crack initiation is assumed to occur when
fracture is indicated by the shell element midplane integration point, resulting in element removal.
Spotwelds are modelled using solid elements and tied contact definitions. Heat affected zones are
modelled only in regions where the base material is fully hardened, and with material data according
to HT800 [10].
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Results

The final predicted material state of the formed hat profile, grouped into five property definitions, is
shown in table 1 and figure 2. The gray value of the first column in table 1 corresponds to the same
material as indicated by the gray color in figure 2.

Figure 2: Hat profile divided into 5 material property sets.

Table 1: Predicted phase fraction composition of each material property set. F, P, B and M denotes ferrite, pearlite, bainite
and martensite.

Material

F (-)

P (-)

B (-)

M (-)

1

0.00

0.00

0.00

1.00

2

0.25

0.00

0.75

0.00

3

0.50

0.00

0.50

0.00

4

0.74

0.00

0.02

0.24

5

0.80

0.20

0.00

0.00

Before the axial compression analysis of the hat profile, virtual uniaxial tensile tests of the obtained
material data set are performed using three mesh sizes. The result is shown in figure 3, illustrated by
stress versus strain determined at 50 mm gauge length for each material and mesh size. The virtual
specimens are 12.5 mm wide and 2.0 mm thick. Each curve ends when fracture has occurred for all
elements within the specimen cross-section. The axial compression results are shown in figure 4, in
terms of reaction force versus punch travel. The experimentally observed and simulated buckling
mode is illustrated to the right. The star indicate predicted fracture initiation, which occurs within
the soft zone at approximately 10 mm punch travel. By visual inspection, no crack where found in
the physical tests in the region of the soft zone. The initial discrepancy in stiffness is due to elastic
deformation of the experimental rig. In the simulation, supports are assumed to be rigid.
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Figure 3: Virtual tensile tests of each material using three element sizes, 2, 3, and 4 elements through specimen width.
The tensile test meshes is shown to the right.
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Figure 4: Force versus intrusion diagram, with three experimental repetitions. Buckling mode is shown to the right.
1
Fracture in all through thickness integration points is indicated by the square.
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Discussion

This study concerns the deformation and fracture behaviour of a hat profile with distributed tailored
properties. A mean-field homogenization scheme is used to determine effective flow, localization
and fracture properties of arbitrary phase mixtures. The proposed method is implemented into a
mapping procedure providing material input data for finite element analysis, provided that a preceding forming and austenite decomposition analysis is performed. Using a mapping procedure instead

of direct FEM implementation gives a significant reduction in computational time, however at the
expense of less accurate description of the varying material state.
The quality of predicted material data depends on the data for each individual phase, the accuracy
and validity of the local constitutive model and homogenization scheme, and the accuracy of the
austenite decomposition simulation. As discussed in the introduction, experimental data within the
transition zone is difficult to obtain. It is however evident that additional verifying experiments must
be performed in order to asses the predictive capabilities of the proposed method. The predicted
ductility of material 4, see figure 3, is definitely to large compared to experimental observations of
ferrite-martensite mixtures which is discussed in [8]. Considering the ferrite-bainite mixtures, assessing the predicted curves are difficult since there is, to the authors knowledge, no corresponding
experimental data for boron steel where the phase fractions of such mixtures are well defined. Applying mesh size regularization directly to the stress-strain field of each phase seem to give satisfactory
results for the material combinations shown in figure 3.
In the axial compression simulation, premature fracture initiation occurs within the soft zone, indicating a shear fracture. One reason for this might be that the max shear stress criterion, Equation
(2), gives a to conservative fracture strain in shear loading. There is also the uncertainty about
how the material state of the soft zone is affected by furnace heating under the cover plate. The
over-prediction of the maximum load may also be attributed to this.
To evaluate mean field homogenization procedures applied to plasticity and fracture of multiphase
boron alloyed steels, further investigations and developments are needed. Several issues can be
identified, such as obtaining accurate single phase flow curves and fracture parameters. These can
in turn be dependent on carbon migration between phases occurring during forming. Furthermore
the material might retain load-bearing capabilities even if some inclusions have reached a state of
fracture, which is not the case in the weakest link model used here. A simple max shear stress
criterion may be insufficient for describing ductile failure at the micro-scale.
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