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Tuesday - 09:25 - C223 - Dislocations, Gradient Plasticity & Micromorphic Modeling

A Fast Fourier Transform-Based Method for Static Field
Dislocation Mechanics Within a First Strain Gradient
Elasticity Theory of Mindlin Type

Stéphane Berbenni'* (), Thomas Bohlke?
1 Université de Lorraine, CNRS, Arts et Métiers Institute of Technology, LEM3, Metz, F-57000,
France
2 Institute of Engineering Mechanics, Karlsruhe Institute of Technology (KIT), Karlsruhe, 76131,
Germany

* Presenting author

Here, a fast Fourier transform (FFT)-based micromechanical method for static Field Dislo-
cation Mechanics (FDM) within a first Strain Gradient Elasticity (SGE) theory of Mindlin
type is developed. The kinematic equations of dislocation defects are first presented in the
framework of static FDM for periodic media. Using Stokes-Helmholtz decomposition, the
incompatible elastic distortion is solved from a prescribed dislocation density field with
a Poisson equation. The thermodynamic-based constitutive relationships are reported for
stress and double stress tensors as functions of elastic strain and elastic strain gradient
tensors, respectively. Homogeneous centrosymmetric materials are considered and are
specified for cubic and isotropic materials. Then, the compatible elastic distortion field
is obtained from solving equilibrium equations through a generalized Navier-type equa-
tion. The Fourier-based method is applied, which defines a generalized Green’s function
in Fourier space for first SGE of Mindlin type. Thus, the solutions for incompatible and
compatible fields can be derived in Fourier space. The efficient Fast Fourier Transform
(FFT) algorithm is used based on intrinsic Discrete Fourier Transforms (DFT). The numer-
ical scheme is well adapted to the discrete grid to compute higher order partial derivatives
with finite differences, which are transformed to the Fourier space. Therefore, using the
inverse FFT, regularized dislocation density fields obtained from the present method are
numerically computed for single straight dislocations like pure screw and edge disloca-
tions. Stress and double stress fields are also calculated and compared with analytical
results from the literature. Finally, some applications of the method focus on more com-
plex dislocation configurations with distributions of dislocations, as dislocation dipoles
and configurations with dislocation walls like low-angle grain boundaries (LAGBs).

Keywords. field dislocation mechanics, strain gradient elasticity, Mindlin, fast Fourier
transform method
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A Periodic, Non-Singular Dislocation Energy Kernel Based
on Gradient Elasticity and Ewald Summation

Bernhard Heininger'*, Thomas Hochrainer!
! Graz University of Technology

* Presenting author

Plastic deformation of crystalline solids is primarily caused by the movement of line-like
defects, the dislocations. In order to develop a coarse grained continuum description of
dislocations (continuum dislocation dynamics, CDD) [1] we seek to derive a local den-
sity approximation as suggested in [3] directly from discrete dislocation data on periodic
domains. This comprises obtaining the (average) energy from discrete dislocation config-
urations on periodic domains, while simultaneously avoiding the singularity at the disloca-
tion core, as it results from classical linear elasticity. With regard to the latter, we employ a
Helmholtz-type gradient elasticity theory which has been worked out for infinite domains
in [2].

In the current work, we present the incorporation of periodicity into isotropic gradient
elasticity of Helmholtz type to compute dislocation interaction energies and self-energies
on periodic domains. Periodicity is introduced using the Ewald summation (or Ewald
splitting) method, which is well known in numerical simulations of molecular dynamics
and electrostatics. This approach combines the numerical advantages of periodic for-
mulations with the physical consistency of non-singular elasticity, making it ideal for
large-scale simulations of dislocation networks and other crystalline defects. We discuss
the choice of the so-called splitting parameter in dependence of the domain discretization.
Furthermore, we provide comparisons of energies obtained directly from DDD data with
those obtained based on CDD density fields derived from the former.

Keywords. crystal plasticity, continuum dislocation dynamics, discrete dislocation dy-
namics, computational material modelling
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Microcurl Modelling of Size Effects in Single Crystals

Samuel Forest'* (), Anjan Mukherjee?, Mohamed Jebahi? (), Mohamed Abatour®
1 Mines Paris PSL. CNRS, France
2 Arts et Métiers Institute of Technology CNRS LEM3, France
3 Transvalor, France

* Presenting author

The introduction of the dislocation density tensor into the constitutive modelling of single
crystalline materials is a fundamental change in the modern approach to crystal plastic-
ity, based on the pioneering works of Nye and Kroéner. It makes it possible to address
the effect of grain and particle size on the local and global material responses by means
of appropriate characteristic lengths. The Microcurl model, a variant of Eringen’s micro-
morphic medium, introduces the microdeformation as an ancillary variable to total plastic
deformation. It is particularly well-suited for finite element simulations with a number of
additional degrees of freedom per node that does not depend on the number of involved
slip systems or slip system families [2]. The proposed constitutive framework contains
both energetic and dissipative contributions of the dislocation density tensor [1]. Both
components are required to identify the material parameters from several data: results
of dislocation dynamics simulations of cyclic plasticity and experimental results from the
literature including the bending torsion of a L-beam micro-specimen under various pas-
sivation conditions [4]. The model is finally used to distinguish geometric effects from
actual size effects in the compression of thin metallic layers [3].

Keywords. crystal plasticity, micromorphic, size effect
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A CPFEM-Based Virtual Testing Approach for
Characterizing Anisotropic Plastic Behavior of Additively

Manufactured Low-Carbon Lath Martensitic Steel
Hoyoung Lee'*, Jehyun You?, Myoung-Gyu Lee?
! Hyundai Motors Group
2 Department of Material Science & Engineering, Seoul National University

* Presenting author

Additively manufactured low-carbon lath martensitic steel can exhibit direction-
dependent mechanical behavior due to process-induced microstructural heterogene-
ity. However, direct experimental characterization of the corresponding anisotropic
constitutive response remains challenging. In this study, a microstructure-informed
representative volume element (RVE) and crystal plasticity finite element modeling
(CPFEM) are employed to perform virtual mechanical tests and to examine the macro-
scopic anisotropic plastic response. Based on the CPFEM results, a continuum-level
constitutive description is constructed for use in engineering-scale simulations where
experimental data are limited. The predicted constitutive response is then compared with
experimental observations, showing reasonable agreement in the measured directional
behavior. The results suggest that RVE-based CPFEM can provide a useful basis for iden-
tifying anisotropic constitutive behavior and for supporting continuum-scale modeling of
additively manufactured steels.

Keywords. additive manufacturing, crystal plasticity, automotive applications



Tuesday - 11:35 - C223 - Crystal Plasticity, Texture & Anisotropy

Characterizing and Modelling the Viscoplastic Anisotropy
of Tin Single Crystals Using CPFEM

Alain Twisungemariya'*, Veronique Doquet', Eric Charkaluk!
1 Ecole Polytechnique, Laboratoire de Mécaniques du Solides, CNRS

* Presenting author

The reliability of electronic assemblies heavily depends on the durability of Sn-based solder
joints grids. Due to their sub-millimeter scale, these joints solidify into nearly single-crystal
dendritic B-Sn structures (over 90% in mass), with Cu and Ag-containing intermetallic par-
ticles. The low symmetry of the tetragonal () tin lattice induces a pronounced thermo-
elastic and viscoplastic anisotropy, and since the solder joints undergo both cyclic and sus-
tained stresses at high homologous temperatures (7'/7,,, > 0.50 at room-temperature), they
exhibit highly orientation-dependent service lives, due to a combination of creep, ratchet-
ting, and fatigue [1].

Characterizing the viscoplastic anisotropy of pure tin, through tests run on a sufficiently
wide range of crystal orientations, and then capturing the observed behaviors through a
Crystal Plasticity (CP) model, should be the first steps towards reliable modelling of the
multiphase solder joints behavior. However, the corresponding literature is limited. More-
over, some authors tested directionally-grown tin single crystals in tension [3] or made
nanoindentation tests on individual grains in tin polycrystals [ 2 ], these methods face some
limitations: directional solidification mostly yields crystal orientations near [110] restrict-
ing the investigated range of orientations, while the complex stress field in nanoindenta-
tion often masks anisotropy.

In this study, a large set of single crystal dogbone-shaped tin specimens, with sufficiently
varied orientations, ensuring the independent activation of most of the 10 potential slip
tamilies, were solidified, polished, and submitted to tensile cyclic or creep tests at room
temperature. A combined analysis of the surface slip lines, and the strain fields measured
by Digital Image Correlation or obtained by CPFEM simulations, the type of activated slip
systems could be determined for most tests, and the hardening and viscous parameters of
each one was identified. Such dialog between experimental data and CPFEM simulations
showed that the hardening parameters are highly dependent on the type of active slip
system which was not the case for the viscous parameters. Viscous stress exponents n are
all between 3 and 5, which appears consistent with common underlying creep mechanisms:
dislocation glide and climb plus cross-slip

Keywords. crystal plasticity, single crystal, digital image correlation, creep
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Effects of Texture on Twin Propagation and Thickening in
Magnesium Alloys
Filip Sigka'*, Andrej Ostapovec', Daria Drozdenko?, Patrik Dobron?

! Institute of Physics of Materials, Czech Academy of Sciences
2 Department of Physics of Materials, Faculty of Mathematics and Physics, Charles University

* Presenting author

Twinning is the significant deformation mechanism in HCP metals and alloys. Due to its
complex mechanisms, it is still not fully understood. Twinning spans several length scales
within the microstructure, from the atomic level during initiation to the grain-scale during
propagation and thickening. The twinning process significantly changes the stress and
strain distribution within the microstructure by imposing lattice rotation and twin shear.
Twinning analysis requires a multiscale modelling approach. The study presented here
focuses on the grain-scale interaction of the propagating twin with the surrounding mi-
crostructure. The main focus is on the distribution of stresses and strains and their depen-
dence on twins” geometrical characteristics and crystallographic orientations of surround-
ing grains. The numerical analysis is performed using the finite element method within
the framework of the crystal plasticity model for HCP materials. The twin is treated as an
inclusion inside the microstructure, which undergoes internal shear strain transformation.
The microstructural effects are evaluated by the stress that has to be applied in order to
keep the system in equilibrium.

Keywords. crystal plasticity, FEM, twinning, HCP alloys
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Assessment of Numerical Schemes for Solving

Higher-Order Gradient Crystal Plasticity Model

Yuichi Tadano!*, Chikako Natsumeda'
! Saga University

* Presenting author

Mechanical behavior of metallic materials is strongly influenced by the size effect at the
micrometer scale. The conventional crystal plasticity theories, which are widely used for
the meso-scale modeling of polycrystalline metals, do not represent the size effect because
these theories cannot consider the accumulation of dislocations. Therefore, a higher-order
gradient crystal plasticity model has been proposed for taking the dislocation information
into account to describe the size effect [2]. In this model, geometrically necessary disloca-
tions (GND) are introduced into a hardening function of the slip system. In this model,
the following governing equations for displacement and GND density fields should be
simultaneously solved.

The high-order gradient crystal plasticity model, which couples the displacement and dis-
location density fields, can be interpreted as a kind of mixed problem. In a mixed problem,
the combination of analytical schemes for each field may strongly affect the analysis re-
sult. In fact, the finite element method (FEM) sometimes provides an improper solution
in the higher-order gradient crystal plasticity analysis [ 1]. The reproducing kernel particle
method (RKPM), which is a kind of meshfree method, is an alternative way to solve this
model [3]. In this study, a quantitative investigation of effect of selection of element in the
FEM and basis function in the RKPM on the high-order gradient crystalline plasticity anal-
ysis is demonstrated, and suitable numerical scheme to solve the higher-order gradient
plasticity is discussed.

Keywords. crystal plasticity, gradient plasticity, numerical method
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Geometrical Interpretation of Commutative-Symmetrical
Stretch Tensor Products and the Decoupling of Material

(An)isotropy From Deformation-Induced Anisotropy

Klaus Heiduschke'*
L Alumnus of Institut fiir Mechanik, ETH Zurich

* Presenting author

Based on stretch tensor projections, the Lagrangean and Eulerian total, plastic/inelastic
and elastic deformation ellipsoids, associated with Lagrangean or Eulerian commutative-
symmetrical stretch tensor products [1, 2], can be interpreted geometrically as material
deformations. The six internal degrees of freedom, reflected in three stretch eigenvalues
and three principal directions of the symmetric stretch tensors, correspond to three semi-
axes and three principal directions of the total, plastic/inelastic, elastic deformation ellip-
soids. In the case of a plastic deformation ellipsoid, its six internal degrees of freedom can
be controlled completely by a symmetric plastic-flow rule. And the Lagrangean and Eule-
rian total, plastic/inelastic, elastic deformation ellipsoids are related to each other by the
Lagrangean and Eulerian commutative-symmetrical stretch tensor products, respectively.
Since the multiplicative logarithmic strain space formulation [2] and the commutative-
symmetrical stretch tensor products [1] represent both an Eulerian description and a La-
grangean description at the same time, their Eulerian characteristic may be employed to
properly model the (overall) elastic isotropy and their Lagrangean characteristic may be
utilized to decouple the material (an)isotropy from the deformation-induced anisotropy.
This aspect is further discussed in particular with respect to material orthotropy. A new
elasto-plastic/-inelastic interpretation of the continuum mechanics framework of the mul-
tiplicative logarithmic strain space formulation is presented in detail. This leads to new
tensor definitions of the elastic and plastic/inelastic logarithmic Hoger stresses in addition
to the well-known total logarithmic Hoger stress.

Keywords. anisotropic elasto-plasticity/-inelasticity, finite deformation-induced
anisotropy, material (an)isotropy, multiplicative stretch tensor decomposition, multi-
plicative logarithmic strain space formulation
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Tuesday - 14:25 - C223 - Constitutive Foundations & Mathematical Material Modeling

On Force Interactions for Electrodynamics-Like Theories
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2 Ben-Gurion University of the Negev, Department of Mathematics, Beer-Sheva, Israel

* Presenting author

In earlier works (see [2, 3, 4]), a framework for premetric p-form electrodynamics is pro-
posed. Independently of particular constitutive relations, the generalized Maxwell equa-
tions are derived as a special case of stress theory in geometric continuum mechanics. In
the proposed setting, generalized velocities are modeled mathematically as p-differential
forms, interpreted physically as potential forms. In addition, for the expression of the me-
chanical power/potential energy, the stress field is assumed to have a particularly simple
form.

In this work (see [1]), we extend the theory to propose expressions for the force and stress
interactions acting on a charged/magnetized body due to external electromagnetic fields.
The expression for the force distribution, viewed as a linear functional of virtual velocity
fields, is obtained by computing the rate of change of the proposed potential energy under
a virtual motion of the region. The expressions we obtain differ from those appearing in
the standard references. For example, in the case of electrostatics in R3, letting F', w, D,
and E, denote the force functional, virtual velocity of the material, electric displacement,
and the electric field, respectively, the force functional is of the form

F(UJ) = /QDMEiwi dV —|—/52DjEi7j’lUi dV + /Q DjEiwm dV.

It is noted that the last integral includes stress-like and torque-like interactions.
The cases of electrostatics and magnetostatics in R? are presented as examples.

Keywords. electrodynamics, field theory, geometric continuum mechanics, stress, poten-
tial energy, forces
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Energy densities that are polyconvex are popular in material modeling and nonlinear elas-
ticity. They can describe physically meaningful properties while guaranteeing mathemati-
cal well-posedness. High compression can be prevented by penalizing small determinants
of the deformation gradient. Energy-minimizing deformations exists under growth condi-
tions at infinity, given suitable boundary conditions. If the energy density is not polycon-
vex, then its polyconvex envelope is a relaxation that still respects physics.

Yet, computing the polyconvex envelope pointwise is generally difficult. Existing numeri-
cal approaches employ an infinite-dimensional moment problem and face significant chal-
lenges. We propose a numerical method to compute the polyconvex envelope of polyno-
mial energy densities, based on the moment sum-of-squares hierarchy from polynomial
optimization. Furthermore, we present a sufficient conditions to certify polyconvexity via
sum-of-squares technology. A preprint [1] is available at https://arxiv.org/abs/2604.
11124,

Keywords. elasticity, polyconvexity, sum of squares, polynomial optimization
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Tuesday - 15:15 - C223 - Constitutive Foundations & Mathematical Material Modeling

Sweeping Process in Stress-Based Models of
Elastoplasticity

Ivan Gudoshnikov'*
! Institute of Mathematics, Czech Academy of Sciences

* Presenting author

The connection between plasticity phenomenon in mechanics and the sweeping process
was noticed since the very discovery of the sweeping process as a mathematical problem.
Specifically, when the stress distribution is considered as a state variable, the “moving set”
of a sweeping process reflects the interplay between the “elastic range” characteristic of an
elastoplastic material, and the constraint of quasistatic equilibrium.

In the presentation we will discuss the implications of this idea for various types of plastic-
ity (strain hardening, perfect plasticity [1], strain softening [2]), and pay attention to the
accompanying challenges.

Acknowledgements. This research is supported by the Czech Science Foundation project
GA24-10586S and the Czech Academy of Sciences (RVO: 67985840).
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Tuesday - 16:10 - C223 - Fatigue, Fracture & Microstructural Damage in Metals

A Crystal-Plasticity Finite Element Framework to Assess
the Fatigue Behavior of Turbine Blades Through
Geometrically Necessary Dislocations Criteria and
Conform Meshes
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Lucie Lanciaux*
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2 ONERA
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* Presenting author

This current work is dedicated to the study of aircraft engine turbine’s blades made in
a directionally solidified nickel-based alloy. Due to its complex manufacturing process
and to empirical conservative quality criteria of the manufacturer, numerous blades are
scrapped. The versatility of the finite element method is used to model a whole aircraft
engine turbine blade at the grain scale to quantify its fatigue behavior. This framework
relies on a crystal plasticity large strain model, involving a multiplicative decomposition
of the transformation. Plasticity is embodied by dislocation theory, in which both statistical
dislocation and geometrically necessary dislocation (GND) densities are represented. A
Kocks-Mecking law and the Orowan relation are used to quantify the plastic flow. The
GNDs are computed through the curl of the plastic strain and projected on the sliding
systems.

In previous works [2], a monotone behavior was defined to represent tensile stress tests
on equiaxial REV. This work is dedicated to improve this law by adding a kinematic hard-
ening [ 1] to explicit fatigue behavior of columnar REV. Fatigue Indicator Parameters are
developed based on the dislocation densities to define lifespan criteria.

Keywords. crystal plasticity, fatigue indicator parameter, simulation, kinematic hardening,
columnar grains, finite element, conform mesh, geometrically necessary dislocations
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Tuesday - 16:35 - C223 - Fatigue, Fracture & Microstructural Damage in Metals

Atomistic Investigation of Anisotropic Radiation-Induced
Embrittlement

Hojjat Mousavisogolitappeh'*, Stanistaw Stupkiewicz', Aneta Ustrzycka'
! Institute of Fundamental Technological Research, Polish Academy of Sciences

* Presenting author

Radiation-induced degradation in structural alloys originates from defect formation and
evolution at the atomic scale, which significantly alters mechanical behavior and fracture
mechanisms. In this study, we present an atomistic investigation of anisotropic radiation-
induced embrittlement in Fe-Ni-Cr alloys using molecular dynamics (MD) simulations
[1,2]

Neutron irradiation generates complex defect populations, including vacancy clusters,
stacking fault tetrahedra (SFTs), and dislocation structures, which emerge from displace-
ment cascades and govern subsequent microstructural evolution. To accurately represent
the alloy system, simulations are performed using a validated Fe-Ni-Cr interatomic
potential capable of capturing radiation-induced defect behavior. Radiation-induced
defect structures are systematically created, and their influence on crack-tip behavior and
fracture mechanisms is analyzed under controlled loading conditions.

Crack propagation is analyzed under Mode-I loading for different crystallographic orien-
tations, namely (001), (011), and (111). The results reveal strong orientation-dependent
fracture behavior governed by defect-dislocation interactions and slip system activity.
Furthermore, the results provide clear evidence of irradiation-assisted ductile-to-brittle
transition (DBT), where increasing defect density suppresses plastic deformation and ac-
celerates crack propagation. The transition is quantified using atomistic energy-based frac-
ture metrics, in which the critical energy release rate is evaluated directly from MD simu-
lations, thereby providing a consistent description of fracture energetics at the nanoscale.
This work provides a comprehensive atomistic framework for understanding the interplay
between irradiation-induced defects, crystallographic anisotropy, and fracture behavior in
Fe-Ni—Cr alloys, offering insights into the fundamental mechanisms governing embrittle-
ment at the nanoscale.

Acknowledgements. The National Science Centre in Poland supports this work through
Grant No UMO-2020/38/E/ST8/00453.

Keywords. crack propagation, radiation defects, MD simulations, Cr-rich alloy, T-S law,
atomic-scale fracture energy, ductile-to-brittle transition
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Fatigue Life Prediction at the Microstructural Scale

Considering Plastic Strain Localisation
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During cyclic loading, particularly at low strain amplitudes, the time required for crack
initiation can account for most of the fatigue life. Predicting the number of cycles to crack
initiation is therefore a central issue in component design. In nickel-based superalloys
such as Inconel 718, fatigue crack initiation is closely linked to the formation of Persistent
Slip Bands (PSBs), within which plastic strain localizes. These bands result from the irre-
versible accumulation of dislocations, which gradually organize into structures leading to
the formation of surface extrusions or intrusions, or stress concentrations at grain bound-
aries, along which cracks preferentially initiate.

The formation of these bands strongly depends on the local microstructure. It is there-
fore necessary to work at this scale in order to predict crack initiation life. The current
state of the art generally relies on crystal plasticity simulations performed on numerical
polycrystalline microstructures. The results are then used to construct Fatigue Indicator
Parameters (FIPs), which are subsequently related to fatigue life through empirical laws
identified from experimental data. However, the models and spatial resolution commonly
used in these simulations remain poorly suited to representing strain localisation in the
form of slip bands. In addition, the associated life criteria do not always directly account
for the physical mechanisms governing crack initiation, particularly the irreversibility of
plastic deformation.

This work aims to investigate the effect of plastic strain localisation on the prediction of
fatigue life. A crystal plasticity model capable of capturing strain localisation in the form
of persistent slip bands is employed. Numerical simulations are used to compute local
ratcheting, which directly quantifies the irreversibility of plastic deformation along these
bands. The locally accumulated irreversible energy, associated with dislocation accumula-
tion in the PSBs, is evaluated as the dissipated energy weighted by the ratcheting quantity.
This energy is then compared with the specific free surface energy, following the Tanaka—
Mura-Wu formalism, to estimate fatigue crack nucleation life. This approach allows the
consideration of plastic strain localisation, the accurate identification of likely crack initia-
tion sites, and a direct link between the local microstructural mechanisms of localisation
and fatigue life criteria. Itis finally applied to numerical microstructures containing typical
fatigue-sensitive features, such as carbides, coarse grains, and twin boundaries, to assess
its ability to capture the criticality of these features and the competition between different
crack initiation mechanisms.

Keywords. fatigue life prediction, crystal plasticity, plastic strain localisation, slip bands
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Tuesday - 17:25 - C223 - Fatigue, Fracture & Microstructural Damage in Metals

Revealing Fracture-Resistant Design Principles in
Harmonic-Structured High-Entropy Alloys Using Quasi
In-Situ Experiments and Integrated Modeling
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Harmonic-structured (HS) metallic materials have attracted increasing attention due to
their outstanding strength—ductility synergy. However, the grain-scale fracture mecha-
nisms governing damage initiation and propagation in HS microstructures remain insuffi-
ciently understood, limiting the establishment of predictive design strategies for strength—
toughness optimization. In this work, HS CoCrFeMnNi high-entropy alloys with sys-
tematically tailored fine-grain (FG) shell fractions were fabricated to elucidate intrinsic
fracture-resistant mechanisms. Quasi in-situ tensile experiments combined with electron
backscatter diffraction (EBSD) and crystal plasticity finite element—cohesive zone model-
ing (CPFEM-CZM) reveal that FG regions exhibit higher crack susceptibility due to pro-
nounced strain gradients, particularly at coarse-grain (CG)/FG interfaces and within FG
zones. These strain gradients evolve with increasing deformation and intensify local stress
concentrations through deformation incompatibility, promoting preferential crack nucle-
ation and early crack propagation. In contrast, CG regions display superior intrinsic de-
formability and enable sustained plastic energy dissipation. As cracks propagate into CG
domains, the activation of multiple slip systems generates elevated geometrically neces-
sary dislocation densities near crack tips, leading to enhanced back stress, crack blunting,
and increased fracture tolerance. A critical FG fraction of 31.4% is identified, which effec-
tively suppresses premature crack nucleation in FG regions while preserving high strength
unattainable in low-FG HS counterparts. This optimized dual-phase synergy ensures an
enhanced balance between strength and fracture resistance. The present study quantita-
tively elucidates the role of FG fraction in damage tolerance and establishes microstructural
design principles for fracture-resistant architectured and high-entropy alloys.

Keywords. harmonic structure, high entropy alloy, crystal plasticity, cohesive zone model,
fracture mechanisms, back stress, energy dissipation
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Wednesday - 09:00 - C223 - Generalized Continua, Metamaterials & Size Effects

Modeling Metamaterials by Second-Order Rate-Type
Constitutive Relations Between Only the Macroscopic
Stress and Strain

Vit Priisa’*
! Faculty of Mathematics and Physics, Charles University

* Presenting author

Following [ 2], we discuss a novel thermodynamically based approach for constructing ef-
fective rate-type constitutive relations describing finite deformations of metamaterials. The
effective constitutive relations are formulated as second-order in time rate-type Eulerian con-
stitutive relations between only the Cauchy stress tensor, the Hencky strain tensor, and
objective time derivatives thereof. In particular, there is no need to introduce additional
quantities or concepts such as “micro-level deformation”, “micromorphic continua”, “en-
riched continua”, or elastic solids with frequency dependent material properties.

The linearisation of the proposed fully nonlinear (finite deformations) constitutive rela-
tions leads, in Fourier space, to the same dispersion relations as those commonly used in
metamaterial theories based on the concepts of frequency dependent density and/or stiff-
ness. From this perspective the proposed constitutive relations reproduce the behaviour
predicted by the frequency dependent density and/or stiffness models, but yet they work
with constant — that is motion independent — material properties. The behaviour pre-
dicted by the linearised models is documented through numerical experiments exploiting
the dispersion-relation preserving discretisation proposed in [1].

Finally, we argue that the proposed fully nonlinear (finite deformations) second-order in
time rate-type constitutive relations do not fall into the traditional classes of models for elas-
tic solids (hyperelastic solids/Green elastic solids, first-order in time hypoelastic solids),
and that the proposed constitutive relations embody a new class of constitutive relations
characterising elastic solids.

Acknowledgements. The author thanks the Czech Science Foundation, grants no. 20-
11027X and no. 25-16592S, for its support.
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On the Size Effect in Cellular Foam Materials: A Combined
Numerical and Experimental Investigation
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* Presenting author

The mechanical behavior of foam materials is of great interest in lightweight engineering
due to their excellent stiffness-to-weight ratio. However, the presence of a microstructure
with a characteristic length comparable to component dimensions leads to size effects that
are not yet fully understood. The literature reports conflicting observations; for instance,
experimental studies have shown that smaller specimens can appear stiffer (a positive
size effect) [1], while other investigations have reported the opposite trend where smaller
specimens appear more compliant (a negative size effect) [3]. This ambiguity motivates
a deeper investigation into the underlying mechanisms. This contribution aims to shed
light on the sign and magnitude of size effects in foams by combining insights from recent
numerical and experimental work. Virtual testing on ceramic foams, which avoids exper-
imental artifacts, has indicated a clear negative size effect across different loading modes
[2]. In parallel, direct numerical simulations of foam-like structures have revealed that
both positive and negative size effects can emerge depending on the specific loading con-
ditions applied [4]. Our ongoing research extends these investigations to polymeric foams
with the goal of creating a profound experimental database as a basis to the development
of generalized continuum theories to describe these size effects.

Acknowledgements. Funding by the Deutsche Forschungsgemeinschaft (DFG) under the
grant number HU 2279/7-1 is gratefully acknowledged.
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Numerical Modeling of the Mechanical Behavior of New
Architectured Materials Based on Bi-Crystallographic
Analogies
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Additive manufacturing has allowed the development of architectured materials in the in-
dustry. However, despite their advantages, such as their low density and good energy
absorption, the use of cellular materials as structural components is still hindered by con-
cerns toward their mechanical stability and resistance [1]. In particular, highly periodic
stretch-dominated lattice structures are subjected to the emergence of localization bands,
which causes mechanical instabilities and early structural failure. A framework for improv-
ing the mechanical resistance of those lattice metamaterials consists in basing the design
guidelines on an analogy between the macroscopic lattice structures and the crystalline
microstructures [2]. For example, the introduction of defects like interfaces between dif-
ferent lattice orientations has been shown to hinder localization band propagation in an
analogous manner to the interaction between grain boundaries and slip bands in polycrys-
tals [2]. The objective of this study is to expand this framework by further exploring the
analogy between both materials. The novelty of this approach stems from the implemen-
tation of the bi-crystallographic Coincidence Site Lattice (CSL) theory, commonly used in
grain boundary engineering, to the design of bi-crystal inspired truss. Here, the CSL based
bi-crystal parameters give access to bi-crystal inspired truss with a strong diversity of inter-
face connectivity, through the nodes shared by the two lattice orientations. This allows to
evaluate the influence of specific interfacial connectivity on both local and global mechani-
cal behaviors. The reliability of this design methodology is assessed through finite element
calculations. In fact, these simulations enable to assess the interface’s influence on strain lo-
calization and on the lattice-based architectured material’s stretch or bending-dominated
deformation mode.

Acknowledgements. The authors thank the French National Research Agency (ANR) for
their financial support, under grant number ANR-23-CE08-0032 (MIRACLES project).

Keywords. architectured materials, bi-crystal inspired, interface, coincidence site lattice
References

[1] M. Benedetti, A. du Plessis, R. O. Ritchie, M. Dallago, N. Razavi, and F. Berto, Architected cellular mate-
rials: A review on their mechanical properties towards fatigue-tolerant design and fabrication, Materials
Science and Engineering: R: Reports, 144:100606, 2021, doi: 10.1016/j.mser.2021.100606.

[2] M.-S. Pham, C. Liu, I. Todd, and J. Lertthanasarn, Damage-tolerant architected materials inspired by
crystal microstructure, Nature, 565(7739):305-311, 2019, doi: 10.1038/s41586-018-0850-3.

23
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Well-Posed Continuum Damage Models Without the
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* Presenting author

Classical local damage models which represent softening behavior come with a serious
bottleneck: Their computational response at component level depends on the used mesh,
a result of the underlying mathematical ill-posedness of the localization phenomenon im-
plied by softening.

Traditional remedies include non-local or gradient-enhanced formulations which effec-
tively preclude localization by introducing a suitable length scale. However, these for-
mulations come with a few downsides: Integrating them into finite element (FE) codes
is rather intrusive, they are not necessarily well-posed in terms of uniqueness and they
cannot be up-scaled, i.e., homogenized. The alternative route via adding a viscous term
nullifies the elastic region of the model.

We discuss a damage-modeling approach based on measure theory, i.e., describing the
distribution of “damaged mass”. Based on the established framework of continuum ther-
modynamics, the model is formulated by specifying both the free energy and the dissi-
pation in a direct way. The involved potentials are, by definition, convex, and lead to a
well-posed mechanical problem. Put differently, the model leads to a mesh-independent
response which may be computed in a numerically robust way. Moreover, due to their
local nature, these models may be readily integrated into conventional user subroutines of
industrial FE codes.

Acknowledgements. Matti Schneider acknowledges the support from the European Re-
search Council within the Horizon Europe program - project 101040238. Celine Lauff
and Thomas Bohlke acknowledge the partial support by the German Research Founda-
tion (DFG) within the International Research Training Group “Integrated engineering of
continuous-discontinuous long fiber reinforced polymer structures” (GRK 2078) — project
255730231.
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Shape memory alloys provide an example of materials whose mechanical response com-
bines several deformation contributions. In addition to elasticity, dissipative processes
associated with martensitic phase transformation and microstructural reconfigurations
can be activated during loading. This leads to a rich mechanical response that is also
temperature-dependent and gives rise to the so-called shape memory phenomena. At the
same time, such a combination of several interdependent deformation processes poses a
significant challenge for formulating a plausible constitutive model [1].

Based on thorough experimental characterization, we propose a novel constitutive model
that captures the main, rate-independent features of the (thermo)mechanical behavior of
NiTi shape memory alloys, including non-conventional plasticity in martensite. By em-
ploying the formalism of the Generalized Standard Materials framework, we can treat dis-
sipative deformation processes in a unified manner, avoiding the explicit formulation of
force-flux relations for each and any combination of activated processes. On the other hand,
the fact that some specific transformation processes can occur only in a particular sequence
requires (also due to the non-smooth character of the dissipation function) a refinement
of the constitutive relations (evolutionary inclusions), which is then also reflected in the
numerical treatment of the constitutive update algorithm.

In the talk, we will briefly summarize the (thermo)mechanical response of NiTi shape
memory alloys, identify and characterize the main dissipative deformation processes, and
introduce the formulation of the constitutive model within the Generalized Standard Ma-
terials framework. A numerical implementation of the model to the finite element method
will be proposed and validated. The mathematical aspects on the model formulation will
be presented in a subsequent contribution by P. Pelech.

Acknowledgements. This work has been financially supported by the Czech Science
Foundation [Project No. 24-10366S] and by the Operational Programme Johannes
Amos Comenius of the Ministry of Education, Youth and Sport of the Czech Republic,
within the frame of the project Ferroic Multifunctionalities (FerrMion) [Project No.
CZ.02.01.01/00/22_008/0004591 ] co-funded by the European Union.
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Shape memory alloys are often modeled via non-smooth potentials in the Generalized
Standard Materials framework [2]. The non-differentiability of the minimized functional
then makes the numerical analysis challenging. Alternate minimization scheme (AMS) is
widely used as it reduces dimension of the problem and has been studied thoroughly when
the split variables are not coupled by a non-smooth term, see e.g. [1]. Recent paper [3]
extends the analysis to variables coupled by a non-smooth dissipation potential, which is a
typical case for SMAs; the AMS converges to a limit which depends on the splitting and the
solution differs from the one given by the full minimization scheme (FMS). As explained
by M. Frost in the preceding contribution, the specific choice of splitting is dictated by
physics and therefore the AMS (unlike FMS) reproduces the correct material response.
While non-smooth dissipation potentials are iconic for SMAs, the free energy is usually
considered to be continuously differentiable. Yet, a simple constraint on the state variables
makes the indicator function appear in the energy function, and the resulting problem is
then non-smooth in both rates and states. The limiting behavior of the AMS is then no
longer covered by the results obtained in [3] and the strategy for describing the effective
problem for AMS has to be modified.

In the talk, we will reduce the constitutive model of SMAs given in the preceding contri-
bution by M. Frost in order to make it mathematically feasible and highlight its important
properties. We illustrate on simple examples why the FMS and AMS yield different solu-
tions and describe the effective problem for AMS.

Acknowledgements. This work has been financially supported Operational Program Jo-
hannes Amos Comenius of the Ministry of Education, Youth and Sport of the Czech Re-
public, within the frame of the project Ferroic Multifunctionalities (FerrMion) [Project No.
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Despite advances in modelling NiTi shape memory alloys, it is still not trivial to model
and understand the convoluted impact of variants, grain size, hydrogen amount and ther-
momechanical coupling in hydrogen-containing systems. This work introduces a thermo-
dynamically consistent phase-field framework integrating Calphad-assessed Ni-Ti ther-
modynamics with DFT-derived NiTi-H energetics from Tang [3] and Holec et al. [2], re-
spectively, to compute phase-specific Gibbs free energies and driving forces for B2 — B19’
transformation under dilute hydrogen conditions. Our simulations show stabilisation of
austenite by nanocrystalline grain size and hydrogen during stress-induced martensitic
transformation. In hydrogen-free NiTi, increasing the grain size lowers the critical applied
stress for martensite nucleation, sharpens the transformation plateau, and raises maximum
global martensite volume fraction. Hydrogen consistently increases nucleation stress and
slope, delays the onset of the forward plateau, and reduces the martensite volume frac-
tion, effects which are amplified at smaller grains. These predictions demonstrate that
nanocrystalline grains enhance hydrogen-induced hindrance to martensite nucleation and
propagation, leading to incomplete superelastic recovery. They align with experimental re-
sults [ 1], offering mechanistic insights for hydrogen-resistant nanostructured shape mem-
ory devices. Finally, we will present the effect of heterogeneous hydrogen distributions,
which are encountered for instance during hydrogen loading of the samples, on the onset
of the transformation.

Keywords. NiTi shape memory alloy, hydrogen effects, nanocrystalline grains, stress-
induced martensitic transformation, phase-field modelling, superelasticity, austenite sta-
bilisation
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NiTi shape memory alloys (SMAs) are widely utilized in various engineering applications
due to their unique properties, such as superelasticity and shape memory effect. The op-
erational lifespan of SMAs in most of the applications involves enduring cyclic mechan-
ical/thermal loadings, which highlights the great importance of identifying their fatigue
behavior. Due to the martensitic transformation, fatigue in SMAs is mainly classified into
two aspects. The first aspect is known as functional fatigue, which involves the degrada-
tion of functional properties such as recoverable strain, transformation stress, and the area
of the hysteresis loop. The second aspect is referred to as structural fatigue, which pertains
to the evolution of damage within the material.

In superelastic NiTi, stress-induced martensitic transformation typically proceeds in a lo-
calized manner through propagation of diffuse interfaces (macroscopic transformation
front) that separate low-strain austenite from high-strain martensite. In view of the high
strain incompatibilities that exist within the transformation front, and thus large local
stresses, it can be inferred that transformation localization plays a key role in the fatigue
behavior of the material. Experimental studies have shown that repeated nucleation and
propagation of localized bands accelerate superelastic degradation and promote earlier
fatigue crack initiation and failure, highlighting a direct link between localization and fa-
tigue performance. While existing constitutive models capture general degradation trends,
they fail to distinguish the fatigue evolution in homogeneous versus non-homogeneous
(localized) transformations. To address this limitation, this study presents a novel func-
tional fatigue model that integrates the effect of localized transformation into the fatigue
constitutive description. The model adopts a gradient-enhanced formulation, in which the
gradient of the martensite volume fraction is included to represent the interfacial energy as-
sociated with the transformation front. The evolution of fatigue-related variables, namely
the irreversible volume fraction of martensite and plastic strain, is explicitly coupled to
transformation localization. This coupling is introduced by enriching their evolution laws
with the gradient of the martensite volume fraction, so that localized transformation fronts
accelerate their accumulation and thereby intensify functional degradation.

A representative numerical study investigates the influence of specimen geometry on fa-
tigue behavior, specifically comparing thin and thick NiTi strips. Experimental observa-
tions indicate that, as specimen thickness increases, the transformation front becomes more
diffuse, whereas thinner specimens tend to exhibit a sharper transformation front with
more branching. It has been revealed that the thicker specimen maintains a higher fatigue
life. The developed model is capable of capturing these important morphology-dependent
localization effects and their implications for functional degradation effects.

Keywords. shape memory alloys, superelasticity, instabilities, functional fatigue
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A Unified Formulation of Gibbs Free Energy for Solids and

Fluids

Thomas Bohlke'* 2, Frank Duderstadt?

! Karlsruhe Institute of Technology (KIT)
? TKMS, Kiel

* Presenting author

The Gibbs free energy plays a central role in the modeling of materials within both solid
and fluid mechanics, dating back to the seminal work of Gibbs (1873). While its formu-
lation in fluid mechanics is well established and largely undisputed, the situation in solid
mechanics is considerably less uniform. Over the past decades, a variety of formulations
have been proposed, see, e.g., Truesdell and Toupin (1969), Landau and Lifschitz (1975),
Lurie (2005), often based on different choices of kinematic variables, stress measures, and
thermodynamic potentials. These approaches are frequently incompatible and may lead
to conceptual inconsistencies and therefore have been criticized, see, e.g., Silhavy (1997),
Dreyer and Duderstadt (2008), particularly when attempting to establish a unified descrip-
tion that consistently encompasses both solids and fluids.

In this work, existing formulations of the Gibbs free energy for solids are critically ana-
lyzed and compared with their counterparts in fluid mechanics. Building on these consid-
erations, a geometrically nonlinear formulation of the Gibbs free energy is proposed. The
proposed formulation provides a unified thermodynamic structure that avoids the incon-
sistencies of earlier approaches and offers a transparent transition between solid-like and
fluid-like behavior. Several applications are discussed to illustrate the versatility of the
framework and its implications for constitutive modeling in nonlinear continuum mechan-
ics.

Keywords. Gibbs free energy, non-linear continuum mechanics
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Thermomechanical elastoplasticity has been extensively studied; however, many formula-
tions are developed within weakly coupled frameworks and often assume temperature in-
dependent material behavior. Fully coupled thermomechanical approaches have also been
investigated, but most are formulated in the finite-strain setting and are frequently solved
using staggered solution strategies [2]. While temperature-dependent constitutive mod-
els have been proposed, they typically are restricted to elastic analyses or consider only
a subset of material parameters for inelastic cases. Moreover, existing fully coupled for-
mulations with temperature-dependent properties are commonly developed for specific
engineering applications rather than as reproducible benchmark frameworks [1].

Despite these advances, their combined treatment in small-strain thermomechanics
remains unexplored, particularly with reproducible benchmark problems. This work
presents a fully coupled small-strain thermomechanical formulation for rate-independent
elastoplastic materials with combined isotropic and kinematic hardening, in which all
constitutive and thermal material properties are explicitly temperature dependent. The
governing balance equations and constitutive relations are derived and discretized within
a monolithic finite element framework. To avoid volumetric locking associated with nearly
incompressible plastic deformation, a mixed displacement-pressure formulation with a
stabilization term is employed. The implementation is verified against two benchmark
problems with available analytical and semi-analytical solutions, demonstrating excellent
agreement. Building on this verification, a suite of benchmark problems is introduced
to systematically examine the influence of temperature-dependent material properties
on the predicted thermomechanical response. The proposed framework is intended to
provide a comprehensive and openly documented benchmark reference for the develop-
ment, verification, and assessment of numerical methods for coupled thermomechanical
problems in small-strain elastoplasticity.
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The use of finite element software is essential for analyzing engineering materials, as the
precision of the results generated depends on how effectively the material models sim-
ulate real-world behavior. In this research, the mechanical properties of industrial S355
steel were evaluated across a range of strain rates, and the Johnson-Cook (JC) plasticity
model parameters were established through both experimental and numerical methods.
The investigation covered a temperature range of 20 °C to 700 °C. The JC plasticity model
constants were identified through a variety of experiments and evaluations, including com-
pression, Split Hopkinson Pressure Bar (SHPB) testing, and thermal analysis. These estab-
lished constants were incorporated into finite element analysis (FEA) software to simulate
both the plastic deformation of the material and the initiation of damage during virtual
experiments. Furthermore, a descriptive model for the dynamic strain aging (DSA) was
proposed to characterize the plastic flow behaviors of S355 steel based on various ranges of
temperatures and strain rates. Subsequently, the model predictions were compared with
the results obtained from experimental test sets, which showed good agreement.

Acknowledgements. Funded by the National Science Centre, Poland under the OPUS call
in the Weave programme under the grant 2022/47/1/ST8/02394 (marked as LA project 24-
145771, Material and structural response to dynamic actions in fire in the Czech Republic).
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Magnetorheological elastomers (MREs) are active soft materials that respond to external
magnetic fields, enabling applications in soft robotics, flexible electronics, and biomedi-
cal devices. Their behavior is governed by coupled magnetoelastic interactions, requiring
complex computational models. Zhao et al. [2] proposed a simplified approach by treating
the magnetic response as a material parameter, effectively decoupling the magnetoelastic
problem into a purely elastic one.

However, Dorfmann and Ogden [ 1] pointed out inconsistencies in this formulation, par-
ticularly regarding the constitutive relations, stress symmetry, and frame indifference. In
this work, we refine Zhao’s model by integrating Dorfmann’s critiques to achieve a fully
consistent decoupling. We identify force-like boundary conditions necessary to maintain
physical accuracy and develop a finite element framework to solve the problem in both
multiphysics and purely static scenarios. This approach enhances computational efficiency
while ensuring a rigorous representation of MRE behavior. Our findings provide a more ro-
bust theoretical foundation for MRE modeling, with implications for the design of adaptive
structures, biomedical actuators, and next-generation soft robotic systems. By addressing
key theoretical and numerical challenges, this work advances the applicability of MREs in
engineering and applied sciences.

Keywords. magnetorheological elastomers, magnetoelasticity, Finite element method,
constitutive modelling
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This paper presents a multi-regime framework designed to capture the complex thermo-
mechanical behavior of high-density polyethylene (PE-HD) across the melting transition.
Assuming a homogeneous, isotropic material and volume constancy (incompressibility),
the proposed approach integrates non-linear elasto-plastic hardening for the solid state
and viscous behavior for the molten state into a unified numerical environment. The
mathematical core of the model relies on a temperature-dependent state transition crite-
rion based on the melting temperature 7;,,. The governing equations are partitioned as
follows: (1) An elasto-plastic formulation utilizing the Hensel-Spittel law — traditionally
employed for metallic materials — is adapted to describe the solid state flow behavior of
the polymer. Flow curves are derived from temperature-controlled flat compression tests,
accounting for thermal softening and strain hardening. (2) A viscous model based on
the rate-power-law, where the constitutive relations are informed by oscillatory rheometry
and converted using the Cox-Merz rule to define the rate-dependent viscosity. A compre-
hensive material card was developed, incorporating additional experimentally determined
temperature-dependent thermal properties (heat capacity, thermal conductivity). A key
aspect of this work is the implementation through a user-defined subroutine into the com-
mercial FE software Simufact Forming. This enables a seamless numerical transition at the
solid-liquid interface, which is critical for solving the underlying moving boundary prob-
lem. The model’s predictive capability is validated through a dual approach: accuracy is
verified via flat compression tests and measurement of the melt layer thickness in a heat-
ing experiment, which is tracked using tactile penetration depth analysis and embedded
thermocouples. The results demonstrate that the proposed framework accurately predicts
the material behavior across the melting transition.

Acknowledgements. The authors thank the German Research Foundation (DFG) for fund-
ing of the project “Analysis of melt flow in thick-walled heated element butt welded ther-
moplastic joints by FE simulation” (project numbers: AW 6/43-1, GE 627/21-1, grant num-
ber 529312191).
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When predicting the material behavior of thermoplastic materials for a wide range of
temperatures, it is important to incorporate the influence of their distinct glass transition
regime. In this context, there are two phenomena to highlight. First, there is a significant
difference in their material properties, such as the stiffness, above and below the glass
transition temperature. Secondly, there is a noticeable process and rate dependency in the
material behavior in the glass transition regime, i.e., viscoelasticity in the mechanical case
[1]. However, such relaxation phenomena can also be observed for caloric quantities, such
as the heat capacity, which depend on the temperature rate in the vicinity of the glass tran-
sition temperature. In the case of heating processes even a non-monotonic change with
respect to the temperature can be observed.

In this contribution, we give an introduction to an internal variable approach to model
caloric relaxation processes, similar to the works of Lion et al. [3] and Keursten et al. [2].
Based on the standard linear solid model, analogies to classical viscoelasticity can be drawn.
This allows us to derive clear restrictions on the introduced material parameters to ensure
thermodynamic consistency. Additionally, the influence of energetic and dissipative ef-
fects can be separated. The predictive capabilities of the model will be investigated using
exemplary experimental data. By measuring the heat capacity in a DSC experiment, the
presented model gives access to the evolution of the internal variable. Special focus will
be put on the determination of the relaxation time, in particular with respect to different
rate dependencies.
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The physical properties of materials change dramatically at the glass transition. The glass
transition can in principle be considered from the mechanical or from the thermodynamic
point of view. In this contribution, we will focus on the thermodynamic point of view. The
Generalized Entropy Theory (GET), originally developed by Freed and coworkers [1], re-
lates the glass transition to the entropy density of the considered material. The glass tran-
sition temperature is defined with respect to the structure relaxation time, which must
exceed 100 seconds. For mixtures, the GET allows the consideration of local fluctuations.
The GET enables us to predict the glass transition temperature if the entropy density can
be calculated. For this purpose, a thermodynamic equation of state based on statistical
mechanics of the molecules can be used. One example is the lattice theory, developed
by Sanchez-Lacombe (SL) [2]. This theory requires for every kind of molecule three pure-
component parameters which can be adjusted to experimental data related to the pressure-
volume temperature behavior in the amorphous state. In the case of mixtures, combining
rules must be applied. After the parameterization of the SL, different thermodynamic
quantities, including density, entropy as well as phase diagrams, can be calculated. We
use the SL within the GET for the calculation of glass transition temperatures of pure poly-
mers and polymer blends. The application of this framework permits the calculation of the
glass transition of polymers as a function of molecular weight and pressure. In the case
of polymer blends, the glass transition temperature can be predicted as a function of the
blend composition. We will discuss this phenomenon for miscible blends (Polyisoprene
+ Polybutadiene, Polystyrene + Polyphenylenether) and for blends showing demixing be-
havior (Polystyrene + Poly(vinyl methyl ether)). In the case of copolymers (Poly (styrene
co acrylonitrile) ), the glass transition can be calculated as a function of the chemical com-
position. Additionally, the impact of small molecules, for instance softener or humidity,
on the glass transition can be studied. The predictions will be compared with experimental
data taken from the literature.

Acknowledgements. We thank the German Science Foundation for financial support of
SUSGEL.
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A functionally graded material is characterized by spatially varying properties that depend
on position within the structure. In addition to unit cell designs incorporating material
gradients, shape memory materials can be exploited by locally programming their shape
recovery behavior through controlled adjustment of the printing parameters in a fused
filament fabrication (FFF) process.

Predicting the resulting shape change and establishing a link between print parameters
and the effective material properties has been addressed in the literature. However, the
definition of suitable design parameters that can serve as targets for optimization has not
yet been fully realized. Additional challenges arise when attempting to connect the G-code
to a predictive simulation capable of capturing the directional properties induced by the
printing process.

This work presents a methodology to experimentally characterize the recoverable strain of
4D-printed structures without requiring a full thermal simulation of the printing process.
The approach is based on beam theory and curvature measurements, using a strain ansatz
to describe the pre-activated state of the material. The measured curvature is interpreted as
the outcome of a strain gradient introduced during printing. Furthermore, the simulation
is coupled directly with the G-code, enabling access to directional and process-induced
information.

Using this framework, a 4D unit cell design can be developed and the shape change behav-
ior can be subjected to homogenization, thereby extending a multiscale optimization frame-
work to enable the design of functionally graded materials manufactured via 4D printing.

Acknowledgements. Fraunhofer CPM
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Metal Additive Manufacturing (MAM) processes are characterized by highly localized
heat inputs, steep thermal gradients, rapid phase transitions, and evolving interfaces.
Numerical simulation of MAM processes is particularly challenging due to the multi-
physics nature of these phenomena. The aim of this contribution, is to present a single
robust numerical framework based on the Particle Finite Element Method (PFEM)
capable of simulating a wide range of 2D and 3D applications in both fluid and solid
mechanics, including fluid-structure interaction, phase change and MAM. Our original
contribution lies in the combination and adaptation of state-of-the-art developments
from the PFEM literature, including fluid-solid coupling, second-order accurate time
integration schemes, advanced remeshing techniques, phase transformation models and
laser-material interaction. Our PFEM formulation is unified and monolithic since the same
conservation equations (momentum balance, mass conservation and heat equations) and
nodal unknowns (velocity, pressure and temperature) are used in a single global system
of equations to solve the fluid and solid parts.

Solid materials are represented using a thermo-elastic-viscoplastic model (hypoelastic
formulation) while fluid materials are represented using a general non-Newtonian fluid
model. A phase transformation model allowing continuity of the deviatoric stresses across
the whole mushy zone is presented. To properly model the thermo-mechanical couplings,
an expression of the thermal expansion coefficient including a pressure-dependent term,
which is usually not taken into account, is derived. Moreover, the generalized-a time
integration scheme is adapted to our unified formulation.

All three conservation equations are discretized and integrated using the same scheme
and a single set of integration parameters. The problem is solved using the finite element
method within the Lagrangian framework and large deformations of fluids and solids are
addressed using a remeshing procedure, which is the underlying principle of the PFEM.
The proposed formulation is extensively verified using simple benchmarks from the lit-
erature and it is then applied to more complex problems to show the capabilities of the
method in the context of MAM.

Keywords. additive manufacturing, LPBF, phase change, unified fluid-solid material
model, particle finite element method
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The macroscopic elastoplastic response of cellular solids is fundamentally governed by
complex deformation kinematics that vary across disparate loading paths, presenting a
significant challenge for the predictive modeling of architected materials. This inherent
asymmetry, identified as a primary limiting factor in the predictive modeling of cellular
metamaterials [2], underscores the urgent requirement for a physically based constitutive
model integrated into a non-symmetric constitutive framework to establish a high-fidelity
homogenized model.

Uniaxial experimental characterization of 316L stainless steel body-centered cubic architec-
tures reveals a distinct bifurcation in behavior where compressive regimes are dominated
by bending-driven progressive cell collapse and stable stress plateaus, while tensile load-
ing triggers localized plastic instabilities and premature ductility exhaustion.
High-fidelity finite element simulations explicitly incorporating the lattice topology
demonstrate that this non-symmetric response originates from the micromechanical
distribution of stress and strain at the unit-cell level and the onset of internal structural
instabilities.

The demonstrated inability of conventional symmetric constitutive models to capture these
effects highlights that such frameworks are physically inadequate for describing the me-
chanical evolution of these complex materials. Consequently, this work provides the neces-
sary experimental and numerical evidence to support advanced homogenized frameworks
capable of capturing localized strut buckling and plastic hinge formation for accurate pre-
dictions under multiaxial loading conditions.

Keywords. asymmetric plasticity, laser powder bed fusion, 316L stainless steel, BCC lattice
architecture, architected materials, constitutive modelling, deformation kinematics, local-
ized instabilities
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Additive manufacturing of fiber-reinforced composites via material extrusion enables the
production of structurally optimized, anisotropic components tailored to specific load con-
ditions. A key challenge, however, is that conventional topology optimization methods do
not incorporate filament paths, and existing approaches for filament path planning often
fail to efficiently support the structural function of already optimized geometries.

To address these limitations, this work presents two contributions. First, a staggered opti-
mization approach is introduced that couples two level-set methods to optimize topology
and filament paths simultaneously, ensuring performance and manufacturability. Second,
a hybrid three-step framework is proposed to generate fabrication-ready filament paths
that align closely with local principal stress directions. The effectiveness of these meth-
ods is demonstrated on two-dimensional structures, where the optimized filament layouts
achieve superior compliance compared to state-of-the-art approaches.

Practical feasibility is further validated through multi-material 3D printing with variable-
width deposition, which effectively eliminates gaps and preserves the intended mechani-
cal performance. These results demonstrate the framework’s capability to bridge the gap
between theoretical design optimality and real-world manufacturing constraints, provid-
ing a robust pathway for producing high-performance composite components via additive
manufacturing.

Keywords. additive manufacturing, optimization, composites
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Plants are able to move rapidly (Venus flytrap, Mimosa Pudica). Instead of muscles, they
use an organ composed of thousands of cells, called the pulvinus. These cells can absorb
or release water to dilate or shrink, also affecting the stiffness of the tissue. We draw in-
spiration from this biological design, which achieves resilience through redundancy, by
manufacturing and characterizing a pressurized cellular solid made of silicon with cubic
cavities. Nonlinear finite element simulations show that, as the empty cells get pressurized,
the mechanical behavior evolves from orthotropic to other programmable anisotropic stiff-
nesses and Poisson’s ratios. The homogenized mechanical properties that result from the
same device with different pressure patterns are studied exhaustively for patterns of size
2x2, 3x3 and 4x4 cells to extrapolate design rules. With the help of miniaturization tech-
niques, this prototype of programmable pneumatic actuator will find applications in soft
robotics.

Acknowledgements. This work was supported by the Agence Nationale de la Recherche
(Paris, France) [grant number ANR-22-CE51-0012]. Since January 2026, Paul Lacorre has
received partial funding from the European Union via the ROBOPROX project (Project No.
CZ.02.01.01/00/22_008/0004590) and the CTU Global Postdoc Fellowship.
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Determination of Constitutive Parameters From 3D Strain
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Fibre-reinforced polymer composites combine a stiff and strong reinforcing fibre with a
relatively compliant matrix to bind the fibres together. They are taking up a central role
in lightweight solutions, as they combine a high stiffness and strength with a low density.
Apart from the fibre and matrix, the fibre/matrix interface is often considered to be the
third constituent. These three constituents govern the mechanical performance of compos-
ites and knowing their constitutive parameters is crucial for predictive micromechanical
models. Motivated by recent advancements in digital volume correlation performed on
in-situ synchrotron measurements [ 1], we present an approach to determine these param-
eters from strain fields. We leverage a fast FFT-based solver implemented in DAMASK
[2] that operates on a regular grid which enables a direct takeover of experimental data.
To evaluate the capabilities and limits of the approach, a sensitivity study is performed in
combination with a systematic parameter study.

Keywords. composites, micromechanics
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From the early strain stages, particulate composites can exhibit a nonlinear effective re-
sponse even when their constituents exhibit linear behavior, due to microstructural rear-
rangements such as porosity reduction, reorientation, and particle shape evolution. This
work proposes a constitutive multi-scale model aiming at obtaining the macroscopic re-
sponse of multiphase composites (pores and inclusions) while taking into account, in an
approximate manner, the evolution of their microstructure and its impact on the effective
anisotropic response of said composites. For this purpose, an incremental model is devel-
oped in which the microstructural state is characterized by the volume fractions, aspect ra-
tios, and orientation of the inclusions, whose evolution is governed by equations derived
from kinematic relations and estimates of the average strain and rotation rates of each
phase [3, 1]. The latter are obtained through a homogenization process using mean-field
approaches such as Mori-Tanaka, Lielens, and the differential scheme ([2, 4, 5]), allowing
for a computationally efficient integration of essential microstructural features. The effec-
tive response is eventually obtained via a tangential operator. The model thus developed
is then applied to describe the compressive behavior of concretes with a porous matrix
enriched with vegetal particles.

Keywords. homogenization, microstructure evolution, mean-field schemes
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Bamboo is one of the fastest-growing plants and exhibits mechanical properties compara-
ble to wood, making it a promising material for sustainable construction. Its hierarchical
anatomy induces pronounced anisotropy and heterogeneity across multiple scales [ 3], yet
comprehensive characterization and modeling of its thermo-mechanical behavior remain
limited, particularly at lower scales. While previous studies have investigated the fibrous
mesostructure [2] and the cellular microstructure [ 1] of bamboo, a deeper understanding
of the macroscopic thermo-mechanical behavior is still needed.

This contribution presents a multiscale framework for modeling the thermo-mechanical
behavior of Moso bamboo (Phyllostachys edulis) incorporating FFT-based homogenization
methods. Using X-ray microtomography data [1], the cellular microstructure of bamboo
is characterized, enabling the reconstruction of representative volume elements (RVE)
via advanced tessellation algorithms. The statistically inhomogeneous mesostructure of
the culm wall is characterized via computational image processing of cross-sectional mi-
croscopy images. According to the measured characteristics an RVE of the mesostructure
can be reconstructed for any radial position within the culm wall.

To characterize the thermo-elastic behavior of bamboo, uniaxial dilatometry and tensile
tests are conducted with bamboo culm wall specimens consisting of varying fiber bundle
fraction. According to the observed material behavior, material models for the local con-
stituents are derived. By fitting the multiscale model to the experimental data, not only the
local material parameters are identified but also the fully anisotropic and inhomogeneous
macroscopic behavior is predicted.

The proposed approach, which integrates material and microstructure modeling, enables
a precise prediction of bamboo’s thermo-mechanical response, thereby supporting the de-
velopment of bamboo-based engineering solutions.

Keywords. Moso bamboo, thermo-mechanics, multiscale modeling, FFT-based homoge-
nization
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The macroscopic mechanical response of composite materials depends on the properties
of the constituents as well as the microstructure, i.e., the spatial arrangement of the con-
stituents. In this talk we focus on the high temperature creep response of a eutectic NiAl-
(Cr,Mo) composite [4], which forms domains (eutectic colonies) within which two metal-
lic phases are arranged as ultrafine lamellar structures. Mesoscopic creep experiments of
individual colonies showed that the minimum creep rate spans several orders of magni-
tude depending on the load direction relative to the lamination direction. The apparent
Norton exponent also shows a strong anisotropy. Both effects are due to an inhomogeneous
stress partitioning between the two phases which originates from the lamellar morphology
and the high material contrast. In order to model the macroscopic mechanical response of
the material system, we make use of a three-scale homogenization scheme involving two
length scale bridges. For this, we describe the lamellar microstructure as a periodic rank-1
laminate [3], which allows for an efficient evaluation of the effective behavior of a single
colony. To account for the interaction between different colonies, we use numerical homog-
enization techniques, e.g., the description of the mesostructure as a Laguerre tessellation
[2] with prescribed interface orientation distribution [1] and its discretization using finite
elements. After identification of the constitutive laws of the single phases, we investigate
the influence of different interface orientation distributions on the macroscopic creep re-
sponse.

Keywords. crystal plasticity, homogenization, high temperature, creep
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Phase-field models are a powerful tool for simulating microstructure evolution [5], but
their microscopic resolution makes the direct simulation of macroscopic components
computationally prohibitive. While two-scale homogenization methods like FE? are
well-established for mechanical problems, a rigorous framework for homogenizing the
phase field and its gradient remains an open challenge. Current approaches are often
limited to mechanics-only scale coupling or simple mixture rules that neglect gradient
energy effects [1]. Even recent mathematically rigorous attempts, such as those using
asymptotic expansion for fracture, are restricted in their scope [3], highlighting the need
for a more general framework.

This work presents a thermodynamically consistent homogenization framework for cou-
pled phase-field problems. Building upon our prior work on phase-morphology kinemat-
ics 6], we establish a rigorous kinetic scale transition rooted in Gurtin’s microforce theory
[2]. Via a formal two-scale expansion of the order parameter, we derive a consistent trans-
fer of the phase field and its gradient from the micro- to the macroscale. This yields a com-
plete set of macroscopic constitutive laws and a macroscopic evolution equation for the
homogenized order parameter. The framework’s predictive capabilities are demonstrated
within a computational two-scale simulation. The implementation leverages a micromor-
phic DirectFE* scheme, previously established by the authors [4], to solve macroscopic
boundary value problems for which the material response is directly governed by the evo-
lution of the underlying microstructure.

Keywords. phase-field theory, computational homogenization, FE?
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In this work, a phase-field framework is implemented to investigate the microstructure
evolution in Ti-Mo systems involving the parent 5 phase and four w variants [1], with
particular emphasis on the high w—w interfacial energy, which leads to separation of w
variants by the § phase. Each phase is characterized by an order parameter constrained
between 0 and 1, with all the order parameters satisfying the sum-to-unity constraint. The
microstructure evolution is governed by the minimization of a global rate-potential [3],
with interfacial energy contributions characterized through a double-obstacle potential [4].
To evaluate computational performance and accuracy, the numerical behavior of this for-
mulation is benchmarked against a multi-well double-ditch potential formulation within
the governing phase-field framework [2]. While the constraints can be enforced by a stan-
dard penalty formulation, modeling the high-energy w—w interfaces remains challenging
because it requires very large penalty parameters, which lead to ill-conditioning and in-
efficient performance of iterative solvers. To overcome this limitation, an augmented La-
grangian framework is implemented in the form of the Uzawa algorithm, where the pri-
mal variables are solved for fixed dual variables and the dual variables are then updated
systematically. The effectiveness of this approach is demonstrated through preliminary
one-dimensional simulations. Subsequently, the proposed formulation is scaled to higher-
dimensional simulations, emphasizing its robustness and improved convergence behavior
in complex scenarios.

Keywords. microstructure evolution, constrained optimization, augmented Lagrangian
method, Uzawa algorithm
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Thin metal films are exposed to hydrogen (H) such that hydride formation and phase sta-
bility can be investigated. The hydride-forming metal, i.e., palladium (Pd), is sputtered
on an inert substrate. Due to the H-induced lattice expansion of the adhered film, stresses
arise, and the composite structure bends. Depending on the stress state, the H concentra-
tion and the temperature, hydride formation is possible or suppressed [2]. However, in-
elastic deformations alter the phase stability for a fixed temperature. Experimental studies
by Colla et al. [1] investigate the creep behavior of thin Pd films, revealing a rate depen-
dency of the plastic flow. To support these investigations, a Finite-Element (FE) model to
represent physically, but also geometrically, the composite structure is needed. A chemo-
-mechanical model for the thin film accounting for H diffusion and inelastic deformation
is introduced. The focus is on the chemo-mechanical coupling as hydride formation in the
PdH system at room temperature depends strongly on the plastic deformations [2]. The
diffusion model fully couples the chemical and mechanical constitutive response follow-
ing [4] and [3]. The chemical potential depends on the mechanical stress state which im-
pacts the phase stability during hydride formation. However, only the hydrostatic stresses
contribute to the chemical potential while plasticity coupling is solely due to geometrical
constraints. Thus, the thickness’s contrast and its influence on the stress state needs to be
studied. Current results regarding the role of phase formations on the stress evolution as
well as a comparison between model and experimental measurements will be presented.
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The last years have brought about a large development of blue light emitting laser diodes
made in GaN based multilayers. The indium-rich InGaN layers deposited on GaN sub-
strate can segregate into islands (quantum dots).

In this paper we analyse the residual stress field in a bimaterial GaN/AlGaN substrate
prepared for epitaxial growth of InGaN layers. The stress field is analysed by solving a se-
ries of nonlinear finite-element boundary-value-problems [ 1, 2] considered for anisotropic
chemo-hyperelastic material. The main source of residual stresses formed in the substrate
yields from the chemo-elastic coupling (Vegard’s law). The planar homogeneity of such
obtained residual stress field is perturbed by the knurling-like pattern conducted on the
reverse side of the substrate (on the opposite side to the epitaxial growth surface). Differ-
ent finite strain measures, different sets of third-order elastic constants as well as different
spatial distribution of GaN and Al,Ga;_,N layers in the substrate are considered in this
analysis. We show how strongly the resultant pattern of stress field formed in the area of
epitaxial growth depends on the assumed chemical composition, elastic model and geo-
metrical parameters.

With respect to the wanted form of the stress-strain distribution, we consider this problem
in terms of the topological optimisation of a chemo-elastic boundary-value-problem. The
optimisation procedure performs a design space exploration over the geometry and chem-
ical composition of finite element mesh. The design variables are the GaN layer thickness
and the chemical composition profile. For each design instance, a full 3D hexahedral FE
mesh of the multi-layer tile geometry (GaN + AlGaN layers with rounded notches) is gen-
erated, the composition distribution is assigned layer-by-layer via linear interpolation onto
mesh nodes, and the weighted chemo-elastic problem is solved. After all evaluations, the
best and worst designs are identified based on the minimum and maximum values of the
objective function, and are subsequently visualised and exported to FEAP input files for
high-fidelity verification.

Keywords. crystal growth, hyperelasticity, residual stress fields, optimisation of chemical
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The gap test [3] is a recently introduced non-trivial experiment designed to evaluate the
effect of crack-parallel stresses on the tensile strength and fracture energy of materials
and to benchmark constitutive models for concrete, as suggested by its conceptual author,
Z.P. Bazant.

Although the setup resembles a three-point bending test of a notched beam, the defining
difference is the initial preloading stage. In this stage, the central part of the specimen is
vertically compressed, and this load is maintained during the subsequent bending phase.
Experimental data indicate that low-magnitude preloading has a favorable effect on the
bending response, whereas higher magnitudes lead to a significant reduction in strength.
Preliminary results from our recent numerical study [2] suggested that structural effects
present in the experiment may outweigh the impact of the constitutive model behavior
under complex multiaxial stress states. Those simulations, performed in the OOFEM plat-
form [4], employed the CDPM2 damage-plasticity model for concrete failure by Grassl and
coworkers [ 1], calibrated on conventional three-point bending tests across three specimen
sizes to ensure the size effect was captured correctly.

This contribution compares the response obtained with the sophisticated CDPM2 model
with that of a simple isotropic damage model featuring exponential softening and a
smoothed Rankine expression for the equivalent strain. The responses are compared to
the entire experimental dataset, consisting of three specimen sizes and three levels of
preloading. Finally, we investigate whether modifying the dimensions of the preloading
plates can diminish the parasitic structural effects observed in the original setup.
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This presentation explores the conditions for strain localization within the plastic regime
of the Concrete Damage Plasticity Model (CDPM2 [1]), prior to the initiation of material
damage. While localization in concrete is typically associated with the softening branch—
where damage evolution leads to a loss of material stability—non-associated plasticity
models can exhibit discontinuous bifurcations even during the hardening phase. This
study focuses on the theoretical and numerical assessment of the localization tensor to
determine the boundaries of stable plastic flow.

The analysis reveals that localization can indeed occur within the plastic regime, primarily
as a consequence of the non-associated flow rule. For a given stress state and set of material
parameters, the critical hardening modulus required to maintain a positive determinant of
the localization (acoustic) tensor is analytically evaluated. Subsequently, the stress space is
discretized to systematically evaluate this critical hardening modulus across stress states
that can be reached before the onset of damage. The results demonstrate that when all
other material parameters are held fixed, the hardening modulus parameter H, must be
selected within a specific admissible interval to entirely prevent localization during the
loading process. Furthermore, the study investigates the sensitivity of this allowed interval
for H), to variations in the remaining material parameters, showing how certain parameter
combinations restrict or altogether eliminate the stable domain.

The results provide essential guidelines for the robust calibration of CDPM2, ensuring that
the model remains stable during the hardening phase and that any subsequent localization
is physically representative of the damage process rather than a premature mathematical
instability of the plastic formulation.
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Extrusion-based 3D-printed concrete (3DPC) is characterized by pronounced anisotropy
and reduced interlayer strength due to its layer-wise manufacturing process. Recent ex-
perimental work indicates that the interlayer forms a mechanically distinct filament inter-
facial zone with altered particle content, local stiffness, and incomplete bonding at filament
boundaries. A numerical framework must therefore account for the microstructural het-
erogeneity induced by printing in order to predict interlayer failure realistically.

This contribution presents a microstructure-based discrete lattice model for fracture in
3DPC. The material is represented by a regular three-dimensional X-braced truss lattice
in which the cementitious matrix and aggregates are resolved explicitly. The printed in-
terlayer is modeled as a core—filament-interfacial-zone—core arrangement with spatially
varying particle volume fraction, particle size, and local stiffness. Damage and fracture
are described at the bond level, allowing crack initiation, localization, and propagation
to emerge naturally from the underlying heterogeneity. To capture the brittle softening
response, the equilibrium problem is solved using a dissipative arc-length solver.

The main objective of the study is to identify which interlayer parameters most strongly
influence tensile strength and fracture behavior. The effect of particle distribution across
the filament interfacial zone is examined, including smooth profile variations motivated
by experimental observations of particle depletion in the interlayer region. Additional pa-
rameters include the thickness of the interfacial zone, particle-size contrast between the
filament core and interlayer, and reduced stiffness of the interfacial zone. The resulting
simulations are used to compare crack paths, load-displacement response, and localiza-
tion patterns for different microstructural scenarios.

The proposed framework links experimentally observed interlayer morphology to the
mesoscale fracture response of 3DPC. At the same time, it serves as a basis for future mul-
tiscale extensions using the QuasiContinuum methodology, enabling efficient simulation
of larger printed structures while retaining explicit microstructural resolution in critical
regions.

Acknowledgements. This work was supported by the European Union through a Marie
Sktodowska-Curie grant (Grant Agreement No. 101151096, starting in September 2024 ).
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