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The proposed framework is general and modular, and is applicable to a wide variety of materials. By
carefully calibrating the model, it is also possible to predict the behavior of other materials
without experimental testing and thus accelerating the development of alloys with improved
properties.

In this research, a method for predicting the mechanical response of
multi-phase material up-to-failure was proposed using the crystal plasticity finite element method.
We developed a new approach for the modeling of mutli-phase materials by statistical means. A
non-local crystal plasticity model taking into account damage initiation and evolution was
developed. A new procedure based on the extraction of the local stress-strain path of experimentally

observed void was proposed for the accurate calibration of the damage model parameters. The
approach was tested against multiple dual-phase steels with varying microstructures. The estimated
fracture loci were found to be similar for the different microstructures suggesting similar
intrinsic properties and confirming the robustness of the calibration procedure.
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The development of new structural materials with improved properties is a perpetual
pursuit in materials science. In particular, the increasing demand for lightweight structures
request the development of alloys having both high strength and high ductility to overcome
the so-called strength-ductility trade-off. Among the vast family of metallic alloys, multi-
phase materials, such as dual-phase (DP) steels, duplex a/ titanium alloys or Mg/LPSO two-
phase alloys often consisting in a blend of soft/ductile and hard/brittle phases are of
particular interest as their performances are directly related to the individual phase’s
properties, their morphologies, distributions, and volume fractions.

However, the exhaustive exploration of available microstructural space by experimental
trial-and-error approaches is not feasible in a timely and inexpensive manner. Alternatively,
the virtual exploration of the design space through Integrated Computational Materials
Engineering (ICME) approaches using for instance the Crystal Plasticity Finite Element
Method (CPFEM) has become attractive due to the improvement in computational
performances and the increased availability of a wide panel of open-source software and tools.
Through the explicit representation of a polycrystal accounting for key microstructural
attributes (grain size, texture, phase distribution), the CPFEM is efficient at predicting the
macroscopic response of the aggregate prior to damage onset. However, the development of
damage-tolerant materials requires the prediction of the mechanical behavior up-to-failure
and thus the constitutive model should account for the onset of damage and its evolution at
the local scale. In addition, damage models are generally calibrated based on the macroscopic
response of the material in terms of stress-strain or load-displacement curves. This method
is suitable for structure-oriented models but not for microstructure-sensitive ones since the
local micromechanical fields at void sites may significantly differ from the macroscopic ones.
Accordingly, new calibration procedures based on micromechanical experimental data should
be proposed.

The main objective of this research was to develop a microstructure-oriented numerical
framework for the prediction of the complete mechanical response of multi-phase materials
up-to-failure. The proposed framework, centered around the CPFEM, would specifically focus
on (1) developing new methods for the realistic representation of multi-phase polycrystalline
aggregates (2) developing a robust crystal plasticity model including damage initiation and
evolution and (3) calibration and validating the model from experimental data.

<Statistical and spatially resolved modeling of multi-phase polycrystalline materials>
Microstructural observations were carried out by scanning electron microscopy (SEM)
and electron backscattered diffraction (EBSD) measurements to statistically quantify both
key microstructural features (grain size, shape, spatial distribution of phases) and
crystallographic texture (local orientation, misorientation, specific orientations
relationship...), notably through the usage of the orientation distribution function (ODF). As
an accurate prediction requires the modeling of a representative volume element (RVE) that
catches key microstructural features. In literature, it is often achieved using the so-called
Voronoi tessellation even though it suffers from significant drawbacks such as the lack of
control of grain size and shape. In recent years, the applicant has developed an anisotropic
tessellation based on the random filling of a domain with ellipsoids allowing the generation
of synthetic microstructures with controlled grain size and shape. However, in the case of
multi-phase materials, the spatial distribution of phases is a key parameter to include.
Therefore, a method was proposed based on the experimentally estimated spatial correlation
functions, to carefully control the positioning of the different phases within the RVE.

<Development of a robust crystal plasticity/damage model>

In classic ductile fracture theory, damage is generally described as the progressive
process of void nucleation, growth, and coalescence. This theory has been extensively applied
in isotropic continuum damage mechanics. In particular, the Gurson model based on a
modification of the J2 yield criterion has received extensive applications. However, these
models are structure-oriented and do not consider local micro-mechanical fields at the
microstructure scale. On the opposite, most anisotropic crystal plasticity models do not



explicitly account for damage mechanisms at the crystal scale. Therefore, a constitutive
model combining both crystal plasticity and damage formation was developed. Damage was
considered through the introduction of a void volume fraction @ and on the application of the
“effective stress” concept to account for the local stiffness degradation. The evolution of the
void fraction was described based on relevant micro-mechanical fields (local plastic strain,
local triaxial stress state...). The model was written as a UMAT for the commercial FEM
software Abaqus. Since damage introduced stress and strain localizations, the robustness of
the formulation is key to grant convergence, thus particular care was taken on the estimation
of the Jacobian matrix (do/de). The formulation of the UMAT was made general (with
independent modules) so that modifications of any module do not affect the global framework.

<Monitoring of void nucleation, subsequent growth, and coalescence during tensile tests>

To calibrate and validate the constitutive model, it is necessary to carry out specific
experiment that keep track of the void distribution within the material and different strain
level. In this regard, in situ tensile tests were conducted with carefully designed micro-tensile
specimens, within an X-CT chamber available in our group. Tests was interrupted at regular
strain levels and a complete scan of the region of interest was carried out by SEM on the
surface and X-CT in the bulk to record the voids appearance and growth

(1) To generate a multi-phase microstructure with controlled phase distribution, a new
procedure was successfully developed. It is based on the binarization of the convolution
product between a random field map sampled from a normal distribution and a multi-
dimensional normal distribution. The parameters of the multi-dimensional distribution
parameters may be estimated from experimental phase maps. Thereafter, the obtained phase
map served as constraint to position elliptical seeds representing grains sampled from EBSD
data. Finally, an anisotropic tessellation was applied to generate grain boundaries and
attribute a crystal orientation based on the ODF and existing algorithm. The proposed
method was successfully applied to Mg/LPSO and DP steels and reported in several
publications.

(2) The phenomenological Hosford-Coulomb model, considering the effect of the equivalent
plastic strain, stress triaxiality and Lode angle was successfully implemented in a CP model.
It was found that strain localization caused by the softening of the stiffness matrix at damage
initiation sites was responsible for a significant mesh size dependency due to a lower
dissipated energy when mesh size decreased. To circumvent this drawback, a non-local
averaging scheme was implemented to consider the weighted average fields around each
integration point by introducing a single parameter gaussian weight function.

(3) The stress-strain paths of surface voids sites observed by SEM were estimated from
CPFE simulation reproducing the same phase distribution as in the experiment. A new
procedure was developed for the calibration of the damage initiation model based on the local
stress-strain paths at void sites and their order of appearance. The procedure was tested on
multiple DP steels with varying microstructures. The predicted damage initiation loci were
found to be quite similar for the different materials which suggested that the damage
mechanisms were similar and confirmed the robustness of the calibration procedure. In
addition, the evolution of the void fraction and volume by X-CT with the strain and stress
was used to calibrate the damage evolution post-initiation.
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