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Subvention IMT: ~ 150 k€,
Period: 2021-2023,
Responsibility: Numerical modeling of the chemical reactor, development of the algorithm
for intelligent sensor placement.
Partners: CETIM, STCN, INEOS, IMT Nord Europe (CERI for Materials and Processes
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and CERI Numerical Systems).

Project Chair ANR CORENSTOCK (Conception orientée cycle de vie & approche
systémique pour efficacité énergétique du stockage de systemes de chauffage),

Project leader: M. Lagardere,

Subvention IMT: ~ 250 k€,

Period: 2021-2025,

Responsibility: Responsible for the numerical design of the reservoir made of composites,
multi-scale modeling, microscopic modeling of sensors integration.

Partners: elm.leblanc, IMT Nord Europe (CERI MP, EE et SN), I'Institut Fayol de I'Ecole
des Mines de Saint-Etienne (MSE-Fayol)

Project ANR JCJC SHORYUKEN (Assemblage de composite carbone hybride ther-
moplastique - thermodurcissable : personnalisation de structures complexes),

Project leader: A.C. Akue Asseko,

Subvention IMT: ~ 360 k€,

Period: 2021-2025,

Responsibility: Characterization (mechanical testing, optical microscopy, pCT) of the laser
welded composite assembly.

Project Horizon Europe ECOHYDRO (Economic Manufacturing Process Of Recy-
clable Composite Materials For Durable Hydrogen Storage),

Project leader: C. H. Park,

Subvention IMT: ~ 1.1 M€,

Period: 2024-2028,

Responsibility: Multi-scale modeling of composite materials considering manufacturing de-
fects.

Partners: Basaltex NV, KUL, Promat, AIRBUS, Canoe, Mahytec, ARKEMA, D.P. Ma-
terials Design and processing, Haesaerts, LIST, Politechnika Wroctawska, Electra, FEV,
TEMSA.
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Teaching

Period Mines Douai (2013-2019)

During this period, the teaching program was the old program of the Ecole des Mines de Douai
(with specialization option including major and minor courses). I have taught mainly three
specialties: Engineering Mechanics (IM) and Technology of Polymers and Composites (TPC)
at Mines Douai; and third-year students of Institut Supérieur de Plasturgie en Alternance (3A
ISPA) (Alengon, France). Here is the list of classes (sorted by year):

2012: Dynamics of Solids: Analytical Mechanics (in English), students: first-year master of
IM specialty, 8h of courses.

2013: Mechanics of Composites (in English), second-year master students of IM specialty and
second-year master students of TPC specialty, 20h of lectures and 8h of lab sessions.

2014:

— Fracture Mechanics (in English), international master program of IAM-RWTH Aachen Uni-
versity (Germany), 12h of lectures;

— Mechanics of Composites (in English, in hybrid bi-sites mode), second-year master students
of IM specialty, second-year master students of TPC specialty and third-year students of
ISPA, 20h of lectures, and 8h of lab sessions.

2015, 2016 and 2017:

— Fracture Mechanics and Fatigue (in English), second-year master students IM specialty, 20h
of lectures and 8h guided tutorials (TD);

— Mechanics of Composites (in English, in hybrid bi-sites mode), second-year master students
of IM specialty, second-year master students of TPC specialty and third-year students of
ISPA, 20h of lectures and 8h of practical sessions.

2018 and 2019:

— Dynamics of Solids: Analytical Mechanics, first-year master students of IM specialty, 20h of
lectures;

— Fracture Mechanics and Fatigue (in English), second-year master students of IM specialty,
20h of lectures and 8h guided tutoring (TD);

— Mechanics of Composites (in English, in hybrid bi-sites mode), second-year master students
of IM specialty, first-year master students of TPC specialty and third-year students of ISPA,
20h of lectures and 8h of lab sessions.

To this list should be added the supervision of groups of students in the following projects every
year:

e Project (PST) Design of composite bridge (concours SAMPE France), for first-year master
students of IM and TPC specialties, 120h per year;
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Project (PDR) Discovery of Research for first-year master students of IM and TPC special-
ties, 80h per year.

Period IMT Lille Douai and later IMT Nord Europe (2019-2023)

The major difference of this period is the organizational mode of the teaching process. All

programs are divided into blocks (Units of Value, UV) that represent a 100-hour pedagogical
load. I have taught two specialties at IMT Nord Europe: IMF - Ingénierie Mécanique & de la
Fabrication and PC - Matériaux Polymeres €9 Composites. 1 also continue to teach the students
of the third year of the Institut Supérieur de Plasturgie en Alternance (3A ISPA) (Alengon,
France).

Here is the list of classes (sorted by year):

2019:

Morphing structures for energy harvesting, UV project for master students of the first and
second year of the specialties IMF et PC, 100h of project;

Car prototype for shell eco-marathon, UV project for master students of the first and second
year of the specialties IMF et PC, 100h of project;

Fracture Mechanics and Fatigue (UV.CONSTR), second-year master students of IMF spe-
cialty, 12h of lectures;

Mechanics of Composites, students: second-year master of IMF specialty and second-year
master of PC specialty, 20h of lectures and 8h of practical sessions;

Mechanics of Composites (video-conference), third-year students of ISPA, 20h of lectures,
and 8h of lab sessions.

2020:

Numerical Design, students: second-year student of the integrated preparatory cycle (L2),
in Elective Module (ME) Introduction to materials, bh lectures;

Numerical Design, students: second-year student of the integrated preparatory cycle (L2),
in Elective Module (ME) Bio-mimicry in EcoDesign, 5h lectures and 10h guided project;

Computer-aided engineering (UV.CNU), students: first-year master students of IMF spe-
cialty, 16h guided project;

Mechanics of Composites (UV.CADIST) and Multi-scale modeling of composites (UV.CNUA),
students: first-year master students of IMF specialty and second-year of PC specialty, 20h
lectures and 8h of lab sessions;

Mechanics of composites: test case hydrogen (UV.CADIST), students: second-year of PC
specialty, 4h guided project;

Mechanics of composites, students: third-year students of ISPA, 20h lectures and 8h of lab
sessions;



e Dynamics of solids: Analytical Mechanics (UV.DYNAM), students: second-year master of
IMF specialty, 20h lessons and 12h lab sessions;

2021 and 2022:

e Numerical Design, students: second-year student of the integrated preparatory cycle (L2),
in Elective Module (ME) Introduction to materials, bh lectures;

e Numerical Design, students: second-year student of the integrated preparatory cycle (L2),
in Elective Module (ME) Bio-mimicry in EcoDesign, 5h lectures and 10h guided project;

e Computer-aided engineering (UV.CNU), students: first-year master students of IMF spe-
cialty, 12h of lab sessions and 16h guided project;

e Mechanics of thin wall structures, students: first-year master students of IMF specialty and
second-year of PC specialty, 20h lectures and 8h of lab sessions;

e Mechanics of composites, students: third-year students of ISPA, 20h lectures and 8h of lab

sessions.
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General Introduction

This manuscript presents the synthesis of my research activities since my PhD thesis defense
in May 2013. It contains various components of my work with collaborators (refer to Section
Research and Industrial Collaborations of my CV) and all my students (refer to Section Super-
vising of my CV). I have organized the synthesis of all works into four chapters, with the last
chapter dedicated to Perspectives.

The First Chapter describes all the activities dedicated to material model development. I
have been working with heterogeneous materials such as composites (UD-plies composites,
two-dimensional (2D) textiles, three-dimensional (3D) textiles). In recent decades, significant
advancements have been made in material modeling. However, the commercial availability of
existing material models is still quite limited, often relying on strong assumptions. Thus, in
this Chapter, I have summarized my developments of the anisotropic damage model for hetero-
geneous materials, considering various nonlinear viscoelastic and viscoplastic effects [Vasiukov
et al., 2015b] !. These developments were pursued by my first PhD student, Yang LIU, and
applied for the meso-scale damage modeling of 3D textile-reinforced composites [Liu et al.,
2017a]. The anisotropic damage model has also been extended to predict the fatigue life of
composites [Vasiukov et al., 2015a].

One of the main challenges is determining the level of accuracy we aim to achieve. The World
Wide Failure Ezercise [Kaddour and Hinton, 2013] ? has revealed that one of the best mod-
els required tens of material parameters for identification. This fact motivated my researches
grouped in the Second Chapter which shows my contributions to multi-scale modeling of com-
posites and hybrid (composite/metal) structural materials. The primary objective of these
contributions is to enhance the accuracy of numerical models that are applied for design of
structures made of new composite materials. Variability during manufacturing processes should
also be considered, including local variations of constituent materials, interfaces, or voids. Nu-
merical modeling should offer an effective means to predict complex phenomena across different
material scales (micro, meso, and macro) of heterogeneous materials (e.g., multiaxial compos-
ites, polymer blends, or textiles-reinforced composites). The developed approaches should be
supported by advanced experimental characterization techniques (such as digital image corre-
lation and micro-CT tomography). All aspects are extensively documented in the PhD thesis
of YANG LUI (2014-2018). These research developments continued with another PhD student,
K.K PARVATHANENI (2018-2021). The findings from these research endeavors were published
in several journal articles [Liu et al., 2017a, Labanieh et al., 2017, Wintiba et al., 2020,
Naouar et al., 2020] and presented at numerous national and international conferences [Liu
et al., 2017b, Straumit et al., 2018, Vasiukov et al., 2018, 2019].

Descending from the macro- to meso- and from meso- to micro-scale, it became apparent that
describing all observed mechanisms at these different scales would necessitate creating a numer-
ical model with billions of degrees of freedom. Therefore, the acceleration of calculations plays
a crucial role. Various techniques of High-Performance Computing can be employed, or consid-
eration can be given to accelerating the calculation process itself. Furthermore, image-based
experimental observations, particularly p-CT, became increasingly accessible to researchers. In

!The bold text is used for the author’s citations.
2WWFE was organized to determine which material modeling provides better predictions using blind tests.
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2017, I initiated the first investigations in our department into the application of Fast Fourier
Transform-based solvers (FFT-solver?®) for textile composites. This solver, freely available, was
initially proposed by [Moulinec and Suquet, 1994]. Subsequently, this research was continued by
post-doc YANG CHEN (2018-2019) and published in [Chen et al., 2019c,b], introducing the
first FFT-solver for the non-local phase-field damage model. The results were so promising that
we initiated a new PhD thesis in collaboration with KU Leuven (Composites group at MTM
Department). This marked the commencement of the third PhD, X1a0 MA (2019-2022). The
outcomes were published in three journal papers [Ma et al., 2021, 2023a,b].

I have aligned the perspectives of my research activities with the main trends of ”FEcological
transition” and ”“Numerical transition” of our society, which are also two mainstreams of the
Horizon Europe* program. As presented in the last Chapter the works related to ”Transport

of hydrogen” are becoming of high interest in the last decade.

3From here onwards, FFT-solver will be used in the text.
47 New materials” and ”Green deal”
®New calls on the construction of the hydrogen platforms in the Horizon Europe program: Hydrogen Valleys


https://www.fch.europa.eu/page/mission-innovation-hydrogen-valleys-platform

3 .Non-linear modeling of composite materials

In this chapter, I present a summary of my research activities, which are focused on devel-
oping new models using a phenomenological approach to predict non-linear material behavior
at the macro-scale. The design process of structures made of advanced composite materials
necessitates a model (or criterion) that ensures robust prediction of mechanical performance.
Therefore, the main motivation was to address the question: What is the most efficient
model allowing us to design a new structure made of composites?

In this regard, the primary focus of this chapter is model development for laminated composites
as anisotropic homogenized material, considering the anisotropy, the viscous behavior of the
matrix (viscoelasticity and viscoplasticity), and the damage mechanisms.

The chapter is organized into three sections. The first section describes the derivation of the
constitutive equations (for the implicit scheme) for a general 3D case. The second section is
dedicated to extending the phenomenological model to fatigue life prediction. The latter is
based on the original direct approach and, in our case, is grounded on the assumption that the
composite material can reach a ”stabilized damage state”.

The results of this chapter have already been published in [Vasiukov et al., 2015b] and
[Vasiukov et al., 2015a] at the beginning of my career. These developments were pursued
by my first PhD student Lui [2017].

This chapter provides a summary of the following research activities:

e 2 Master 2 projects: T. Kondouri (M2, Development of anisotropic constitutive model based on
coupled plasticity-damage theory, 2012, [M1] in my CV) and B. Li (M2, Multi-scale analysis based on
nested finite element approach, 2012 , [M2]).

e 2 collaborative projects: European project FP7 MAPICC (One shot Manufacturing on large
scale of 3D upgraded panels and stiffeners for Lightweight thermoplastic textile composite structures,
2012-2015) and Project FUI ACCUM (Armement Caténaire Composite Universel Multitension,
2014-2017).

e 6 international conferences (see in CV [CP11], [CP12], [CP14], [CP15], [CP16] and [CP17]).
e 1 invited in one scientific seminar to Stuttgart University (see in CV [S5]).

e 2 journal papers (see in CV [A14] and [A15]).

e 1 PhD thesis advising of Y. LUI (see in CV [D1]).
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CHAPTER 3. NON-LINEAR MODELING OF COMPOSITE MATERIALS

3.1 Static model development

3.1.1 Damage phenomena in composites

The damage mechanisms are generally classified according to the material scales (see Fig. 3.1a).

1. Micro scale

e fibre breakage (or failure) is a crucial failure mechanism that leads to catastrophic fail-

ure of composites and occurs when the load applied to a composite material reaches a
maximum strength value. Fibre breaking can take place during longitudinal tension or
compression and the energy consumed by these failure processes is much larger than ma-
trix or fibre/matrix debonding. In compression, fibre breaking usually occurs as a result
of the microbuckling and the formation of kink-band.

matriz microcracking is an intralaminar form of damage, and involve cracks or voids
between fibres within a single composite layer or lamina. Matrix damage is a complex
phenomenon because initiation starts at defects or at fibre/matrix interfaces.

diffuse damage is associated mainly with fibre/matrix debonding. This is a fundamental
mechanism in order to explain the behavior of a ply, especially under shear loading. This
debonding is assumed to be homogeneous within the ply.

2. Meso scale

e matrix transverse cracking is caused by 3D tunnelling (through the entire ply) cracks

spread from small flaws located on the matrix of the 90° layers in the direction transverse
to the applied load. This cracking is usually the source of the first-ply-failure.

e local delamination refers to the interface’s degradation initiated at the tip of the transverse

microcrack. The local delamination cracks occur in a damaged interface.

e diffuse delamination refers to a diffuse degradation of the interface microvoids and mi-

crodecohesions which are assumed to be homogeneous within the interface.

3. Macro scale

e delaminations are separations between internal layers of a composite laminate caused

by high through - thickness stresses. It is potentially the more critical mode of failure
and causes significant structural damages. Delaminations cause large stiffness drop and
reduction in load-bearing capabilities. It may occur from a few reasons, namely, (i) in-
terlaminar stresses arising from geometric factors, (ii) material discontinuity from design
features (edge or hole), and (iii) matrix cracking (structural loading).
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Splitting

Delamination

Figure 3.1: Material scales in composites in UD composites (a) and schematic representation of the
failure mechanisms in the composite [van der Meer, 2012](b).

3.1.2 Constitutive modeling of unidirectional composites

There exist many material models for nonlinear constitutive behavior of composites. Here, we
will focus on the modeling based on Continuous Damage Mechanics (CDM) framework; thus, it
can be classified as phenomenological modeling (so-called meso-scale material modeling). This
type of modeling considers a composite ply as a homogeneous material, and damage effects
are considered by introducing effective properties (stiffness and compliance tensor) along with
damage kinematics rules. These damage mechanisms stand for different degradation effects at
the microscopic level (as shown in Sec. 3.1.1). These types of methods are widely applicable
in the majority of commercial and scientific software. The main idea is to define specific
energy potentials for a ply and interface, which depend on damage mechanisms [Maire and
Chaboche, 1997]. The thermodynamic forces conjugated with damage could be defined as
partial derivatives of the strain energy with respect to damage variables. One of the first
models for composite material was developed by Ladeveze and Dantec [1992], in which the
damage mechanisms were described by three scalar variables, and the accumulation of inelastic
strain was considered in-plane shear response.

More recent developments involve modeling of material non-linearity using the plasticity frame-
work [Vyas et al., 2011, Vogler et al., 2013], continuous damage mechanics (CDM) [Lubineau
and Ladeveze, 2008, Hassan and Batra, 2008], or coupled plasticity with CDM [Vyas and
Pinho, 2012, Chen et al., 2012, Vogler et al., 2013]. In [Maimi et al., 2007, Flatscher and Pet-
termann, 2011], brittle damage models with strain softening behavior were developed. Many
efforts have been made to define, represent, and describe the correlation between micro- and
meso-damage phenomena [Ladeveze and Lubineau, 2001, 2002] using homogenization of the
damaged composites. A number of material models presented in the literature, despite of their
great development within meso-scale constitutive modeling for FRP composites, address a plane
stress statement with reduced definition of the yield surface, damage criterion and material re-
sponse itself. Moreover, non-linear effects due to viscoelasticity, viscoplasticity and/or damage
mechanisms are often ignored.

These were main motivations for novel model development presented in [Vasiukov et al., 2015b].
The developed model reflects the following key-points of the constitutive material modeling of
Fiber Reinforced Plastics (FRP) composites such as :

e The anisotropy of time-dependency effects which is modeled by anisotropic three-dimensional

viscoelasticity theory.
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Figure 3.2: FRP composite material stress-strain behavior: a) in the fiber direction, b) in the transverse

direction, c) in-plane shear.

e The anisotropy of irreversible strain accumulation, in the visco-plasticity theory with
kinematic hardening. It takes in the case of matrix driven material response. It was
assumed the elastic-brittle damage in the fiber direction, i.e. no inelastic strain and no
time-dependency effects can be developed (Fig. 3.2a). In contrast to fiber direction, trans-
verse and shear responses are non-linear (Figs. 3.2b, 3.2c) with anisotropy of viscoelastic,
viscoplastic and damage mechanisms.

e Damage mechanisms and material degradation which are defined within continuous dam-
age mechanics.

e Development of the constitutive model in order to take into account hydrostatic pressure
sensitivity of the FRP composites which cannot be ignored.

In [Vasiukov et al., 2015b] a three dimensional non-linear model was presented. The viscoelastic
strain is defined in form of the generalized standard linear solid of Kelvin-Voigt type. To begin
with, the total strain rate is decomposed as follows:

§ =6+ &Y+ &P =% 4 &7, (3.1)

where dot on top of the symbols denotes the time derivative, €"* and " stand for the vis-
coelastic (or reversible) and viscoplastic (or irreversible) strain tensor of the second order,
respectively.

Anisotropic viscoelasticity

Viscoelastic contribution describes the time-dependent properties of the polymer matrices which
were observed in creep or relaxation tests. The developed viscoelastic model will focus on the
prediction of short-time creep loading cases (only 750 hours data are considered). If a longer-
term description is required then the model should be extended. No temperature effects were
included in the modeling. Therefore, the model can be applied for material at temperature
which is less than glass transition temperature (7}) of polymer matrix of the composite. An
efficient integral form of general non-linear viscoelastic material has been proposed by Schapery
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[1969] where the viscoelastic strain is defined as:

t
e”(t) = goSp : o + gl/ SUe (U — 07 Mdﬂ (3.2)

0 dr
where Sy and S stand for the instantaneous and transient compliance respectively, gg, g1 and
g are the non-linear material parameters, W' represents the shifting factor induced, for instance,

by temperature, ;" stands for the double-dot product. It can be shown that the general model
can be reduced if gg, g1 and g equal to one, then Eq. 3.2 is rewritten as:

d(o)

T

t
e*(t)=So: o +/ S (t—r): dr. (3.3)
0
In order to obtain numerical solutions, the transient compliance S" is represented in Prony
series. For the current model, the compliance tensor is defined as follows:

S=Sp+» S, (3.4)

where n is number of mechanisms in the viscoelasticity model, S¥¢ is the compliance viscoelastic
tensor, whose components are defined by taking into account that E*¢ = Y7 E¢(1 — (/7))
with 7, = nf/E; as the retardation times and E; as the viscoelastic moduli. The compliance
tensor S is shown explicitly in the Appendix of the article of Vasiukov et al. [2015b]. For an
elastic material, the following relation holds good: Cy = S;', with superscript [J=! denoting
the inverse operation. The viscoelastic strain rate is defined as:

"L /S 1
Ve = o ——€° ). 3.5
=25 o) 5

Using this representation, different viscoelastic materials can be modeled and the quality of

approximation will depend on the number of included terms. More information can be found
in Vasiukov et al. [2015b].

Viscoplasticity model

The next step is the modeling of permanent strains accumulation. It is obvious that FRPs,
in contrast to metals, do not have the same micro-mechanisms that lead to permanent strain
accumulation. However, meso-scale material models use the terminology which is more familiar
and originally developed for the plasticity theory or the viscoplasticity to be more precisely.
Permanent strains can be induced by different mechanisms at the micro-level: viscoelastic
nature of the polymers, microscopic degradation, in some cases plasticity of polymer resin.
Including viscoplasticity modeling allows to introduce the strain rate dependency. According
to the viscoplasticity model developed by Perzyna [1966], viscoplastic strain rate is defined by:

e = 1P (p(F)) 8, F = \Pnp, (3.6)

with ¢(F') = (F)", the plastic potential F' with n as the material constant characterizing the
strain rate effect. According to the strain decomposition shown in Eq. 3.1 with zero creep
strain rate, the stress increment is defined as:

& =CC (¢ — ") = C°: (é - A“pnF) (3.7)
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The quadratic norm is chosen and written in incremental form as follows:

: -V \ U 1
5= ) = iny L] 39

where [|€"F|| = /1€ : €% with normal np = 9, F. In the case of the associated flow f = F, in
order to satisfy the requirements for the material model presented above, the modified Hoffman
criterion has been used as yield function in the following form:

=6 Pgra:E—dl (3.9

where £ = o — X with o as Cauchy stress tensor and X as back stress tensor; P and q
are the fourth order and second order tensors, respectively, to define the plastic potential in a
generalized form, o is the material parameter. Modifications in the Hoffman criterion imply the
insensitivity to the oy stress component in the fiber direction. Then plastic strain increment
is obtained from:

e — 309, f — APy, (3.10)

with A*? is the Lagrange multiplier or consistency parameter, n s denotes the normal vector to
yield surface. The Kuhn-Tucker conditions should be satisfied:

AP >0, <0,  APf=0. (3.11)
Chosen plastic potential implies that:
E‘:11)11) = /I\Upaanf =0,
dll = )'\Upaxuf == 0

The Frederick-Armstrong hardening law is chosen as a good candidate to represent experimental
data. In incremental form it is written as:

.2
X = SHE™ — X, (3.12)

where C' and ~ are the material parameters whose values are obtained from the effective stress-
plastic strain curve: for the more details see Vasiukov et al. [2015b].

Damage model

Now let us consider the damage mechanisms and their modeling approaches for FRP composites.
Here, the anisotropic constitutive model for FRP is based on the CDM. We start from using
the concept of effective stress & proposed by Kachanov [1958]. There are different ways to
introduce damage effect on a material [Lemaitre and Desmorat, 2005]: scalar or plural scalar,
vector, second- and higher order tensor variables. Using the strain equivalence principle, the
effective stress tensor is defined in a general form as:

&=M:o, (3.13)

where M is the fourth-order damage effect tensor. The derivation of the effective stiffness tensor
can be deduced from the existence of the Gibbs free energy potential [Maire and Chaboche,
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1997], which is based on the complementary strain energy equivalence principle [Chow and Lu,
1989]. The energy of a layer is defined as:

G°o,0) =G%o,d) = %0’ :S: o, (3.14)

where S = M? : S¢ : M - effective compliance tensor. In three dimensional cases the effective
stiffness tensor is defined by the effective compliance tensor (@ = g_l). Then, according to
hypothesis of the equivalence complimentary energy for damaged and undamaged material, the
following relation is valid:

;e
Ce: e

I
(@}

7 (3.15)

o
Different types of M tensor and their symmetrization problem have been discussed in [Voyiadjis
and Park, 1997]. It is accepted following Voigt notation to write M tensor as:

11111
VI—di V1—=dy V1—=d3' V1—di V1—d5 V1—ds]’

where damage variables represent following damage mechanisms: d; = d; - fiber damage;

[M] = diag

(3.16)

dy = d,,; matrix damage in the second principal material direction; d3 = d,,» matrix damage in
the third principal material direction; dy = (ds + d3)/2, d5 = (d1 + d3)/2 and dg = (dy + d3) /2.
The thermodynamic damage forces are derived from Eq. 3.14 by taking partial derivative of
the potential with respect to damage tensor:

Y = 046%(c, d). (3.17)

Damage criterion and kinetics

Depending on the type of modeling, the damage potential can be defined in different ways:
in strain space, stress space or thermodynamic forces space. Here, Hashin’s damage model
[Hashin, 1980] is used for the description of UD composites. Only three damage mechanisms
are independent. For those mechanisms, the damage potential functions are defined using the
invariant form as shown by Kress [2012]:

L\* I
I]_>0 Fdft_ (E) E:l,
7\ 2
I; <0 Fdfc: (—1_) =1,
o
40 (3.18)
I I3y Iy
'[2>0 det: O-_+ +§+7—_2:17
T T A
) 2
L I I I
L<0:  Fy, = [(U—T> -1 —2+<—2) 2oy,
277 or 277 Tr Th

with the definitions of the stress measurements as follows: Iy = 01, Iy = 09403, I3 = 7223 — 0903

and I, = 73, + 74. For both orthogonal directions, we suppose that: Fy , = Fy , = Fjy

m2t m3t
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and Fy, = Fy,,. = Fa,,. For three damage mechanisms, the evolution laws is written in an
exponential form as following:

1
dy =1— ——e5 U a)le/(GC) -y — (f ml m2), i=(1,2,3) (3.19)
dy

where Cj;, S, are the stiffness and strength components respectively, [, the characteristic ele-
ments size and G, is the fracture energy for each damage mechanism. That form is widely used
in the development of the material models with softening damage effects. In Eq. 3.19 can be
found by the reflection of a crack band model originally introduced by Bazant and Oh [1983].

Stress increment derivation and consistent tangent stiffness

The proposed viscoelastic-viscoplastic model coupled with damage has been implemented in
ABAQUS/Standard finite element software by means of the user-defined subroutine UMAT.
In order to integrate the stress-strain relationship the implicit Euler backward method is used.
While implementing this method, it could be assumed that: the continuum problem is repre-
sented by discrete one. The constrained-optimization problem is reduced to a numerical solution
of the iterative convex mathematical optimization problem which in turn reduces to a standard
problem of finding the closest distance of the point to a convex set [Simo and Hughes, 1997].
The point and convex set stand for a trial state and elastic domain respectively. Therefore,
there are three basic steps of the return-mapping algorithm:

1. FElastic trial state. For which trial values of the local variables are calculated. If trial state
satisfies the admissibility condition, then the current step is accepted as elastic and exits
from the procedure. If not, proceed to the next step.

2. Plastic correction. The non-linear system of equations is solved considering plastic flow
with enforcing Kuhn—Tucker conditions and using trial step variables. The non-linear
single equation solution can be accomplished using a local Newton—Raphson method.

3. Damage deterioration. It is performed by calculation of the damage potential and update
damage component values with subsequent recalculation of stress tensor, effective stiffness
properties and tangent operator.

The implicit time-integration is required by the end of the time-increment to calculate new
stress components and tangent operator. The first step is the calculation of anisotropic elasto-
viscoplastic solution. Generally, the stress increment can be evaluated from single equation by
using accepted flow rule and statement of the Euler backward algorithm [Neto et al., 2008]:

Oui1 = [+ ANPC:P) ' (o) — ANPCE 1 q) (3.20)

where o' denotes the trial stress tensor. Then, by integrating Eq. 3.20 into the yield condition
Eq. 3.9 and enforcing that (f = 0), the non-linear equation is derived. An approximate solution
to that equation is obtained by using Newton-Raphson method. The algorithmic stiffness tensor

D is defined by:
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A0n+1 == ID)ep : A€n+1 (321)
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with Ci . = ((C°)~' + AN, 0%, f)_1 as 'pseudo-elastic’ stiffness matrix [Simo and Hughes,
1997], np = np + AN 10 np. The time-dependency of the material response is modeled
by Perzyna viscoplasticity model. In order to avoid instability of the single step integration
algorithm, this model was implemented into general return-mapping method as described in
[de Borst et al., 2012]. Taking into account accepted assumptions, the algorithmic stiffness
relation (Eq. 3.21) is rewritten as:

A0n+1 = ID)UP . A€n+1 = (322)

Cop:np@n, Gy
ng: C:(H—l : le—|— (2/3)HaxF : le—’}/I_lF : X—|—

1 : AE:n+1
nP At

* JE—
n+1

1

where the last term of the denominator AT

describes the viscosity effect, n? is the viscosity
parameter of the material.

3.2 Extension to fatigue in composites

Damage accumulation and stabilization

The main damage mechanisms observed under fatigue loading are: matrix cracking, fibre/ma-
trix interfacial debonding, delamination, fibre breaking and finally global fracture. The damage
evolution is a non-linear function of the number of cycles and exhibits, in general, three charac-
terizing patterns (Fig. 3.3a). At the beginning and near the end of fatigue life, damage growth
is rapid, but for most of the life damage accumulation is gradual and linear [Harris, 2003]. The
severity of each stage and total amount of damage depend on laminate stacking sequence, ma-
terial properties and loading conditions. The similarity have been noticed during the evolution
of the temperature field which is a consequence of the dissipation due to damage [Sawadogo
et al., 2012].

Stage I is characterized initially by fibre/matrix debonding which occurs depending upon the
strength of the interfacial bond between fibre and matrix material. Then matrix micro-cracking
process is initiated. The increase of crack density leads to micro-cracks coalescence and then to
damage saturation. In Fig. 3.4a is shown the evolution of the crack densities in different layers
of a tube under cyclic tension/compression [Schmidt and Horst, 2010]. The matrix damage
saturation is a common process in laminates and the damage state is given by the saturated
matrix cracking and has been termed as Characteristic Damage State [Reifsnider, 1991]. It is
the starting point for those processes, which control the strength, stiffness and life of a laminate.
The damage state can be accurately described and predicted. A schematic representation of
damage initiation and growth process is shown in Fig. 3.3b.
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Figure 3.3: Schematic representation of fatigue damage in FRP [Vasiukov et al., 2015a).

Stage II is mostly characterized by the initiation and propagation of delamination which occurs
near free edges or on the tips of transversal cracks [Reifsnider, 1991, Ladevéze and Lubineau,
2003]. During this stage, the damage can remain constant or gradually increase. It was shown
that stiffness degradation is relatively higher for the lower stress levels in the case of [£45] com-
posites under a loading ratio of R = 0,in/0maex = 0.1 [Eliopoulos and Philippidis, 2011]. The
linear dependency between normalized maximum stress and stiffness degradation is observed.

Stage III is the last stage of damage growth. All the damage modes would be developing rapidly
in a fast-decreasing stiffness of the laminate. As the stress state reaches a critical value, fracture
of the laminate would be initiated.

Mechanical response of FRP materials

Let us begin with the classification of material response under cyclic loading which, basically,
can have four kinds of behavior [Weichert and Maier, 2000]: elastic response; elastic shakedown
response, when the elasto-plastic behavior becomes purely elastic after a limited number of
cycles; plastic shakedown (alternating plasticity), when the elasto-plastic behavior becomes
stabilized after a limited number of cycles, and the total deformation over a cycle converges
to zero; ratcheting response, also called progressive deformation or incremental collapse, where
the structure shows an elastic-plastic behavior, but the total deformation over a cycle never
converges to zero.

Here, we extend direct methods theory to the case of FRP for which anisotropic damage
should be taken into account. Some fatigue test data have been reported by [Cain et al., 2006,
Schmidt and Horst, 2010] for different laminates as shown in Fig. 3.4. During fatigue tests, a
block of cycles have been recorded periodically to determine the strain-stress hysteresis loop (
as reported in Cain et al. [2006] ) and to evaluate the modulus (also called fatigue modulus).
Representative loops for a typical [+45] composite specimen are shown in Fig. 3.4d for a shear
loading. It can be concluded that initially non-linear response becomes linear after a certain
number of cycles. By analogy with metallic materials, this phenomenon can be named as elastic
shakedown. If the amplitude of the applied load is higher, the hysteresis becomes larger and
gradually increases within cycles. This is associated with plastic shakedown.
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Figure 3.4: Ezxperimental evidence of the damage stabilization precess: (a) and (b) data from Schmidt
and Horst [2010], (¢) and (d) data from Cain et al. [2006].

3.2.1 Principle of the proposed direct approach
From the previous section, we can retain the following aspects of the fatigue damage:

1. damage can be divided into three main stages: (i) rapid growth, (ii) levelling-off and (iii)
rapid damage accumulation;

2. under certain conditions (stacking, loading) the damage can reach an asymptotic value
at the end of stage I followed by a very small variation during stage 1I;

3. under cyclic loading, the stress-strain behavior can be purely elastic, elastic shakedown,
plastic shakedown or ratcheting.

This approach is based on the original ideas of Zarka et al. [1990] which were extended to
the case of FRP composites in order to predict damage limit state of a structure under cyclic
loading. The SDM allows to directly calculate the stabilized cycle of a structure subjected to
cyclic loading from purely elastic response and solution of convex optimization problem.

Constitutive damage model

Now let us consider the damage mechanisms and their modeling approaches for FRP composites.
Here, the anisotropic constitutive model for FRP is based on the CDM. We start from using
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the concept of effective stress & proposed by Kachanov [1958]. There are different ways to
introduce damage effects on a material [Lemaitre and Desmorat, 2005]: scalar or plural scalar,
vector, second- and higher order tensor variables. The constitutive model development is based
on the model presented in Sec. 3.1.2.

Considering FRP materials, we suppose that the Gibbs free energy potential is decomposed
into two parts: the one is associated with damage and the other with inelastic dissipation:

G(o,d,T) =G%(o,d) + G (a?), (3.23)

where superscripts e, d denote the elastic and damage terms; {0', d, ad} are the internal second-
order tensor variables denoting the stress, the damage and the kinematic damage hardening,
respectively; thermodynamic associated variables: {ed, Y, H} stand for the plastic strain, the
thermodynamical forces conjugated with damage and back-stress tensor, respectively. The
thermodynamic damage forces are derived from Eq. 3.14 by taking partial derivative of the
potential with respect to damage tensor as shown in Eq. 3.17, and take into account Eq. 3.13,

the thermodynamic damage force tensor is defined by using energy equivalence principle [Chow
and Lu, 1992]:

Y=0:|S:M1':94M| :o0, (3.24)
where superscript s denotes the symmetrization.
Al-Rub and Voyiadjis [2003] utilized a quadratic damage surface with two types of nonlinear
hardening for conventional materials. Later, Barbero et al. [2005] applied the quadratic sur-

face in constitutive modeling for composite materials. Here, the modified damage surface is
considered and defined as:

g=V(Y-H): (Y -H)-Y] (3.25)

where YOf is the threshold value of the thermodynamic forces associated with damage. The
shape of the loading surface is convenient to construct the direct algorithm. Linear damage
hardening function is accepted as following;:

H=C%"* (3.26)

where O is the kinematic damage modulus and a¢ which is introduced previously. In order to
demonstrate the ideas of the direct analysis, we consider the case of plane stress. The damage
can be described by three variables d; = 1 — EO’ dy =1 —2 and dyp = 1 — g—éi Under
the assumption of small perturbations, regarding Ladeveze and Dantec [1992], the Gibbs free

energy G is written as follows:

1/0 0’%2
0'10'2 +

B Gy (1 — di2)

a% n <02>+ (02)

1
= | B "B -d) T B

(3.27)

where (03), and (03)_ are non-zero in case the stress value is respectively positive and negative;
V1o is the Poisson’s ratio. The material is assumed to be brittle and non-sensitive to the cyclic
loading in the direction of fibers. For the developed approach, a new scalar variable is defined

which represents the equivalent damage as follows:

—Vd:d=/d+d, (3.28)
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Transverse meso-cracking

Many efforts were made to evaluate meso-scale cracks density functions and its influence on
the degradation of material properties (stiffness or strength). Damage variables can be related
to the crack density using the fracture mechanics approach as shown in [Lubineau and Lade-
veze, 2008] for three-dimensional problem statement. According to two-dimensional model, the
original model is reduced to following one:

Y, = Y220,d2s + Y120,d12 (3.29)

where p denotes the crack density. Then different types of the criteria could be applied. For
instance, in Lubineau and Ladeveze [2008] the mixed-mode criterion was used. The authors
have shown the relation of the fracture mechanics parameters (such as Gf and G¢; which stand
for the critical energy release rates) and considered them using continuous mechanics. Ladeveze
and Lubineau [2001] have reported that the crack density evolution can be represented by the
thermodynamic forces. The importance of meso-scale damage mechanisms on the life prediction
was extensively investigated for multiaxial composites [Quaresimin et al., 2014]. Therefore, in
the development of the life prediction approach, these arguments have been addressed through
the threshold parameter for damage mechanisms.

3.2.2 Direct numerical algorithm

Iterative procedure to evaluate stabilized states

The developed algorithm for life prediction analysis is inspired by the ZAC method [Zarka
et al., 1990] which was developed for metallic materials and used internal variables to represent
a loading surface. This method is a particular direct method and is used to evaluate the limit
state. Further, the method was applied for the life prediction involving mesomechanics [Jabbado
and Maitournam, 2007]. Here, ZAC method is extended to the case of FRP taking into account
the evolution of damage loading surface. Suppose that loading can be discretized by n instants
(t1,...,t,) then at the initial time-step (¢ = 0) the material does not contain inelastic strain and
is defect-free. Starting from the origin, in the H-space, successive projections on the convex sets
Cy(t;) and centered on Y (¢;) allow to calculate the internal variable a® which is proportional to
the damage tensor d. This variable is associated with the stabilized damage which is equivalent
with the damage defined previously (ds(t;) = d.,), if the stabilized state condition is achieved.

In this work, the proportional cyclic loading with constant amplitude is considered. The damage
is calculated from the movement of the hyper sphere on one stabilized cycle. Based on accepted
assumption the distance between two centers is calculated using norm ||'Y (¢;)|| in the Y - space.
The total distance then is related to the stabilized damage as:

2
s — m
The algorithm is partially based on the constitutive damage model proposed by Ladeveze and

d (Ya(t2) — Ya(t1))? + (Yia(tz) — Yia(t1))” (3.30)

Dantec [1992]. However, it is important to emphasize that the approach has no restrictions to
use other types of damage modeling.
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Figure 3.5: Geometrical representation of the damage surface movement.

Life prediction methodology

It is assumed that the life depends on the amount of damage at the end of the stage I and II
as shown in Fig. 3.5. The proposed relationship for the life prediction is defined as:

a B a fB
N = AY® + B(AH)’ = AY: +B<AY—2YO>

where Yy = maz (Y (t)) — min(Y(t))/2, AY = |[[max(Y (t)) — min(Y(t))|| and

AH = ||max(H(t)) — min(H(t))||, o, f and A, B are the parameters to identify from tests (see
[Vasiukov et al., 2015a]). In the case of the radial loading, both values are schematically shown
in Fig. 3.5. Stress ratio effect is implicitly considered in the Y,. In the case of high-cycle fatigue,
when the applied stress are low, the intersection of the convex sets Cy is non-void leading to
AH = 0. In case a stabilized cycle has non-void intersection of the convex sets Cy(t;) then
damage is saturated and the life is predicted based on the amplitude of Y;. In another case,
when stabilized cycle has void intersection of the convex sets Cy(t;) and stabilized plasticity
then the life is predicted based on the amplitude of Y and the distance (AH) between convex
sets Cy(t;). The last case is that when a cycle is non-stabilized, a ratcheting phenomenon is
observed. For the last one, the proposed approach cannot be applied.

Fatigue life prediction for cross-ply laminates

The developed methodology was applied to predict the fatigue life of [0/90]s cross-ply laminate
composites, which are made of glass fiber-reinforced epoxy subjected to tensile cyclic load-
ing with R = 0.1. The detailed steps for material properties identification are explained in
Vasiukov et al. [2015a]. The numerical results are in good agreement with the performed
experimental data, shown in Fig. 3.6. As can be seen, the model is capable of predicting the
two main phases of the life up to 10° cycles. At lower load levels where the number of cycles
exceeds 10°, degradation in material properties is present, though not significant. In some
cases, the so-called fatigue limit can be observed. However, the use of this term for composite
materials should be adopted with great caution. On the other hand, if the applied load level
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Figure 3.6: Comparison between experimental and numerical results for [0/90]s cross-ply laminate

composite.

is higher than the dictated life, the presence of viscous effects and a high level of permanent
strain accumulated in the material should be considered.

3.2.3 Industrial applications

The developments presented in this section have also facilitated the transfer this research re-
sults to industrial applications. Two European projects where these developments have been
utilized are FP7 MAPICC3D (2012-2015) (see Fig.3.7) and H2020 JOIN’EM (2015-2018) (see
Fig.3.8) (refer to Participation in the collaborative projects in my CV). In the first application,
we have considered the very first attempt to model, using a simplified approach, the fatigue life
prediction of the thermoplastic composites [Vasiukov et al., 2016, 2014]. In the second applica-
tion, the fatigue life prediction method has been applied to thermoset isolating composites for
a welding tool.

1= = = =T
Ply 2 Inter-ply
% Total thickness
a)

Figure 3.7: Application of fatigue life prediction for thermoplastic composites U-Shape beam subjected
to bending loading: a) architecture of the composite material; b) geometry and loading conditions; and
c) fatigue life prediction.

Those applications have confirmed the following observations. Model developments are intri-
cately connected to the understanding of mechanisms observed at different material scales.
These mechanisms vary depending on the following factors: (i) types of reinforcing materials
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Figure 3.8: Application damage modeling of the thermoset isolating composites under impact loadings:
a) schematic presentation of the electromagnetic pulse welding tool; b) geometry and loading conditions;

and c) damage prediction.

(unidirectional composites with continuous fibers, textile-reinforced composites, discontinuous
fibers, etc.); (ii) types of polymer materials (thermoplastics or thermosets); (iii) loadings condi-
tions (tension, compression, multi-axial, etc.); and (iv) loading duration (impact, quasi-static,
fatigue, etc.). Additionally, we should consider multi-physical phenomena (thermal, hydro,
etc.) and the impact of manufacturing process parameters (manufacturing defects). All of
these factors contribute to the complexity of studying and modeling composite material behav-
iors, involving several coupled phenomena across different scales.
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3.3 Conclusion

My research activities in the field of non-linear material modeling of composite materials can
be summarized into two main blocks. These results are important for the following research
subjects and allowed me to construct the basis for my future research works:

e Constitutive Modeling: A viscoelastic—viscoplastic model coupled with anisotropic
continuous damage mechanics for FRP composite material is presented. The model is
derived in a general three-dimensional form for an implicit time integration scheme and
has been implemented into ABAQUS/Standard via the UMAT subroutine. The follow-
ing main characteristics of the material modeling for FRP composites have been imple-
mented: (i) anisotropy of irreversible strain accumulation, modeled using viscoplasticity
theory with kinematic hardening; (ii) anisotropy of damage mechanisms based on a dam-
age model with softening; (iii) time-dependency, generally ignored in the conventional
material modeling, modeled by involving both viscoplastic and viscoelastic frameworks;
(iv) material properties regarded as time-dependent and strain rate dependent; (v) vis-
coelastic viscoplastic and damage potentials have been constructed in a generic way to
take into account the hydrostatic pressure effect on material response.

e Direct Method of Fatigue Life Prediction: A life prediction method has been de-
veloped for FRP materials based on original ideas that involve what we call a simplified
direct method. The applicability of this approach is inferred from numerous reported
experiments where damage stabilization is observed after a certain number of cycles.
The stabilized damage state is characterized by damage accumulated at the end of stage
I (characterized by non-linear damage accumulation) and in combination with damage
evolution during stage I (where damage evolution is predominantly linear). The proposed
method enables the characterization of the damage state of FRP and the prediction of
fatigue life based on the thermodynamic forces associated with anisotropic damage mech-
anisms.

Moreover, my reflection on this topic was mainly grounded in the WORLD WIDE FAILURE
EXERCISE [Kaddour and Hinton, 2013], where enormous organizational work has been carried
out to find out how different failure theories are performing in the prediction of the composite
material failure. One of the most performed models had been identified, which is now called
Onera Damage Models, initially proposed in [Laurin et al., 2007]. Additionally, I was also
impressed by one particular reaction to this exercise from PROF. CHRISTENSEN [Christensen,
2013]. All the mentioned above have led me to research topics that I present in the next chapter.
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4 .Multi-scale modeling of textile composites:
process - structure - property

In this chapter, the multi-scale modeling of the behavior of textile composites is presented. In
textile composites, an additional scale, so-called meso-scale, should be considered. This intro-
duces additional difficulties in geometrical representation and transitions between the scales.
All issues will be linked with the anisotropy of the materials, the prediction of the elastic
properties, and the damage simulations.

This chapter is organized into three parts. In the first part, the micro-scale characterization
and analysis of yarn (from microns to millimeters) are presented. This characterization is based
on two (2D) or three (3D) dimensional imaging techniques. In the second part, the main focus
will be placed on the meso-scale structure representation of different textiles (3D orthogonal,
multi-axial, 3D interlocks). Finally, in the third part, we will discuss the dual-scale porosity
defects and their impact on the mechanical properties of textiles.

The results of this chapter have already been published in [Liu et al., 2017a], [Labanieh
et al., 2017], [Naouar et al., 2020], and [Wintiba et al., 2020] for FEM solvers. Partially,
the meso-scale geometry will be used in the next chapter and has already been published in
[Chen et al., 2019c,b, 2018] for FFT solvers. These publications became possible thanks to
two following PhD theses. The first one was done by Lui [2017] on realistic yarn representation,
and the second one by Parvathaneni [2020] on dual-scale porosity defects.

This chapter provides a summary of the following research activities:

e 1 Master 2 project: S.-H. Nambiyankulam Hussain, (M2, Numerical characterization of sheared
organo-sheets based on realistic interpenetration-free geometry, collaboration with Siemens (Leuven,
Belgium), 2019, [M3]).

1 Collaborative project: European project H2020 JOIN-EM (JOINing of copper to aluminium
by ElectroMagnetic fields, 2015-2018).

6 international conferences (see in CV [CP11], [CP12], [CP14], [CP15], [CP16] and [CP17]).
2 Invited in one scientific seminar to Stuttgart University (see in CV [S6] and [S4]).
6 journal papers (see in CV [A12], [A11], [AT7], [A6], [A4]).

2 PhD thesis advising of Yang LUI and Keerthi-Krishna PARVATHANENTI (see in CV [D1]
and [D4]).
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Figure 4.1: 3D textiles discussed in this Chapter: (a) orthogonal; (b) angle-to-angle interlock; (c)
through-the-thickness interlocks (a-c were reprinted from [Saleh and Soutis, 2017]) and (d) multi-azxis
(reprinted from [Labanieh et al., 2017]).

4.1 Introduction to textile composites

In general classification of composite materials for structural applications we can distinguish
the following types of composites: laminates, 2D textile reinforced and 3D textile reinforced
composites [Mouritz et al., 1999, Long, 2005]. Our particular interest is placed on the mod-
eling of textile composite materials. This type of composite materials has certain advantages
compared the laminates composites, namely, improved impact damage resistance and higher
through-thickness mechanical properties. On the other hand, their internal structure brings
additional level of complexity into multi-scale modeling approaches. In contrast to the lam-
inates (discussed in Chapter 3) the main difference of textile-reinforced composites (2D and
3D) lies in the definition of material scales. Conventionally, for these materials we should con-
sider the following scales [Lomov et al., 2007]: (i) micro-scale (microns) to define constituent
materials (generally matrix and fiber); (i) yarn-scale (millimeters) to define cross-sections
and material behavior of yarn; (iii) meso-scale (millimeters - centimeters) to define a Repet-
itive Unit Cell (RUC) or Representative Volume Element (RVE) of textiles; (iv) macro-scale
(centimeters-meters) to define the behavior of a structure.

An overview of the different meso-structures that will be discussed in this Chapter is shown in
Fig. 4.1.

4.2 'Textile composites modeling: literature review

Modeling of textile composites should take into account a multi-scale nature of textiles, as
presented previously, and might be focused on the flowing points:

1. Micro-scale: describe micro-scale constituents (shape, positions, interphase/interface etc.);
define constitutive laws (linear, non-linear); prescribe boundary conditions (periodic, kine-
matic uniform, stress uniform, etc.).

2. Yarn-scale: define constitutive laws about anisotropic and phenomenological material be-
havior which models could be very similar to ones we use for laminates (see [Vasiukov et al.,
2015b] ) or multi-scale one, where the constitutive relation is a result of the homogenization
from the lower material scale.

3. Meso-scale: describe an assembly of the yarns and their interactions; prescribe boundary
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conditions, similarly as for micro-scale.

In the literature, we can observe the researches on various aspects. Some focus on lower-scale
phenomena, referred to as the localization problem. Others are concerned with the estimation
of the averaged properties of composites, a.k.a. the homogenization problem. There are also
approaches that address all scales simultaneously, a.k.a. the multi-scale problem [Geers et al.,
2010].

Various modeling techniques for both micro- and meso-scales share a common general classi-
fication and can be divided into two categories: analytical and numerical modeling. The
following sections, 4.2.1 and 4.2.2, aim to provide a brief overview of these modeling techniques
for textile composites.

4.2.1 Analytical modeling

One of the first types of analytical models is an averaging model that begins with the simple
Rule of Mixtures (VoIGT and REUSS models). These approaches, initially developed for sim-
plified two-phase materials, have also been applied to textile composites. One of the earliest
applications was developed by Ishikawa and Chou [1982], where the authors obtained the aver-
age properties of textile composites by homogenizing several asymmetrical cross-ply laminate
blocks. Similarly, Tan et al. [1999] applied this approach for the analytical modeling of 3D
textiles. This type of modeling has gained attention recently, as Wang et al. [2022] extended it
to nonlinear modeling of textile composites.

Another group of analytical models originates from the fundamental work presented by Eshelby
[1957] and now is referenced as ESHELBY ’s inclusion problem. This work laid the foundation
for many analytical models in the micromechanics of composites. One of the very pragmatic
models for engineering calculations is CHAMIS ™ model [Chamis, 1989] which is also based on
Eshelby’s solutions. There is still growing interest in extending these models to complex-shaped
inclusions [Wu et al., 2023].

Built upon the self-consistent solution presented by Hill [1965], numerous extensions to nonlin-
ear micromechanics involving plasticity and damage have been developed and can be found in
[Nemat-Nasser and Hori, 2013]. By utilizing Eshelby’s transformation concepts in combination
with MORI-TANAKA approximations [Mori and Tanaka, 1973], the modeling of curved yarns
with consideration for interactions was achieved by Huysmans et al. [1998]. This method is now
widely used in textile composite modeling [Lomov et al., 2007, Wielhorski et al., 2022]. In fur-
ther works ([Parvathaneni, 2020]) we will use CHAMIS’ model and MORI-TANAKA estimations
for more efficient scale transition.

There are also other type of analytical models such as HASHIN-SHTRIKMAN bounds (see [Hashin
and Shtrikman, 1963]) and the composite sphere assemblage (CSA) models introduced by
Hashin [1962] for very simple heterogeneous materials. These solutions have been recently
revisited by Stefaniuk and Kachanov [2023].

The asymptotic homogenization theory [Bensoussan et al., 2011], initially presented in 1982 by
GEORGE PAPANICOLAOU, is another method that was also be extended to 3D textile composite
materials, as demonstrated by Erdata Nasution et al. [2014].
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To conclude, one of the most significant advantages of such modeling is its high computational
efficiency. On the other hand, the main disadvantage is that they cannot encompass all the
realistic phenomena that may occur during the manufacturing of composite parts made from
3D reinforced textiles (progressive damage, processes induced artifacts, etc.).

4.2.2 Numerical modeling

In this section, numerical modeling approaches will encompass all scales (fiber, yarns, and
textiles) and will be categorized as idealistic and realistic modeling techniques. All parameter-
based numerical models, where the geometry is generally represented using surfaces or volumes,
will be referred to as idealistic modeling. The modeling that intends to describe the real micro-
and meso-structures will be defined as realistic modeling.

Micro-scale

Two types of idealistic fiber packing modes, namely rectangular and heragonal packings, are
frequently used to evaluate the effective properties of yarn. These packing modes can also be
applied in multi-scale modeling (for an example, see [Wan et al., 2016]). However, it has been
reported that regular packing is strong assumption when considering the real microstructure of
the yarn or tow after the manufacturing of composite part (as discussed in [Miihlstadt et al.,
2017]). In Fig. 4.2, specific locations are shown, typically zones where yarns contact, and where
we observe a gradient of local fiber volume fraction. Similar trends were also observed for 3D
textile composites [Lui, 2017], which will be discussed further.
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Figure 4.2: Local fiber variations for laminated textile materials as presented in Miihlstadt et al. [2017].

To take into account for this effect, several approaches have been developed to represent the
distribution of fibers. Numerous algorithms exist for generating RVEs with randomly placed
fibers. Initially, we will discuss only 2D models. These algorithms can be grouped into three
classes based on how the fibers are generated, as outlined by Buryachenko et al. [2003]: methods
based on Monte Carlo techniques, methods based on molecular dynamics (or dynamics), and
methods based on close random packing (or static). We will focus on the latter two classes.

In static methods, the assembly of fibers is completed through purely mathematical compu-
tations. In contrast, in dynamic methods, generation involves the calculation of motion or
resizing of particles (or fibers). Generations based on dynamic simulations can also be called
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Molecular Dynamics (MD). This approach was proposed by Lubachevsky and Stillinger [1990]
and further improved by Ghossein and Lévesque [2012]. Further development to improve this
method was carried out in [Lui, 2017]. We have observed that dynamic-based RVE generation
methods are typically very time-consuming.

As an alternative, constructive algorithms are becoming increasingly popular. There are several
representative algorithms in this class. One of the major methods is the Random Sequential
Adsorption (RSA)-based approach [Feder, 1980] . Where the particle (disc, sphere?, cylinder?,
etc.) is randomly introduced in a domain, and if it does not overlap any previous particle, they
adsorb and remain fixed during the rest of the simulation. In the literature, we can find some
early researches about the advancing front method [Feng et al., 2003], where particles are gen-
erated from the center and then added in a clockwise closest perimeter position, or the inwards
packing method [Katalin, 2005], where the external perimeter is filled with gradual filling of
the rest of the domain. These types of generators have the main purpose of preparing highly
packed microstructures for further DEM simulations (see Fig. 4.3 DEM), without considering
statistics about particle positions.

Some modifications to RSA methods can be found in [Buryachenko et al., 2003] and [Melro
et al., 2008]. Improvements in RSA methods have primarily focused on overcoming the jamming
limit or improving the quality of microstructure representation. For instance, in order to
achieve faster convergence to effective properties, periodic boundary conditions were employed
for the RVE in [Melro et al., 2008]. An original approach was also proposed by Sonon et al.
[2012], where the authors used the level-set function to detect possible positions for inclusion
candidates, allowing the filling region to decrease along with the adsorption process (see Fig.

4.3 LS-RSA).

To achieve not only a mechanical representation as in classical RVE but also to fulfill point
pattern criteria (such as Ripley’s K function and the pair distribution function), the Statistically
Representative Volume Element (SRVE) concept has been introduced. One of the commonly
used algorithms we found is the Nearest Neighbor Algorithm (NNA), proposed by Vaughan
and McCarthy [2010] (see Fig. 4.3 NNA). In this method, information from the statistics of
the fiber locations is utilized. This method is also employed in [Parvathaneni, 2020] and
extended to nNNA in order to increase the computational efficiency of the algorithm.

Finally, one of resent categories is image-based methods that generate a geometry from seg-
mented images and consequently provide numerical discretisation. See examples in [Temann
et al., 2010] for automatic fiber segmentation based on structure tensor (described in Sec.4.3.3).
Automatic supervise learning has been also proposed by Agyei and Sangid [2018] to segment
composites. Baranowski et al. [2019] have focused on the fiber orientation detection on the com-
ponent level. The morphology and fiber diameter distribution have been studied by [Chiverton
et al., 2018].

!The earliest work in this area by Paul Hertz in September 1909, doi: 10.1007/BF01450410.

2D. W. Cooper. Random-sequential-packing simulations in three dimensions for spheres. Physical Review
A 38 (1):522, 1988.

3J.R. Brockenbrough, S. Suresh, and H.A. Wienecke. Deformation of metal-matrix composites with contin-
uous fibers: geometrical effects of fiber distribution and shape. Acta metallurgica et materialia, 39(5):735-752,
1991.
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Figure 4.3: Overview of the micro-scale generators (from left top corner, clockwise): RSA - standard
RSA [Feder, 1980]; DEM - Advancing front method [Feng et al., 2003] used in DEM; LS RSA - Level-
set modification of the RSA [Sonon et al., 2012]; NNA -Nearest Neighbor Algorithm as presented in
[Vaughan and McCarthy, 2010).

Yarn scale

Overview of modeling techniques of dry yarns is out-of-scope, however several findings could
be cited here. Extended reviews can be found in [Lomov et al., 2007, Zheng et al., 2015,
Wielhorski et al., 2022]. It is interesting to note, there are several approaches that treat a yarn
as a homogeneous material and describe the constitutive relation using either hypo- or hyper-
clastic models. On the other hand, yarns could be treated as one (hollow shells) or several
discrete elements (beam, truss, hybrid). The ultimate goal of both approaches is the prediction
of the more realistic cross-section of yarns during the manufacturing process, and, thus the
better description of the cross-sections of yarns in a final composite part.

Meso-scale

Numerical geometries of textile RVE could be generated by using specific software such as
TexGen [Sherburn, 2007] or WiseTex [Lomov et al., 2000], where textile is represented as inter-
lacement of homogeneous yarns described by a set of geometrical parameters. This approach
will be called idealistic geometry model. Another way is to use MultiFill [Durville, 2002] or
a more recently developed code Digital Fabric Mechanics Analyser (DMFA) [Wang and Sun,
2001], where yarns are described as an assembly of discrete elements. Discrete representation of
yarns allows not only better modeling of textile meso-structure but also textile manufacturing
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Figure 4.4: Micro CT scan of the 3D orthogonal glass fiber-reinforced textile composite: 3D recon-
structed view of the volume with the hidden matrixz material (left) and various cross-sections (center
and right). [Liu et al., 2017a)].

process simulation (for instance compaction of textile). In the literature, we can also find sev-
eral in-house developed plug-ins for commercial software (ABAQUS, LS-DYNA, MSC Patran
etc.) that also can model textile manufacturing process.

Remark: discrete representation of textiles is based on- a very limited number of virtual elements
due to computational limits (a real yarn can contain thousands fibers).

Image-Based numerical models, in which the geometry is either directly reconstructed from
images or derived from previously constructed idealized models by adjusting surfaces to accu-
rately represent geometry variations observed in reality, will be referred to as realistic geometry
modeling.

According to Wielhorski et al. [2022], the most common technique for 3D textiles is segmenta-
tion based on structural tensor analysis [Straumit et al., 2015] of images in conjunction with
k-means and multivariate Gaussian Mizture. Liu et al. [2017a] was able to generate a voxel
model for the realistic representation of 3D orthogonal composites. A step further in this devel-
opment was the generation of smooth interfaces with controlled fiber volume fraction at each
cross-section, as proposed in [Wintiba et al., 2020]. To achieve this, we combined the previ-
ously presented method by Sonon et al. [2012], which was extended to 3D composites [Wintiba
et al., 2017], with the realistic textile geometry of Liu et al. [2017a].

Remark: All automatic methods will be very sensitive to certain anomalies, including noise
and artifacts from micro-CT, low contrast, and various defects in material phases (such as
broken fibers, broken bundles and yarn twist, as well as voids). Questions related to scales and
resolutions will arise when observing highly specific phenomena.

4.2.3 Research problem statement

The formulation of research problem could be shown as a conclusion to this short overview.
A representative sample of the 3D orthogonal textile composite, as it is shown in Fig.4.4, will
help us.
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Multi-scale modeling of textile composites

1. Micro-scale. An RVE should be able to reproduce data observed from real mi-
crostructure such as non-homogeneity in fiber distribution (gradient, clustering, etc.).
Eventually manufacturing defects should be considered for (voids, cracks, broken
fibers).

2. Yarn-scale. Yarns (weft, warp, and/or binder) have variation in shape of cross-
sections and middle line of yarns can deviate significantly from the theoretical one
(also called the ”idealistic” structure). Variable cross-sections of yarns will also induce
modified local fiber volume fractions of yarn. Moreover, some manufacturing defects
should be considered (broken fiber bundles, intra-yarn porosity etc.).

3. Meso-scale. Assembly of all yarns and identification of the interactions between them
will be discussed. Similar to the micro-scale, inter-yarn porosity should be included
into the modeling.

4.3 Realistic textile composites

4.3.1 Micro- and yarn-scale characterization

The understanding of the macro-scale behavior of structures made of composites relies on the
observations from lower material scale. In this Section, an experimental methodology will be
briefly described. For both PhD thesis works, [Lui, 2017] and [Parvathaneni, 2020], image-
based techniques were applied at micro-scale: 2D high-quality Scanning Electron Microscopy
(SEM) for reference measurements and micro-computed tomography (micro-CT) for 3D infor-
mation of the internal microstructure. This allowed us to collect all (or almost all) information
to reconstruct a representative numerical model. Particularly, for the textile composites, this
information includes: geometrical features of fibers (shape), nearest distances between fibers,
fiber volume fractions (global, intra-yarn, and local), eventual process defects (voids, broken
fibers, and fiber misalignment).

(b)

Figure 4.5: Algorithm to identify the fiber centers demonstrated on a single micrograph: (a) SEM
image with resolution 0.96 microns, (b) result of low pass FFT filter, (c) watershed to remove the fiber
interconnectivity, and (d) evaluated fiber centers and Voronoi tessellation.
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Figure 4.7: Demonstration of two measures, namely, (a) fiber density and (b) fiber packing, (c) imple-
mented using Voronoi tessellation method to characterize fiber distribution, (d) results of fiber density
and (e) fiber packing measurements.

The methodology that was applied in all following microscope observations was initially de-
veloped and validated by Lui [2017] and an example is presented in Fig.4.5. We applied the
following steps to treat the image: (i) Low pass FFT filtering: to filter out all noise and high-
frequency data; (i) Watershed: to remove the fiber interconnectivity; (iii) Voronoi tessellation:
to find inscribed circles. We also note that this information in general is valid for perfectly
circular fibers. If we have inclined fibers we replace the last step with the Particle analysis
(e.q. plug-in in ImagelJ).

Finally,the obtained data is presented in Fig.4.6 as histograms (fiber center and inter-fiber
distances). In our case, we observe that 1%¢, 2"¢ and 3" could be very informative for our
study. If we observe that 1% inter-fiber distances have low value then fibers are very close at
least to one fiber. Additionally, if the 2"¢ and 3"¢ inter-fiber distances follow the same trend,
thus, the region is highly-packed. Local fiber volume fraction of the textile composites in our
study is in the range Vy = (0.65 — 0.8) (for a glass fiber wrap-interlock composite with a total
volume fraction Vy = 0.42). All this information is essential for our numerical modeling of the
RVE.

Parvathaneni [2020] has introduced two additional measures of micro-scale as shown in
Fig. 4.7: the first one is called fiber density (area of the polymer matrix constrained between
the three closest fibers, see Fig. 4.7a) and the second one is called fiber packing (area of the
polymer matrix constrained between the four closest fibers, see Fig. 4.7b). Both measurements
use constructed Voronoi tessellation of a microstructure and allow to analyze the spatial position
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of fibers. Although both indicators looks almost the same (ratios of the area occupied by fiber
and matrix) the fiber packing is more general and includes information on all closest neighbors
of a selected fiber. These two measures will be used in the generation of numerical arrangements
of fibers and matrix with manufacturing defects (Sec. 4.4).

4.3.2 Micro- and yarn-scale modeling

This section presents the numerical algorithm that have been adopted to generate representative
microstructure. Two algorithms were developed: (i) Molecular Dynamics (MD) algorithm and
their modifications (developed in [Lui, 2017]); (ii) Nearest Neighbor Algorithm (NNA) and
their modifications (developed in [Parvathaneni, 2020]).

Molecular dynamic algorithm for fiber placement

The first method based on Molecular Dynamics modeling, initially developed by Lubachevsky
and Stillinger [1990] and modified in Ghossein and Lévesque [2012], was selected for the PhD
thesis work [Lui, 2017] to meet the following specific needs in the case of textile composites:

1. a scattered fiber size (which is a trivial task for any generator of microstructure);

2. a high intra-yarn fiber volume fraction (Vy-y > 0.75) with a controlled gap between two
fibers;

3. random packing inside an irregular region, which can be approximately outlined by polygon
(this generally addressed in discrete elements kind of generators);

4. user-defined fiber packing gradients.

The main steps of the conventional algorithm are shown in Fig.4.8a starting with random
assignment of the position and velocities. The algorithm sequentially proceeds with the growth
of the diameter of the particles and treatment of the collisions until reaching the target fiber
volume fraction. The main contribution to the MD algorithm (see [Lui, 2017] and [Liu et al.,
2017b]) was the enlargement to gradient fiber volume fraction case (see Fig.4.8h). These
developments were motivated by the observed cross-sections of the 3D-orthogonal interlock
composites manufactured by vacuum infusion molding process (observations were discussed in
Sec.4.3.1).

The modifications of the algorithm include two key implementations (briefly shown in Figs.4.8e-
4.8f):

1. Mapping procedure that allowed to present any convex cross-section of the yarn as a set of
polygons (see Fig.4.8e); it needs to assign a variable fiber volume fraction.

2. Flexible edge case (see Fig.4.8f), that allowed a particle to cross the edge with controlled
parameters.

Nearest Neighbor Algorithm for fiber placement

The second major implementation and extension of Nearest Neighbor Algorithm [Vaughan and
McCarthy, 2010] were done by Parvathaneni [2020]. One of the main motivations for this
work was to control the fiber distributions and generate Statistically Representative Volume
Element (SRVE).
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R=y-r Flexible edge

(9) (h) (i)

Figure 4.8: Summary of the implemented MD algorithm [Lui, 2017]. (a-d) initiation (random seeds
and velocities assignment) and growth based on conventional approach. Two main contributions: (e)
mapping technique and (f) flexible edges; and (g-i) an example of gradient fibers over cross-section of
a yarn of the 8D-orthogonal textile reinforced composite, demonstration of the idea of rigid edges (blue
lines) and flexible edges (dash lines).
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Parvathaneni [2020] has started from the development of conventional Nearest Neighbor
Algorithm. The algorithm has further been improved by introducing variable choice of the
number of the new neighboring fibers to place (instead of one-by-one in the original algorithm).
Thus, we used simultaneously the statistics for the 15, 2"¢ and 37 inter-fiber distances (see
example in Fig.4.6). Each inter-fiber distance follows the distribution function that in its turn
can be a purely mathematical model or measured from experiments (see Sec.4.3.1).

(a) () (c) (d)

Figure 4.9: Ezxamples of different 2D microstructures generated by modified NNA: (a) homogeneous

distribution of the fibers with constant diameter and target Vi = 0.4; (b) clustering formation of
the fibers with constant diameter and target Vy = 0.4; (c) random distribution of fibers with variable
diameter and target Vi = 0.7; (d) homogeneous distribution of fibers with constant diameter and target
Vi =0.8.

The developed algorithm is a flexible and efficient tool to generate a variety of micro-structures
(see Fig. 4.9). We can generated a homogeneous fiber distribution or clustering fiber distribu-
tion with a constant volume fraction and fiber diameters (Fig. 4.9a,b). We can also generate
fibers with a variable diameter (Fig. 4.9¢) which can generate the maximum fiber volume frac-
tion. At the same, time with this algorithm we can achieve the fiber volume fraction of 0.8, if
the radius is constant.

Once we choose the positions of fibers, we should conduct the verification of the representa-
tiveness of the microstructure. Generally one can use different means, and the most often in
the literature we can find:

1. Direct comparison of the generated probabilities of the inter-fiber distances (1%, 2" or 3"4)
measured from images.

2. Second-order intensity K (h) (Ripley K-function) 4 and radial distribution function G(h) (or
pair correlation function).

3. Covariance function® which was used to analyse the microstructure of UD-composite®.

The analysis of the generated microstructures using Ripley’s K-function and the modified Rip-
ley L-function, along with a comparison with a completely randomly generated microstructure

4Ripley, B. D. (1977). Modeling Spatial Patterns. Journal of the Royal Statistical Society. Series B (Method-
ological), 39, 172-212.

SMatheron, G. (1971) The Theory of Regionalized Variables and Its Applications. Les Cahiers du Centre de
Morphologie Mathematique in Fontainebleu, Paris.

SPierre-Alexis Poulet. Effet de la variabilité microstructurale sur le comportement d’un composite UD
verre/PA11 : de la caractérisation expérimentale & la modélisation multi-échelle. Matériaux. Université Paris
sciences et lettres, 2017.
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using a Poisson distribution, is shown in Fig. 4.10. The initial K-function is zero, indicating
that the point is located at a distance less than two radii of a fiber plus the inter-fiber distance
between these two fibers.
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Figure 4.10: Ripley K (h) function (a) and modified Ripley L(h) (b) for three generated RVEs as shown
in Fig.4.9a,b and d.

This algorithms will be also used in the following sections to study the impact of defects on the
mechanical performance of textile composites.

4.3.3 Meso-structures characterization and modeling

This section describes the methods that were used for the meso-scale characterization and
modeling of textile composites. We begin with the image acquisition method and analysis of the
meso-structure. This will be followed by a detailed presentation of image segmentation based on
the structural tensor, along with some numerical results (referred to as vozel-based modeling).
Finally, we will present an original methodology for the automated reconstruction and conformal
discretization of textile-reinforced composites (referred to as conformal modeling).

Y [wm]
600

b) c) d)

Figure 4.11: The main steps for the direct observation of the realistic meso-structure of 3D orthogonal
textiles are as follows: (a) micro-CT scans; (b) retrieval of yarn cross-sections; (c) adjustment of cross-
sections to an idealistic model according to measurements; and (d) comparison of idealistic adjusted
modeling with the real meso-structure of the textile [Lui, 2017].

Direct measurement from images

Yarn cross-section analysis is based on micro-CT scans [Lui, 2017]. Fig. 4.11 shows the steps
in which direct measurements can be used to reconstruct a more realistic meso-structure. The
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warp yarns were analyzed for every slice of the micro-CT data, and the averaged contours are
closer to rectangles (see Fig. 4.11b). It was observed that there were up to 10% changes in
the area of the cross-sections. Two typical configurations (contours plotted by red and green
thick lines in Figure 4.11d) were identified where the binding effect could be clearly seen for
weft yarns due to the presence of a binder. As the binder fluctuates from top to bottom, the
contour presents a certain symmetry with respect to the vertical mid-plane of the warps.

This is a very pragmatic and straightforward way to analyze meso-structure and might yield
satisfactory results. However, as we can see in Fig. 4.11d, errors in the approximation of
the geometry are inevitable. Moreover, the adjustment from idealistic geometry will be highly
dependent on the software that is used and its limitations, namely, flexibility in trajectory
definition, resolutions, and cross-section definitions.

Structural tensor segmentation

X-ray micro-tomography is defined as a 3D non-destructive technique that enables the char-
acterization of material microstructure with high spatial resolution at the micron level. X-ray
beam plays a role as a penetrating probe so that, by monitoring the light identity variation
before and after passing through the object, the constitutive phases and internal features can
be distinguished by the different absorptivity of the material, which depends on the number
(density) and type of atoms along the beam path. This technique is most appropriate to study
textile composites at meso-scale, mainly because it offers the best balance between the reso-
lution quality and size of the repetitive unit cell for the textile composites that could be from
millimeters to centimeters. In our studies we have adopted the structure tensor-based method
as proposed by Straumit et al. [2015]. This methods were adopted for 3D-textile with binder
yarns and 3D-textile with voids.

Firstly, the structure tensor is computed at each voxel within a user-chosen neighboring zone.
The structure tensor of a 3D gray-level image [ is defined as:

or oI oI oI oI oI
or Ox Ox OJdy Ox 0Oz

_ - _|or or o1 o or or
S—/ sdV, with s= |50 5, &, 8y oy o= (4.1)
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where W stands for the neighboring window around each voxel. All partial derivation with
respect to x,v,z is performed by 5-point derivative kernel filter D = [1,-8,0,8,1]7. The
integral is completed by a convolution filter with a uniform kernel whose size is equal to the
window size W.

With constructed structure tensor S we can have access to the following features of the meso-
structure of the composite materials:

1. Orientation vector (N) is expressed by the eigenvectors of the structure tensor (A\; <
Ay < A3) corresponding to the smallest eigenvalue. This allows directly to identify the
characteristic angle (¢), which is the angle between Y-axis and vector N, to segment two
types of yarns (weft or warp in the case of the 3D interlocks).
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2. Average gray-value (AVG) is calculated as integral of gray-level over the W:

AVG::/QIdV (4.2)
w

3. Anisotropy degree () which is simply calculated from eigenvalues as follows:

g=1-22 (4.3)

All those features (AVG, 3, ¢) are involved in supervising segmentation at the meso-scale to
distinguish weft, warp and binder yarns, and matrix. It is worth mentioning that training
samples (which contains only a "good” example of the constituent materials) were selected
manually and provided to the algorithm. The supervised segmentation was selected because
classical segmentation via two- parameter k-means clustering algorithm, as well as via threshold
method, faces the dilemma of either mis-classification of material phases or impossibility for
subdivision of raw yarn cluster.

b) c) d)

Figure 4.12: Numerical model of 3D orthogonal textile composite (matriz material is hidden) (
reprinted from [Liu et al., 2017a]).

The structural tensor segmentation was effectively applied for 3D orthogonal textile reinforced
composites by Lui [2017] and 3D warp-interlocks by Parvathaneni [2020]. Fig. 4.12b shows
a histogram of the anisotropy () and average gray-value (AVG). It shows that all voxels are
classified mainly into two groups. The first one has high anisotropy and AVG measurements.
This group with a high probability will be classified as impregnated yarns. The second group
contains voxels with low 8 and AVG, and will be classified as matrix material. The local fiber
orientation calculated from g feature is shown in Fig.4.13b. We can see how the orientation
vector follows the middle line of the yarn.

The third important feature is the characteristic angle ¢ which is shown in Fig.4.13a where
we can see two main populations of the voxels. The first one has ¢ = 0 which classifies this
population as voxels belonging to warp yarns. Accordingly, the second population represents
voxels that belong to weft yarns. It is should be specified that some amount of the voxels can
be misclassified if one is based only on ¢ feature. The main reason for that is the projection
of the orientation vector N of the binder yarn can be equal to zero when the binder passes a
middle plane of the composite. Thus, these voxels can be classified as the matrix. This issue
was observed in 3D orthogonal composites but not in the case of warp-interlock composites
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Figure 4.13: Realistic segmentation techniques: (a) classification of the ¢ feature of the voxels and (b)
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local fiber orientation detection for the binder.

since the orientation angle N never has a projection on xy-plane which equals zero for this
materials.

Liu et al. [2017a] has compared spline-based generation methods, as it is implemented in Tex-
Gen software (FEM voxel model is shown in Fig.4.14) with realistic generated meso-structure.
A significant deviation was observed in the resulting geometries of two cross-sections. When
weft-yarns (shown in red color in Fig. 4.11d) are located at the top or bottom of the composite
near the binder yarn, the spline-based model tends to overestimate the cross-section. This
phenomenon has also an impact on the local fiber volume fraction and will be investigated in
detail in the following section.

Non-linear material modeling of realistic textile composites

To highlight an impact of the realistic meso-structure on the damage initiation and propagation,
several simulations were conducted [Liu et al., 2017a]. Two typical configurations were
reconstructed for both real and idealized modeling strategies. The influence of the modeled
geometry on predicting the progressive damage behavior was then investigated by simulating
uniaxial loading along warp yarns. In these simulations, we considered the yarn as an anisotropic
damageable material, the matrix as an isotropic damageable material and the perfect interfaces
between yarn-matrix and yarn-yarn. The estimation of elastic and strength properties were
done according to CHAMIS’ ” and ROSEN’s ® models respectively.

Continuous damage mechanics modeling was used to model progressive damage propagation,
similar to what was presented in Chapter 3. Initially, this material model was applied to
continuous fiber composites [Vasiukov et al., 2015b]. It was based on the HASHIN 3D damage
criterion with a smeared crack reqularization approach. Some results are presented in Fig. 4.14.
These results were grouped by the type of yarns; warp yarns and binders were presented in the
same group because they had the same projection of orientation on the plane of the textile.
Weft yarns were treated separately. We observe that the localization and intensity of damage
are accumulated in the material vary significantly when generating realistic geometry. This
effect is evident in the histograms of damage mechanisms (Fig. 4.14).

"[Chamis, 1989] C.C. Chamis. Mechanics of composite materials: past, present, and future. J Compos
Technol Res ASTM, 11: 3-14, 1989.
8[Rosen, 1965]): B. W. Rosen. Mechanics of composite strengthening. 1965.
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Figure 4.14: Comparison of the damage accumulation in the idealistic and realistic model.

4.3.4 Conformal discretization with local fiber volume fraction con-
trol

The voxel-based model can be obtained from 3D images treatment and one of the main advan-
tages is the ability to generate a relatively quick numerical model for numerical homogenization
of the realistic meso-stricture. However, the impact of the interface discretization on the dam-
age evolution might be significant. In other words, the reliability of voxel geometry can be
questionable for damage simulations due to spurious stress concentration at the jagged shape
of interfaces. This was in detail discussed by [Doitrand et al., 2015].

VAV T
OO
7"
el
ZNZ

=
>
ZaV/

AT
S

2
X
<7

2
o

XX

SIS
BORAK
e
2

Sz

Figure 4.15: Final results of the conformal mesh of the 3D orthogonal textile reinforced composite as
shown in previous section (figure reprinted from [Wintiba et al., 2020]).

The combination of the following three achievements ensures the originality of [Wintiba et al.,
2020

1. I'mage-based segmentation, we construct a numerical model as realistic as possible that
contains all defects of the manufacturing. In this case there were modifications in the cross-
sections of yarns.

2. Physical-based method to ensure the number of fibers in the yarns. Before constructing
the conformal mesh we ensure the exact number of fiber that have been initially presented
in each yarn is kept constant after all treatments.

3. Conformal representation of the meso-structure of the composites.
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The developed procedure is divided into the following steps: (i) extraction of the individual
yarns; (ii) smoothing of the yarn surfaces; (iii) extraction of the geometrical features (central
line and cross-sections) (iv) level-set post-processing with controlled fiber volume fraction. The
necessity of having the individual yarns in the model is dictated by the fact that the alphaShape
built-in MATLAB function which is in the core of the developed procedure. This function
creates a bounding area or volume that envelops a set of 2-D or 3-D points in order to fit
around the points and create a non-convex region. This function performs differently when the
treated volumes are in contact with each other. In turn, this yields another challenge when the
fiber volume fraction is imposed and the interpenetration is suppressed. To solve this, a local
algorithm has been proposed to iteratively apply ”yarn smoothing”, ” distance calculation”,
"anterpenetration suppression” and "yarn offset” steps. The titles of these steps speak for
themselves thus technical description will be omitted here (see [Wintiba et al., 2020] for
details).

4.4 'Textile composites with porosity

Previously, the modeling process was focused on the realistic meso-structure of textile materials
without considering voids ?. It is known that voids are almost inevitable defects in composite
materials; aerospace applications would impose a maximum allowable 2% void volume fraction.
In other applications, this limit is less strict; however, the void volume fraction is one of the
measure for the quality of the manufacturing of composite parts. This also implies that the
reduction of manufacturing defects will automatically increase the final cost of a part. To
evaluate the impact of voids on the final mechanical properties of composites, a controlled
process was used to generate induced voids. This was a major subject of the work presented
by PARVATHANENI in his thesis [Parvathaneni, 2020].

4.4.1 Dual-scale porosity

The porosity defects in the Liquid Composite Molding (LCM) manufacturing process have been
investigated over the last few decades [Mehdikhani et al., 2019]. However, there were still some
gaps in understanding the impact on the mechanical performance of final part, especially in
the case of textile-reinforced composites. To address this, the Resin Transfer Molding (RTM)
manufacturing process has been selected [Parvathaneni, 2020]. Control of the RTM process
allows us to generate two types of porosity separately, when classified based on the material
scales of textile composites: (i) intra-yarn voids (also known as micro-scale porosity) and (ii)
inter-yarn voids (also known as meso-scale porosity).

The voids in prepreg laminates are predominantly elongated in the fiber direction and are
always in contact with the adjacent fibers. In textile composites manufactured by the RTM,
voids have near-spherical shapes in the matrix-rich zone and elongated cylindrical shapes inside
the fiber yarns [Sisodia et al., 2016]. Moreover, in prepreg laminates, voids can be concentrated
between plies or in the middle of a ply (inter- and intra-laminar) which depends on the process
parameters (P, 7). In the case of textile composites, voids can be located between yarns or

9We are not distinguishing porosity and voids, both terms will be used in the text but with specified material
scale in which we observe this defects.
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inside a yarn (inter- and intra-yarn) which strongly depends on the resin flow velocity (see
simplified illustration when the resin flow is transverse to the yarns, Fig. 4.16).

Intra-varn voids — Fiber yarns Inter-varn voids

inlet outlet

Front of resin flow

Figure 4.16: Illustration of the dual-scale porosity mechanisms during RTM process (adapted from
[Chen et al., 2015]).

Parvathaneni [2020] has established an experimental setup to manufacture composite plates
with controlled porosity defects, focusing on either intra-yarn or inter-yarn voids. RTM process
was utilized to produce composite plates measuring 190 mm x 290 mm x 2.3 mm. Glass fiber
warp-interlock fabrics were employed for this study. These fabrics were positioned in a prepared
mold, leaving a gap greater than two centimeters in the injection edge to ensure rectilinear flow.
A press applied a pressure of 20 bar to the mold, compressing the fabrics with an accuracy of
0.lmm in terms of mold cavity height. This process ensured the prevention of race tracking
inside the mold. Subsequently, epoxy was prepared in a beaker by mixing resin and hardener
in proportions of 100:28 and stirring until homogeneous. The mixture was then degassed.

Finally, the controlled defects have been achieved as presented in Fig.4.17.

Figure 4.17: The SEM observation of warp-interlocks studied in [Parvathaneni, 2020].

4.4.2 Characterization of the porosity at micro- and meso-scales

All manufactured plates were characterized according to conventional tests 1 11 2 for fiber and
void volume content evaluations. For the more detailed analysis we used images taken by SEM
and micro-CT scans (following the same procedure as presented previously Section 4.3.1). We
applied threshold-based segmentation on the micrographs from upstream and downstream in
warp and weft directions to obtain statistical data on voids. In the literature, the following

10ASTM International: Standard Test Methods for Constituent Content of Composite Materials.

HASTM D3171 American Society for Testing of Materials (ASTM): Standard test methods for void content
of reinforced plastics, Designation D 2734-09.

12Kellyand, A., Zweben, C.: Comprehensive Composite Materials-Test Methods, Nondestructive Evaluation,
and Smart Materials, Elsevier Science Ltd. 5, (2000)



70 CHAPTER 4. MULTI-SCALE MODELING OF TEXTILE COMPOSITES

descriptors of porosity could be found: area/volume fraction, effective radius, aspect ratio, and
spatial distribution.

Descriptors of voids

Volume fraction is the most common void characteristic and is frequently adopted in the lit-
erature to quantify the effect of voids on the mechanical properties. However, there is enough
work to support that the total void volume fraction is not a single parameter to account for the
behavior of composites with voids. It should be noted that volume fraction is the only stan-
dardized descriptor of the quality of the composite part for the moment in the real practice.

The second descriptor is Size. It can be related to the cross-sectional area (A) of the volume in
the case of 2D image characterization or the volume (V') of the void in the case of 3D imaging.
If we introduce an equivalent void radius in both cases, we obtain the following equations:
Teqg = (r/A)"? and Teq = (3V/ 47)"* for 2D and 3D respectively. This parameter is very simple
and can be applied directly; however, it may lead to ambiguous conclusions. As was shown in
[Tretiak, 2019], the equivalent radius should also be related to the area of the void to reflect
the observed measurement of the effects on the interlaminar shear strength of unidirectional
continuous fiber composites.

The third descriptor is Shape, which is one of the indicators used to describe the morphology

of a void. The simplest one is aspect ratio (A, = ZZ‘;) A small A, means the void shape
is closer to a spheroid, while a large A, signifies that the void is elliptical. Depending on A,,
the following morphological terms are used to describe the void shapes: flattened coin-shaped,
cylindrical-shaped, cigar-shaped, rod-like shaped, elliptical cylinders, and large-long shapes
[Drach et al., 2013]. The shape is measured from image data, from either it’s micro-CT or

SEM.

Last but not least is Distribution, which gives us the information about the spatial localization of
voids. It directly influences the local state of stress and finally affects the material’s mechanical
response, influencing linear homogenized properties but also becoming critical to understanding
the composite’s performance in strength. It is a documented fact that the spatial distribution
of voids is sensitive to the type of the manufacturing process and its parameters, as well as the
architecture of the textile [Nikishkov et al., 2013].

Characterization of intra-yarn voids

The results from the measurements of the entire yarn are presented in Fig. 4.18. Fig. 4.18a
shows a warp yarn cross-section of the 3D twill layer-to-layer interlock. This study was con-
ducted to find the correlation between the occurrence of voids and the local packing fraction
of the yarn. We observe that it is not possible to exactly predict the location of voids since
it does not only depend on the fiber packing only. However, there is a likelihood of its occur-
rence. Moreover, the voids are only observed in the region having fiber packing in the range of
(0.35 — 0.65).

To study geometrical statistics of intra-yarn voids, we used the pixel counting method to
determine the void volume fraction in a yarn. Of practical interest to us are the following
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(¢)

Figure 4.18: Analysis of the entire yarn: (a) initial SEM image, (b) calculated fiber packing (as

explained earlier in Fig. 4.7) and (c) voids location.

void characteristics such as area (A; or V in the case of 3D), radius which can be an equiv-
alent measure as well, and aspect ratio (A, as mentioned above). These were calculated by
segmentation of the yarn by using the image processing tool FIJI [26,169]. These are the main
steps for the procedure: (i) selection of the yarn profile; (ii) thresholding (manually selected
gray-scale value); (iii) analysis using the ”Particle analysis” plug-in in FIJI. Additionally, a
noise removal procedure was applied to the image. In this study, the noise was related to the
unwanted information in an image such as isolated or clustered pixels after the application
of the threshold. To remove such noise, a numerical filter was applied to the calculated data
during the post-processing so that the least value with high repetition could be removed from
the data before making the final data set.

The ultimate goal of this treatment is to understand the link between the location of the voids
and the parameters of the manufacturing. It was noted at this stage that the relatively high
velocity of resin in the plate close to the inlet results in a dominant resin flow in the channel,
thus increasing the occurrence of the intra-yarn void. Conversely, near the outlet, the velocity
of the resin is lower and the capillarity of the yarns is significant enough to fill the yarns before
the resin fills the inter-yarn channel. Thus, the low resin velocity in the downstream results in
a small amount of intra-yarn voids.

One of the major contributions reported in [Parvathaneni, 2020] is the analysis and corre-
lation of spatial distribution of fibers (as mentioned above using classically n-point statistics)
and spatial distribution of voids. This has been done for both micro- and mesoscale porosities
with homogeneous, random, and cluster distributions. All observations were performed based
on available or developed techniques in image treatment.
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Characterization of inter-yarn porosity

In the case of the inter-yarn porosity for the considered materials, one of the best choices is to
use micro-CT image data. The process of image segmentation is described below.

Here only general findings will be mentioned revealing voids volume distribution and the aspect
ratio. The statistical analysis was carried out using regionprops3 an inbuilt MATLAB function.
For this, a binarized 3D image containing only inter-yarn voids and matrix was reconstructed
from the labeled text file generated by VoxTex [Straumit et al., 2015]. The total number and
maximal volume of inter-yarn voids in the region close to the inlet are lower than near the
outlet. However, the minimum void size has very similar values. The average aspect ratio of
the inter-yarn voids near the inlet is 14% smaller than the average aspect ratio of the inter-yarn
voids near the outlet. Based on the observations we can state that the inter-yarn voids have
near-spherical shapes and are more elongated near the outlet.

Position Upstream Downstream

Raw image

Density

Anisotropy

Voxel
model

Figure 4.19: The steps to extract inter-yarn voids [Parvathaneni, 2020].

4.4.3 Numerical modeling of textile composites with voids

Within this scope the following developments were done Lui [2017] and [Parvathaneni,
2020] : (i) fiber generator base on Molecular Dynamics (MD) algorithm and based on Nearest
Neighbor Algorithm (NNA); (ii) voids generator at the micro-scale and meso-scale; (iii) image-
based reconstruction of the meso-scale repetitive unit cell at meso-scale.

Generation of the porosity at the micro-scale

As introduced previously intra-yarn voids can have a complex shape and the present literature
algorithms do not generate systematically microstructures with voids. Hence two types of
algorithms have been developed; one is the generation of the spherical voids based on NNA and
the other one generates voids with a complex shape based on the local fiber packing.



4.4. TEXTILE COMPOSITES WITH POROSITY 73

34 Transverse ealstic modulus

F===::;:=E _____

12 RSN

Modulus in GPa
=)

—Homogeneous
8 |—Random
—Cluster
8 - . }
1 2 3 4
Void percentage
(a) (b) (c) (d)

Figure 4.20: Demonstration of the void generator algorithm with random (a), cluster (b), and ho-
mogeneous (c) position with fized cylindrical fibers (note these are cross-sections of the 3D models).
In (d) results of the FEM homogenization show the impact of the void position on the mechanical
performance of the composite.

Micro-scale porosity of spherical shape. Positions of the spherical voids are generated
using a similar algorithm as fiber placement algorithm including some modifications such that
the spheres cannot overlap on spherical voids and cylindrical fibers. Hence this algorithm is
called the Double Near Neighbor Algorithm (DNNA). The void generation is based on three
kinds of spatial distributions (i.e. homogeneous, random, and clusters). The position of the
first void is selected randomly in the domain. This position is accepted only if the void does
not overlap with the other fibers. The void volume fraction (Vi) in the RVE is calculated
after positioning each void. If the Vi is greater than or equal to the V"9, the loop will be
terminated and all the void information will be saved in a data file. This data will later be used
in the generation of a microstructure for FEM simulations. An example of different spatial
distributions of the spherical voids is presented in Fig. 4.20.

Micro-scale porosity of realistic shape. This algorithm is based on the measurements
of the local fiber packing presented in the previous sections. The generation of the RVE with
realistic voids is done in three steps (see Fig.4.21a ): (i) initiation in the zone of specified packing
fraction; (i) propagation to the neighboring fiber cluster; (44) termination once V, = Vfo9¢t,

For this algorithm, we have assumed that voids are formed in the local regions of the yarns
with specified packing. During the initiation, the void is positioned concerning the local fiber
packing only representing a fraction of the total void content. The voids keep growing to
neighbor material with the highest packing. The void propagation is terminated if either of
two conditions are met: the global void volume fraction has reached the limiting void volume
fraction or the void area fraction has reached the limit area fraction selected from the calculated
statistical data.

There are two possible voids which can be generated : (i) Fiber Rich zone Voids (FRV) and
(i1) Matrix Rich zone Voids (MRV). At any given V,, an RVE with voids FRV has ineffective
stress transfer and results in lower elastic properties than RVE with MRV (see Fig.4.21 ). The
matrix voids are bigger and have a high aspect ratio resulting in the orthotropic behavior of the
microstructure. At maximum void content of 4.5%, MRV results in 30% of elastic properties,
and FRV causes a 45% reduction of elastic properties.
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Figure 4.21: Demonstration of the realistic void algorithm (a). Results of the FEM homogenization of
RVE with MRV (b) and FRV (c).

Generation of inter-yarn voids

In order to understand the inter-yarn voids influence we have also proposed an algorithm to
generate artificial inter-yarn voids by post-processing the segmented image from VoxTex in
MATLAB. Once the ‘“.inp’ file with the matrix, warp, and weft yarns is generated it is feed to
the void generation algorithm developed in MATLAB. The algorithm facilitates the generation
of meso-structure with two different type of inter-yarn voids: randomly distributed voxels and
spherical voids (see Fig.4.22). In the literature, we can find references that have addressed such
void defects [Shigang et al., 2015].

Parvathaneni [2020] has implemented similar algorithms with randomly distributed voxel voids
to compare them with spherical voids (see Fig. 4.22a), despite the fact that such random
one-voxel voids have not been observed in micro-CT images. Therefore, microstructures with
spherical-shaped inter-yarn voids were also analyzed. For simplicity, all the voids in this study
have the same effective radius. Thus, the number of voids decreases proportionally to the
reduction in the total void volume fraction, ensuring that the volume of each void remains
constant. The microstructures containing spherical voids are presented in Fig. 4.22b.

Figure 4.22: The steps to extract inter-yarn voids [Parvathaneni, 2020].

The FE-homogenization at meso-scale with random one-voxel voids has a high dispersion of
the properties. Hence, an average of 5 simulations was presented for Fss, and E33 with their
dispersion see in Fig. 4.22a. The overall observation implies that the elastic properties of the
textile composites are more sensitive to intra-yarn voids than to inter-yarn voids. For test case
1, the inter-yarn void volume fraction of 0.18 equivalent to 0.05 total void volume fraction
resulted in the 4.3 % reduction of 5.6 % Esy (warp direction). However, the intra-yarn voids in
the warp resulted in the 7.5% reduction of Fs, and in the weft resulted in the 7.2 % reduction of
Es;. Shear moduli are more sensitive to inter-yarn voids than to the intra-yarn voids. The 0.05
total void volume fraction for the case of inter-yarn void only, resulted in about 10 % percent
reduction in G13 and Gag respectively. The intra-yarn voids lead to an average reduction of 6 %.
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Hence, we can conclude that the effect of the intra-yarn void play a crucial role in determining
the in-plane tensile properties. Conversely, the out-of-plane tensile modulus and shear modulus
are highly influenced by inter-yarn voids.
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Figure 4.23: Influence of the voids at both micro-and meso-scales for transversal and shear properties
[Parvathaneni, 2020].
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4.5 Conclusion

In this chapter, research has focused on modeling textile-reinforced composites with the main
objective of providing a realistic description at different material scales. Works related to
textile-reinforced composites have made several main contributions:

e Dynamic generator of yarn cross-sections: The main originality was developed
during Yang LUT’s PhD thesis [Lui, 2017], where he presented a generator capable of
reproducing observed features from real microstructures, such as non-homogeneity in
fiber distribution (gradient, clustering, etc.) within a yarn.

e Statistical RVE at micro-scale: A robust and efficient nNNA algorithm was devel-
oped by Parvathaneni [2020]. This algorithm was proposed based on statistical data of
real microstructures, capable of generating RVE with very high fiber volume fractions.
Traditionally, algorithms in the literature have focused only on the fibers, but in the pro-
posed algorithm, manufacturing defects such as voids have been considered. Additionally,
a statistical representation of the voids’ locations has been considered in the generation
of the SRVE.

e Image-based reconstruction of meso-scale RVE: 3D orthogonal composites have
three type of yarns which represent a challenge in the automatic segmentation of such
yarns. Original work has been presented in [Liu et al., 2017a] where the realistic numerical
model of textile reinforced composites including weft, warp, and binders were considered.
The variations in the shape of cross-sections, as well as the middle line of yarns deviating
significantly from the theoretical one, have been presented. Variable cross-sections of
yarns will also induce modified local fiber volume fractions within the yarn. Moreover,
non-linear damage modeling has been applied for realistic image-based RVE using earlier
developed constitutive modeling [Vasiukov et al., 2015b]. The impact of the realistic
meso-structure on the quantity and quality of the damage mechanisms was quantified.

e Conformal Mesh of Textile Meso-Scale RVE: We propose an automated method
for smoothing voxel-based geometries and discretizing them conformally for CT-scan data
of 3D woven composites. Our approach utilizes a level set post-processing technique to
control yarn volume fraction and cross-sectional fiber fraction throughout the RVE. We
study damage initiation and location using Puck failure indices between voxel-based and
smoothed meshes. Results demonstrate that geometry and fiber distribution significantly
impact damage prediction. Smoothed geometries yield more consistent results than voxel-
based ones, which exhibit spread damage initiation due to jagged yarn edges. Damage
initiation associated with the matrix failure index occurs in higher cross-sectional fiber
fraction zones under transverse tensile loading. The originality in this section lies in the
generation of the RVE for textile composites with controlled fiber volume fraction, thus
ensuring a realistic mapping of the strength properties of the yarns.

e Inter-yarn voids generator: Numerical algorithms have been developed to generate
random voxel voids and spherical voids at the meso-scale, enabling parametric modeling
to simulate the influence of such defects. These numerical models have revealed counter-
intuitive results: with constant total void content, intra-yarn voids have a higher influence.



5 .Numerical modeling based on FFT methods

This chapter presents a summary of my research on the numerical homogenization of hetero-
geneous materials. More specifically, we are going to consider only FFT-based methods. By
definition, FFT solvers are quick and well-suited for image-based structures. We want to in-
vestigate their performance and accuracy when dealing with textile-reinforced composites. We
will discuss quantitatively the errors in the prediction of elastic and damage behaviors at micro-
and meso-scales.

This chapter is organized into three parts. In the first part, we discuss the numerical ho-
mogenization problem statement for the elastic properties prediction and possible numerical
artifacts. In the second part, we introduce the FFT solver with a simplified formulation for
the non-local damage problem in heterogeneous materials. In the third part, the complete
formulation of the damage model is based on phase-field theory, and cohesive law formulation
is presented.

The results of this chapter have already been published in several papers. Chen et al. [2019b]
presented original work on a simplified non-local damage formulation based on the phase-field
model. In [Chen et al., 2018, 2019c], the FFT solver has been applied to textile composites.
We pursued a quantitative analysis of the elastic field calculation for heterogeneous materials
and investigated possible causes of errors in [Ma et al., 2019, 2021]. In [Ma et al., 2023a],
the complete formulation was compared to the previously published simplified formulation of
the non-local damage based on the phase-field model for heterogeneous materials. Finally, Ma
et al. [2023b] introduced the Newton-Krylov algorithm for efficient solving and improving of
the convergence rate of the introduced damage models.

This chapter provides a summary of the following research activities:

e Short-stay visiting : Project FoCUS: Advanced numerical methods for textile composites modeling,
KU Leuven, 2019. Project OCTET: Reduced order modeling for advanced monlinear multi-scale
numerical methods of composites, KU Leuven and UGhent, 2019-2020.

3 international conferences (see in CV [C3], [CP3], [C5]).
5 journal papers (see in CV [A9], [A10], [A5], [A2],[A1]).
e 1 PhD thesis advising: X. Ma (see in CV [D5]).

e 1 PostDoc supervising: Y. Chen (see in CV [P2])

7
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5.1 Introduction

As we delve deeper into the investigations of advanced composite materials, including textile-
reinforced materials, the need for an efficient numerical model becomes more pronounced. Si-
multaneously, this model should closely represent the micro- and meso-structure of the material
to align with reality. However, achieving these goals can sometimes be contradictory and not
easily attainable.

During the design stage of textile composites, the exact mechanical behavior and effective ma-
terial properties often remain uncertain. Experimental tests tend to be costly and, at times,
unfeasible for acquiring all necessary properties. As a result, considerable effort is made in devel-
oping mathematical tools to assess composite performance. Analytical models can yield quick
and efficient results; however, these rough approximations exhibit limitations when studying in-
tricate behaviors and morphologies. Hence, numerical approaches like Finite Element Methods
(FEM) are introduced to simulate realistic and complex models.

For FEM techniques, the conformal mesh is the most widely used, enabling the discretization
of an actual model shape. However, in cases involving intricate structures, such as textile com-
posites, interpenetration zones and non-physical distance between yarns the conformal mesh is
not suitable. While algorithms exist to establish complete conformal meshes for these struc-
tures, their computational cost is substantial. Consequently, the voxel-based mesh presents
an intriguing alternative to the conformal mesh. This approach avoids the need for advanced
algorithms and allows for direct model creation from images.

Conventional finite element method (FEM) solvers can be cumbersome for 3D simulations and
may require efficient parallel implementation [Nguyen et al., 2017] and/or automatic mesh adap-
tion [Zhou and Zhuang, 2018] to extend computational limits. This will be even more important
when dealing with heterogeneous materials with a complex microstructure. As an alternative,
numerical homogenisation can be performed by Fast Fourier Transform (FFT) solvers. FFT-
based method has gained popularity owing to its intrinsic parallelization capabilities. It was
initially proposed by [Moulinec and Suquet, 1994, 1995] as a voxel-based methodology that
does not need stiffness matrix assembling, unlike conventional FEM solvers.

5.2 Homogenization problem

The starting point is the definition of conventional homogenization problem for heterogeneous
materials as shown in Fig 5.1. This problem is formulated in the following set of equations:

o(x)=C(x):e(x) VeV (5.1a)
V.o(x)=0, (5.1b)
elx)=¢e"(x)+(e) or wu(x)=u"(x)+ (e)- =, (5.1¢)
e(e) = 1( a(w) + (Vu(@)"), (5.14)

(e) = and e(x) periodicin V, (5.1e)

where V' is the volume of our RVE with perfectly bonded materials phases, [J* represents the
fluctuation term, ((J) stands for the averaging operator, F is the averaged strain tensor. With
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the local stiffness fourth-order tensor C and reference stiffness material Cy, the Eq. 5.1a can be
rewritten as follows:

o(x) =Cy(x):e(x) + 7(x) (5.2)

where 7(x) = (C(x) — Cy) : e(x) is the polarization stress tensor.

Material 1 Effective material

Material 2

Material 3 #

_J|

Figure 5.1: Illustration of the conventional homogenization: three phases materials (left) and homog-
enized (or effective) material (right).

Finally, Eq. 5.1a and Eq. 5.2 are equivalent to the periodic Lippmann-Schwinger equation
[Moulinec and Suquet, 1994]:

e(x) =-To(x)*7(x)+(e), VeV (5.3)

with I'y as the fourth-order tensor which is called also Green operator and ” *” is the convolution
product.

5.3 FFT-based homogenization for elastic problem

5.3.1 Solution of elastic problem

One of the major advantages of the FF'T-based method is the high computational performance.
As described previously, local strain tensor is calculated by a convolution product with a fourth-
rank Continuous Green Operator (CGO, I'y in Eq. 5.3) and a polarization term ( 7 in Eq.
5.2). This convolution product is transformed into a simple multiplication in Fourier space
while solving Eq. 5.3 is not an easy task in real space because the numerical computation of a
convolution product is complicated. Furthermore, the term I'y is easier to calculate in Fourier
space. Thus, Eq. 5.3 in Fourier space simply becomes

E&) = -To(£): 7(€), VE£0, &(0)=(e), (5.4)

where the convolution can be transformed into a simple double contraction (denoted as ” : 7).
In Eq. 5.4 €, Ty and T are the Fourier transforms of €, I" and 7 respectively. The vector of
frequency, denoted by &, varies in Fourier space.

Because the polarization stress term 7(x) in Eq. (5.2) is nonlinear, an iterative algorithm is
necessary. The principle of the algorithm is to use an iterative fixed-point scheme (basic scheme
proposed by Moulinec and Suquet [1994]) to solve Eq. (5.2) and Eq. (5.1b):
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Initialization:
(ap) el(x)=(e), VxeV
(bo) o’(z) = C(z) : ()

Iteration (i +1): &' and o are known

(a) T'=0"—Cy: €' (x) (5.5)
(b) T = (")
() EHE) = ~To(): 7(&), VE£0, €0)=(e)
(d) eitl — F—l(é\#l)
(e) o(x) =C(x) : el (x)
(f) Convergence test: W <e
Here ||.|| is the L? norm. The iterative algorithm (5.5) stops when the convergence condition

is satisfied (e = 1 x 107'% in our calculations).

The multiplication of the polarization term and the CGO are local operations that can be easily
parallelized [Chen et al., 2019a]. Even if the FFT operation itself is not local, efficient parallel
implementations such as FEFTW [FEFT] are available. As a result, large-scale simulations based
on full-resolution images can be performed using the FFT-based method. Since its introduction,
FFT-based method has been improved and used to study a wide range of physical phenomena
in heterogeneous materials [Leclerc et al., 2016, Wang et al., 2018]. Its high performance in
comparison with FEMs have been clearly demonstrated by Eisenlohr et al. [2013], Lucarini
et al. [2022] and Ma et al. [2021]. However, despite the high computational performance,
the FFT-methods have several drawbacks (Sec. 5.3.4) that will require the caution in their
applications to realistic materials (Sec. 5.3.5).

5.3.2 First attempt to modeling a damage process in FFT solvers

Inspired by the successful application of FFT-based solvers for some study cases, as presented
previously, we aimed to extend applications for more complex multi-scale simulations of realistic
textile composites [Chen et al., 2019c, 2018]. Moreover, this should consider manufacturing
defects such as fiber misalignment and voids. The material behavior should also consider the
progressive degradation of the materials using damage modeling.

These numerical tests were performed on the 3D orthogonal textiles (as shown on Fig. 5.2)
that we have used in the multi-scale modeling within the FEM framework (see Sec. 4.4).
The geometry consists of two anisotropic phases (warp and weft yarns) and several isotropic
phases (matrix, voids and margins). The margins were introduced to study the boundary
effects and attenuate the strong periodicity conditions imposed by the FFT method. The
anisotropic phases (weft and warp yarns) have transverse isotropic behavior and their local
material orientation has been identified using structure tensor segmentation with anisotropy as
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presented in Sec. 4.3.3. As for the damage model, we have introduced an anisotropic damage
model into the solver, similar to what was presented in Sec. 3.1.2. This is a classical local
continuous damage model with smeared crack regularization [Bazant and Oh, 1983].

Figure 5.2: Description of the realistic vozel-based model: the first row (a) scanned image and (b)
segmented image; the second row is represented voxel model for FFT-based solver. [Chen et al., 2019c]
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Figure 5.3: Brief results of damage field in the matrixz and yarns with different contrast of the "margin”
materials selections. [Chen et al., 2019¢c]

5.3.3 Research problem statement for FFT methods

The results of these works have opened a broad field for further investigations. Several main
aspects have been formulated and listed in the next Box. 5.3.3.

Numerical modeling based on FFT methods

This implementations have raised the following groups of questions linked to:
1. FFT-based solver. Are the numerical artifacts that are rising from FFT method
itself appropriate for extension to realistic materials?

e "Realistic” materials, in general, never respect the periodicity of the micro-
structure, whereas FFT-methods by definition are periodic. Thus, the question
rises: whether we can find a remedy for this kind of microstructure? As suggested
by Chen et al. [2018, 2019¢]|, we can introduce to the model some fictive material
(or as we called "margin” material).

e The issue is well-known that FFT-based models are very sensitive to the contrast
of the phases. The more material phases, the more interface should be treated. In
this case, we have several anisotropic phases (warp and weft yarns), a few isotropic
phases (matrix and voids), and some fictive materials on the border of the RVE.

e How important are the numerical artifacts that are inherently present in the FFT
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methods?
2. Damage modeling. Is the chosen model appropriate for textile-reinforced composites

with defects?

e Local models should be probably replaced by non-local formulations.

e "Realistic” materials typically have a high volume fraction of the reinforcement
phase, resulting in fibers or yarns being in close contact or proximity to each other.
In the case of a non-local formulation, how does the characteristic length parameter
influence damage initiation and impact crack propagation?

5.3.4 Numerical artifacts in FFT solvers

There are three main issues with this fixed-point scheme, which many researchers have at-
tempted to overcome in the last two decades. According to Ma et al. [2021] the classification
of the numerical artifacts is presented as follows :

1. Infinite mechanical contrast between phases (Cy/C(x));
2. Sensitivity to the choice of reference material (Cy);
3. Spurious numerical oscillations due to heterogeneity in mechanical fields:

e No satisfaction of Shannon’s theorem for heterogeneous fields (no cut-off frequency
for heterogeneous fields);

e Gibbs phenomenon of spectral methods;
e Non-smooth "zig-zag” interfaces (voxel-type discretisation);
e Hourglass effect (similar to reduced integration formulation in FEM).

The first issue is well reported in the literature and several solutions have already been proposed:
the accelerated scheme [Eyre and Milton, 1999], the augmented Lagrangian scheme [Michel
et al., 2000] and the polarization-based scheme [Monchiet and Bonnet, 2012]. The second issue
was addressed by Brisard and Dormieux [2010] and Zeman et al. [2010] simultaneously proposing
the use of conjugate gradient solvers. An extension to the non-linear case for conjugate gradient
solvers has been proposed by Gélébart and Mondon-Cancel [2013]. This solution appears to
improve both the sensitivity to the phases contrast and the choice of reference material.

Ma et al. [2021] have addressed the issue of the spurious numerical oscillations, with quantita-
tive analysis of each cause and proposed several solutions to reduce the impact for heterogeneous
materials.

5.3.5 Solutions to reduce numerical artifacts in FFT solvers

Over a decade, many researchers have worked to reduce these artifacts. The following three
strategies were adopted in [Ma et al., 2021, Ma, 2022]:

1. Computation of the Discreet Green Operator (DGO) based on Finite Difference (FD)
discretization.
This kind of approach was first proposed by Miiller [1996] and followed by Dreyer et al.
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[1999] and Brown et al. [2002] where a centered FD was considered. Backward and
forward FD schemes were adopted by Willot and Pellegrini [2008]. Many papers were
published in the last few years in this research direction such as Willot et al. [2014],
Berbenni et al. [2014], Lebensohn and Needleman [2016], Djaka et al. [2017], Vidyasagar
et al. [2017]. Among the different schemes, there is the DGO calculated based on the
centered FD scheme on a rotated grid, called rotated scheme Willot [2015], which is
one of the most interesting schemes. This scheme was implemented in the open-source
software AMITEX-FFTP AMI developed by Lionel Gélébart et al.

2. Discretization scheme based on linear hexahedral element.
It was proposed Schneider et al. [2017] adapted to both the basic scheme and conjugate
gradient solvers. This scheme was presented in two versions, one with reduced integration
and the other with full integration, similarly to FEM. It was analytically demonstrated
that the scheme with reduced integration is equivalent to the rotated scheme proposed in
[Willot, 2015].

3. Smoothing of the interfaces.
As illustrated in Fig. 5.4, the numerical oscillations are still present even with the rotated
scheme due to non-smooth interface. As a solution composite vozels [Kabel et al., 2015,
Chariere et al., 2020] and neighbor vozels average [Ma et al., 2019] were investigated.

Figure 5.4: Illustration of spurious numerical oscillations (check-board patterns) of local stress field
(022) present in FFT with rotated scheme proposed by Willot [2015] (left half part) and FEM (right
half part) under tension in x-direction with the contrast between the fiber and matriz Young’s moduli
set to Ey/Ep, = 22.

The highlights of the main results are shown in Fig. 5.5. A comparison of different Discrete
Green Operators formulations (Moulinec-Suquet (M-S), Willot-Schneider (W-S), Schneider full
integration (SF)) and FEM solutions with reduced (FEMR) and full integration (FEMF) is
shown in Fig. 5.5a and Fig. 5.5b for normal and tangential interface strains respectively. The
error measure (MD = |DFFT — DFEME|)
between FFT results and FEM results with the reduced formulation. This measure shows that
increasing sampling frequencies does not affect the results. Some similarities with the DGO
formulation have been confirmed in the literature.

values were selected to show the absolute difference

Remark: Nevertheless, some open questions still remain for further investigations. Why are the
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fluctuations independent of sampling frequencies, and why does M-S show fewer fluctuations
than the other formulations?

The second set of results is shown in Fig. 5.5¢ and Fig. 5.5d to compare the strain field with
smoothing techniques on the interface using the Willot-Schneider (W-S) DGO. The comparison
was done for two techniques: the composite voxel technique (TCV), as shown in [Kabel et al.,
2015], and the improved level-set method (OCV) proposed in [Ma, 2022]. Similarly, we only
look at the normal strain and tangential strain components. Both techniques have also been
compared to the FE solution with a conformal mesh. Both techniques show very similar results,
and the improved OCV is performing slightly better. One of the great advantages is that OCV
can be easily adapted for any kind of heterogeneous materials without knowing the distribution
of the material phases in advance.

Finally, a comparison of the improved smoothing technique (OCV), averaging techniques (AVE),
and conformal mesh FE simulations is shown in Fig. 5.5e. In certain cases, averaging tech-
niques (AVE) can outperform the OCV. However, in the case of generic heterogeneous material,
OCV is still one of the most effective methods to smooth the interfaces and significantly reduce
numerical fluctuations due to the "zig-zag” interface shape.

5.4 Phase-field method to model non-local damage

The modeling of crack propagation using the classical continuous mechanics approach can
suffer from loss of ellipticity of the governing differential equations after reaching the maximum
strength of a material due to material instability [de Borst and Verhoosel, 2017]. Strain-
softening behavior is manifested by localization of strain into discontinuity and ultimately
lack of objectivity and poor convergence of the numerical solution. As a result, the problem
converges to a solution without energy dissipation in the crack process zone, which is localized in
a zero-width band. Numerical solutions exhibit mesh dependency, giving physically meaningless
results that also depend on mesh alignment. To address this issue, many methods have been
proposed, such as gradient-enhanced damage models [Peerlings et al., 2002] and phase-field
models [Francfort and Marigo, 1998]. Even if they start from different points, both models have
a common point, namely, the inclusion of similar gradient terms into the governing equations:
damage gradient for the first one and spatial derivatives into the energy functional for the
second one [de Borst and Verhoosel, 2016]. The latter ones have gained popularity in recent
decades [Miehe et al., 2010b,a, Wu, 2017].

Phase-field models utilize a damage variable (d) to describe the failure state, where sharp
cracks are regularized as diffusive crack bands by a function of d [Bourdin et al., 2000, 2008]
(see Fig. 5.6(a)(b)). The damage variable d is a continuous parameter that varies in the range
[0,1] and describes the degradation state of the material. The value of 0 represents an intact
state and the value of 1 represents a fully degraded state. On the one hand, the evolution
of the phase-field variable itself completely describes the initiation and propagation of cracks
in the material. On the other hand, phase-field models are closely related to the variational
approach of brittle fracture as was shown by Francfort and Marigo [1998], which enables a
simultaneous approximation of the displacement field and the cracks by minimizing the total
potential energy of the solid. Miehe et al. [2010b] have proved that the regularization length of
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Figure 5.5: Conventional example of the single fiber Unit Cell (UC) under uniazial traction (see [Ma

et al., 2021]).
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Figure 5.6: A solid body Q0 with the crack set T': (a) conventional sharp cracks and (b) diffuse crack
bands in phase-field.

the phase-field model should be at least twice the element size of the fractured zone. Thus, it
requires a minimum ratio between the minimum regularization length and mesh size to ensure
mesh independence. Therefore, for complex microstructures, phase-field methods necessitate a
sufficiently refined mesh for better predictions. On the other hand, FFT is more conducive to
massive parallelization. As a result, combining phase-field models with the FFT method for
fracture problems can be advantageous. A pioneering work in this area was published by Chen
et al. [2019b] and was successively continued by Ma et al. [2023a,b].

5.5 Review of Miehe’s and Wu’s phase-field models

In this section two phase-field models will be briefly introduced. The first model was ini-
tially proposed by Miche et al. [2010b], and the second one by Wu [2017]. For all subsequent
demonstrations, the subscripts (1™ and 0" will denote Miehe’s and Wu’s models, respectively.

5.5.1 Regularization of sharp cracks

The starting point of the phase-field method is to smear the sharp crack using a diffusive
crack band. The smear function can vary for different phase-field models. Those used in
Miehe’s Eq. 5.6a and Wu’s models Eq. 5.6b are described below:

d” = exp <_l|x|) , (5.6a)

dV =1 —sin ('f-') . (5.6b)

With Eq. (5.6), it is straightforward to calculate the diffusive crack surface (B) and its density
(), where their generic forms can be expressed as follows,

B= / v (5.7a)
Y % (o (d) + 1. (Va)?] | (5.7b)

a(d) =&d+ (1 —&)d?, (5.7¢)



5.5. REVIEW OF MIEHE’S AND WU’S PHASE-FIELD MODELS 87

where £ and ¢q are the parameters that vary depending on the specific phase-field model being
used. A generic expression of the geometric crack function «(d) was proposed by Wu [2017]. In
phase-field models with a(d) = d* and £ = 0 the classical quadratic geometric crack function
is recovered [Miehe et al., 2010b] resulting in a localization of infinite bandwidth support. In
contrast, Wu’s model [Wu, 2017] uses the geometric crack function a(d) = 2d — d* with £ = 2,
which leads to a sinusoidal distribution of the crack phase-field with a finite support 7l.. The
summary of different functions and values of the parameters for Miehe’s and Wu’s models are
listed in Tab. 5.1 and the damage profiles of both models are illustrated in Fig. 5.7.

Model name &l a(d) |co d(x)

Miehe Miehe et al. [2010b,a] 0 d? 2 | exp <_@>

Wu Wu [2017], Wu and Nguyen [2018] | 2 | 2d —d? | m | 1 —sin ('%)

Table 5.1: The parameters of different phase-field models.

R
— i
S — — — — Miehe

— Wu

Figure 5.7: The damage profile of different diffusive crack functions Wu et al. [2020].

5.5.2 Variational approach

The diffusive crack surface (Eq. (5.7)) can then be incorporated into the variational approach
of brittle fracture modeling, which is based on Griffith’s energy principle [Griffith, 1920] for a
cracked body. In this energetic approach, the damage evolution and crack propagation are a
competition between the bulk energy stored in the body and the energy dissipation from the
opening of the crack surface. From this point of view, in quasi-static loading, the total energy

IT can be expressed as:
IH:=o,+®;,— P, (5.8)

where @, represents the strain energy stored in the cracked body, ®, represents the energy
dissipated by opening the crack surface, and P represents the work of external loading.

In the phase-field method, the dissipated energy ®,4 can be approximated as the energy required
to open the diffusive crack band, as described in Eq. (5.7). As a result, ®; can be converted
from a surface integral to a volume integral. Meanwhile, an energetic degradation function,
denoted as g¢(d), is used to compute the value ®;. We consider a domain Q@ C R" (n =
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1,2,3) that contains a crack set I' with I' € R"! and is subject to volumetric loading by
the body force f*, the displacement u* on the boundary 0€2,, and the surface force t* on the
complementary boundary 0€2;. The symbol [J* indicates the prescribed terms. In summary, a
detailed formulation of the components in Eq. 5.8 is provided below:

D, - / (e T)dV = / 9(d) 0o (e (w)) AV, (5.90)
By — / G.dS ~ / Gy (d, V) dV, (5.9b)

P:/f*~udV+/ t*-udS+/ (o -m)-u*dS. (5.9¢)
Q o0 oM

In Eq. 5.9a, ¢ denotes the elastic strain energy density stored in the cracked body, while € and
o represent the strain tensor and initial strain energy, respectively. In Eq. 5.9b, G, stands for
the critical energy release rate. Typically, the diffused crack domain B is much smaller than
the considered domain €2 with B C €. In Eq. 5.9¢, the symbols o and n correspond to the
Cauchy-stress tensor and the normal vector outside the boundary, respectively. Additionally,
the symbols [ dV and [ dS represent the volume and surface integration, respectively.

The strain and phase-fields (e, d) can then be determined by minimizing the total energy under

the constraint of irreversibility, which is stated as d > 0, and under the boundary conditions:

u(x) = u* at 98, and o-n = t* at I with n the outward unit normal vector to the external

boundary 99 (092 = 08, |J 02:). Eq.(5.8) can be written in a variational form:

Oll (u,d) = / o 5€dV—|—/ a—(p&ldV—F/ G, (@&l—f— @ (Vd) - 5(Vd)) dV—/ t*-dudS,
Q g od B od 0 09,

(5.10)
where o = %‘f denotes the Cauchy stress, and du = 0 for Vo € 0€,. Eq. (5.10) can generally
be split into two components: 11 (u, al)P1 and o011 (u, d)m, which represent the mechanical and
phase-field parts, respectively. This enables a separate solution for the mechanical and damage
fields, and a coupling scheme would then be employed to link these two fields. This section
only focuses on the phase-field part 11 (u, d)P2, which can be expressed as:

Ol (u, d)™* = / g (d) podddV + / Glc o (d) 6ddV + / 2Gele
B

B Cote B ©Co

Vd-V(6d)dv,  (5.11)

where (0’ means the first derivative. Eq. (5.11) allows us to easily derive the governing equation
for the damage field in phase-field models in the following form:

g (d)H+ Ge o (d) — V- <2Gclcw) = 0. (5.12)
cole Co

Further details can be found in [Ma, 2022]. Eq. (5.12) represents the generic form of the

governing equation for the phase-field. The regularization parameters, o and ¢y, are already

known for each phase-field model and are shown in Tab. 5.1. Therefore, the next step is to

determine ‘H and g¢(d) for each phase-field method.

Energetic degradation functions

The energetic degradation function, g (d), varies for different phase-field models. For Miehe’s
phase-field model, a quadratic energetic degradation function is used, as shown in Eq. (5.13)(a).
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In contrast, Wu’s model with a linear softening law, which is used in this work, employs a more
complex degradation function as described in Eq. (5.13)(b).

g(d)™ = (1 —d)? (5.13a)

W (1— d)>2  EG, 4
I = T T ol N

(5.13b)

J
o? 7l

where E stands for the Young’s modulus of the material in the case of isotropic material, while
o. represents the material’s strength. Contrary to the degradation function used in Miehe’s
model, the formula for a; in Eq. (5.13)(b) includes .. As a result, Wu’s model has an elastic
stage.

History variables

Damage models should reflect the physical properties of materials. A damage variable is irre-
versible and cannot be higher than 1. As a result, the boundedness d € [0, 1] and irreversibility
condition d > 0 should be respected. To ensure the irreversibility condition, the history field
‘H is introduced into Eq. (5.12). This field represents the maximum initial strain energy at
0,t,], where t,, is the current time. The two history fields for both Miehe’s and Wu’s models
are defined as follows:

HM (x,t,) = maxo<i<t, [of (x,1)], (5.14a)

1 2
HY (x,t,) = maxo<i<t, {cpar (x,t), 50—5] , (5.14Db)

where ¢ (x,t) represents the initial tensile strain energy at time ¢, as the compressive part
does not contribute to damage in phase-field models. The ¢g (z,t) of Wu’s model is calculated
as:

0 L (1)) (5.15)

where g7 represents the major principal value of the effective stress &, which is determined by
the elastic relation ¢ = C : €. Here, C refers to the material stiffness tensor without damage.
The split operation, denoted by (—),, is defined as (x); = {x,0}. More details about the
initial strain energy and split formula for Miehe’s model can be found in [Miehe et al., 2010a,
Chen et al., 2019b, Ma et al., 2023a].

As shown in [Mandal et al., 2019, Wu et al., 2020, Ma, 2022|, the damage value in Miehe’s
model inherently satisfies the boundedness d € [0,1]. However, this is not the case for Wu’s
model due to its elastic stage. As a result, an additional condition, i.e., the Rankine energy
(%%?), should be included in the history field H for Wu's model to ensure d = 0 during the
elastic stage.
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Phase-field governing equations

According to Egs. (5.12) to (5.15), the governing equations for Miehe’s and Wu’s model are

written as
G,
—2(1 —d)HM + Td=V- (Gl Vd) =0, (5.16a)
dai (1 —d 2 G, 2G .
— o ( ) 27—[W+——(1—d)—V- ( Vd) =0, (5.16Db)
(2a1d —4d — a1d2 + 2d? + 2) ™ lc ™

where Eq. (5.16)(a) is specific to Miehe’s model while Eq. (5.16)(b) applies to Wu’s model.

5.6 FFT-based solvers development

5.6.1 Miehe’s phase-field damage model in FFT solver

A FFT solver of a variational phase-field model for brittle fracture has been proposed for
the first time by Chen et al. [2019b]. Relying on the staggered update scheme of [Miehe
et al., 2010a], the phase-field and elastic problems have been separately solved both using the
FFT method with fixed-point algorithm together with a convergence acceleration procedure.
Benefiting from the FF'T technique, the proposed method is easy to parallelize and convenient
for image-based modeling.

Main assumptions that were made by Chen et al. [2019b] have led us to the following system
of governing equations:

% (d—12 Ad) +nd =2(1—d)H, (5.17a)
C V- o(u,d) =0, (5.17b)
. %(w + (V)T (5.17¢)

o= g(d™ [Ntr(e)), I +2uey] + [A(tr(e))_I+2ue-],  (5.17d)

where 7 is the viscous regularization parameter for convergence of the fixed-point algorithm, [J
denotes the time derivative, A and p are the Lamé constants of a material, I is the second-order
unity tensor. In Eq. 5.17d we introduce the split of positive and negative strain tensors whose
details can be found in [Chen et al., 2019b].

Besides the standard numerical test cases (such as Single Edge Notch Tensile, Double Edge
Notch Tensile, etc. see [Chen et al., 2019b]) we also have applied them to continuous fiber
reinforced composite unit cell with penny-shape defect (as shown in Fig. 5.8). In this test case
we allowed only matrix material to be damaged and assumed that two phases materials have
perfect interface.

This work has shown a great potential for the non-local damage modeling for composite mate-
rials. However, a main question has been raised (see Box 5.3.3): Is the assumption, made in
Eq. 5.17a, could be still applicable to the heterogeneous materials with heterogeneous fracture
properties?
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Figure 5.8: Crack patterns of the continuous fiber composite under tension in the x-axis at different
loading levels. For the sake of clarity the matriz is hidden and only the voxels with damage variable
greater than 0.9 are shown. [Chen et al., 2019b]

5.6.2 Complete formulation for heterogeneous phase-field damage
in FFT-based solvers

As presented previously, the phase-field model has two important parameters: the critical
energy release rate (G.) and the regularization length (I.). G. is widely recognized as a material
damage property, while /. describes the crack bandwidth (see Fig. 5.6b). The smaller [., the
narrower the crack band becomes (Fig. 5.9b). If [. = 0, a sharp crack is fully recovered.
Recently, there have been discussions in the literature about these parameters.

The implementation of the phase-field model, whether Miehe’s or Wu's, requires special atten-
tion when dealing with Eq. 5.16a. To highlight the importance of the assumption, as shown
in Eq. 5.17a, the complete formulation (as it is presented in Eq. 5.16a) has been implemented
into the FFT-solver by Ma et al. [2023a]. It was shown that omitting certain terms in the
phase-field equation, when dealing with heterogeneous materials, can result in an abnormal
damage diffusion between the different material components.

= Gl. Ad, in the case of homogeneous assumption
V - (Gl Vd)
=V (G.l.)-Vd+ G..Ad, in the case of complete assumption

A selected summary of the results is shown in Fig. 5.9. For all aspects of the numerical
implementation, the related article [Ma et al., 2023a] can be referred to. The simulations were
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conducted on a two-half-fibers model (Fig. 5.9a) to ensure that the weakest point would be
in the center of the unit cell. In this way, the influence of the boundary conditions would not
interfere with the final results. There were four main groups of results: the results on the first
line show damage profiles along the middle line of the unit cell; those on the second line show
the damage field in the unit cell for the simplified formulation; those on the third line show
the damage field for the complete formulation; and those on the fourth line show the averaged
stress-strain response for both simplified and complete formulations.

It was observed that taking into account all the terms in the formulation preserves the diffu-
sion of matrix damage field in the fiber material and significantly modifies the damage field,
especially when [, is sufficiently high compared to the distance between the fibers (refer to the
images in the last row of Fig. 5.9). It was also shown that the influence of . on the mechanical
response is more significant for heterogeneous materials. Furthermore, the choice of regular-
ization length affects not only the macroscopic mechanical behavior but also the local crack
propagation patterns.

5.6.3 Discussion on [. sensitivity and implementation of the Wu’s
model

The primary focus of the current section is the relationship between [. and the predicted
mechanical behavior of a material. Initially, /. was intended to be used as a numerical parameter
to describe the crack bandwidth. However, some studies [Nguyen et al., 2016b, Zhang et al.,
2017] have found that it can significantly affect the simulated mechanical behavior of materials
in certain phase-field models, such as Miehe’s phase-field model [Miehe et al., 2010b] which has
also been confirmed in the previous section. As a result, this parameter is now commonly treated
as a material parameter [Espadas-Escalante et al., 2019, Guillén-Hernandez et al., 2019]. In
the literature, there are two main approaches to determine the [. value. One approach involves
an analytical calculation of a 1D bar problem with a homogeneous crack phase-field [Nguyen
et al., 2016b], while the other involves an inverse analysis of experimental results [Nguyen
et al., 2016a]. Although these techniques can yield satisfactory results in some cases, they can
also complicate the calculation. Additionally, Mandal et al. [2019] have found that these .
estimates can sometimes be too large compared to the dimensions of the model, resulting in
some unusual phenomena. As a result, it can be challenging to select an appropriate
l. that produces both accurate macroscopic responses and local crack patterns for
certain phase-field models.

One of the solutions is to decouple the connection between [. and mechanical behavior and
ensure that [, only fulfills its original role of describing the degree of crack diffusion. This is one
of the main advantages of Wu’s phase-field model [Wu and Nguyen, 2018], which introduces
traction-separation laws from the cohesive zone model into the phase-field theory to make [,
independent of mechanical response. Mandal et al. [2019] found that Wu’s phase-field method
exhibits [. insensitivity when applied to homogeneous materials.

Ma et al. [2023b] has incorporated Wu's phase-field (as presented in Sec. 5.5) into the
FFT-solver and investigated its sensitivity when applied to heterogeneous materials. Wu’s
model introduces a new degradation function to represent non-linearity. This brings about a
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Figure 5.9: Summary of the results presented in [Ma et al., 2023b]: (a) model geometry description;
(b) and (c) damage profiles in the middle of the model as function of the l.; (d) and (e) damage field
for simplified and complete formulations respectively; and (e) comparison of the averaged stress-stain
responses for. Remark: . values of matriz material were varied.

significant challenge when attempting to solve Wu’s model using a fixed-point algorithm. Thus
Newton—Raphson method has been updated to solve nonlinear equations. The linearization of
the problem and its numerical solution with Conjugate Gradient (CG) solver can be found in
the reference article [Ma et al., 2023b] which does not require to introduce a reference material
or a polarization term. Ma et al. [2023b] solved the non-local term directly without any
definition of the reference material and the polarization term. The main result is presented as
follows.
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Figure 5.10: Summary of the results presented in [Ma et al., 2023b]: (c) damage profile along the
central line for both Miehe’s and Wu’s models; (a) and (b) damage fields at the final loading increment.

Selected results are shown in Fig. 5.10. We can see that for Miehe’s and Wu’s models, the
complete formulation, as presented in the previous section, is used. It is clearly seen that in

Fig. 5.10a, no damage diffusion is observed in the fiber material. One of the main advantages
2
of the Wu’s model is that it introduces the threshold condition (term %U—EE, see Eq 5.14b) above

which the damage is equal to zero as can be seen in Fig. 5.10b and c.
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5.7 Conclusion

Below, the original contributions about FFT based solvers phase-field model for damage mod-
eling in heterogeneous materials.

e Implementation of FFT methods and phase-field model for large scale: This
approach uses an FFT solver for elastic and damage modeling based on a variational
phase-field approximation for brittle fracture. The method is easily parallelizable, suitable
for image-based modeling, and enhanced with a convergence acceleration procedure for
improved computational performance. It offers an efficient alternative to standard FEM
solvers for phase-field models of brittle fracture, particularly in image-based modeling
with a large voxel count.

e Analysis and optimization of spurious numerical oscillations: The causes were
investigated, and potential solutions were critically compared. The most severe cause, a
zig-zag pattern at non-smooth interfaces, led to five times stronger oscillations. A solution
was involved using a Discrete Green Operator (DGO). The second cause was a defect in
the original FFT method, addressed by employing DGO. The third cause, the hourglass
effect, was mitigated by a fully integrated formulation like SF. The Gibbs phenomenon
did not affect the numerical oscillations. A combination of Willot’s rotated scheme (W-
S) and the proposed improved composite voxel technique appears optimal for FFT-based
composites homogenization. Future studies could explore damage analysis based on this
method.

e Development of the complete formulation for heterogeneous materials: The
investigation of damage modeling based on non-local phase-field formulation led us to
compare two possible formulations of a phase-field model: the simplified and complete
formulations. The main difference lies in the omission of a term in the simplified formu-
lation. While equivalent for homogeneous models, they diverge for heterogeneous ones
due to varying values. The simplified formulation converges faster, but non-physical
damage diffusion occurs in heterogeneous models, affecting local micro-level damage eval-
uation. Differences in macro-level relations are also observed, especially near interfaces
with cracks.

e Implementation of cohesive-type model: Wu’s phase-field model has been success-
fully implemented into the FFT-based solver. In Wu’s phase-field model, the degradation
function is nonlinear, making it challenging to solve Wu’s phase-field evolution equation
using the FF'T solver with a fixed-point algorithm. To overcome this, a new phase-field
solver based on the FFT method has been proposed. We took advantage of this new
implementation to consider a strong coupling of the phase-field with the strain field to
alleviate restrictions on the loading step.
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6 .Perspectives

No sensible decision can be made any
longer without taking into account not
only the world as it is, but the world as
it will be.

Isaac AsimMov

My research project is aligned with the three following research themes of Institut Mines-
Télécom (IMT)': ”High-performance materials and eco-materials” (Industrial transformations),
”Data analytics and Artificial Intelligence” (Digital transformations), and ”Renewable energy
and resources” (Energy, ecological, and urban transformations). My project is logical contin-
uation of my research activities shown in the previous chapters. Thus, I have gathered all my
perspectives into the following two research themes:

1. Multi-scale numerical modeling of heterogeneous materials integrating process-
structure-property paradigm.

2. Durability of composite and hybrid structures towards digital twin.

Each of these themes has several subjects to investigate. All presented research topics are
organized by duration, starting from the short-term and ending with the long-term.

6.1 Multi-scale numerical modeling of heterogeneous ma-
terials integrating process-structure-property paradigm

6.1.1 Big picture

We have observed that the manufacturing process of composite structures can induce internal
structural changes, such as misaligned reinforcements, thickness variation, and voids. In the
previous sections, we have primarily focused on voids, as they are common composite defects,
and their influence on mechanical properties depending on their location (intra- or inter-yarns),
distribution (clustering or uniformly distributed), size (small or large), and shape (spherical or
cigar-like), even with the same content. Some of these effects have been presented in the PhD
theses under my co-supervision [Lui, 2017, Parvathaneni, 2020]. These defects are strongly
correlated with the microstructure of material and appear at different material scales [Maes
et al., 2022]. Hence, multi-scale variability plays a crucial role in non-linear static and fatigue
behavior, triggering damage initiation and crack propagation [Cruanes et al., 2022]. Therefore,
it is crucial to develop the most realistic material models with high fidelity and computational
efficiency. However, there is still a gap between experimental measurements and numerical
modeling when attempting to predict elastic, strength, and fatigue properties as well as their
dependency on process-induced defects. Proposing a solution to quantify the margin for defect

'Dilated description can be found on the official web-site of the research areas of the IMT.
www.imt.fr/en/research-innovation /research /research-areas/
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tolerance specific to loading and providing a process optimization guide are also of high interest
to the industry.

Bringing all of these elements together allows us to present a Big picture (see Fig. 6.1). The key
elements are structured based on material scales: 1) at the micro-scale, we observe variations
in the geometries of each phase as well as clustering phenomena; 2) at the meso-scale, we
notice different yarns and manufacturing defects such as inter-yarn voids, along with sensors
to monitor performance even during the service; 3) at the macro and component-scale, we can
discern a variety of geometric features, boundaries, and loading conditions.

Micro-scale Meso-scale Macro-scale Component scale

Interfaces between yarns
Integrated sensor and
induced defects

Intra-yarn voids

Fiber clusters and
Resin-rich areas A

Local anisotropy and
variable fiber volume

Visco-elasto-plastic fraction

coupled with damage
behavior

Figure 6.1: Big picture: heterogeneous structures at different scales including the manufacturing defects
and sensors integration.

Moreover, the Big Picture (Fig. 6.1) reveals that we will have a plethora of data generated at
different scales. There will be two main sources of data: 1) numerically generated data (results
of different simulations, data about numerical micro-structure etc.); 2) experimentally collected
data, encompassing static and fatigue mechanical tests, in-situ and ex-situ high-resolution
micro-CT images etc. Thus, it is also important to store, share, and analyse such amount
of data and leverage the advantages of new numerical methods integrating artificial
intelligence to explore it to the maximum.

In this topic, the research will address multi-scale problems, focusing specifically on the statis-
tical representation of manufacturing defects and their correlation with damage initiation and
propagation across different scales.

6.1.2 Improvement of multi-scale observation techniques (short and
mid-term)

The development of a multi-scale methodology should be grounded on a profound understanding
of the complex phenomena that occur across different material scales. The quantification of
geometrical variability (cross-section, form), distribution (location, clustering), and orientation
of the phases of materials (i.e. fibers, matrix, voids, etc.) has a high impact on the prediction
of the mechanical properties of new advanced heterogeneous materials. The most detailed
and comprehensive information can be extracted from images (2D, 3D) and implemented into
numerical material models. Within this research topic, the following subjects will be considered.
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Segmentation enriched by the data

The heterogeneity and variability of material properties become crucial for predicting nonlinear
behavior. Therefore, it is necessary to have a well-established tool or methodology to convert
images into representative geometries for numerical models. As shown in Fig.6.1, we have
several phases to identify during the image analysis. In general, we have fibers and matrix
material. When we start to consider manufacturing defects, we introduce a third phase repre-
senting voids, which has a contrast close to the matrix phase (depending on the resolution of
micro-tomography). When we assess the non-linear static and fatigue performance of compos-
ites, or attempt to follow the evolution of cracks in-situ or ex-situ, we would face additional
issue in properly detecting all cracks.

In the literature, the following methods are considered for experimental data segmentation
and analysis. Sosa-Rey et al. [2022] have proposed a smart segmentation of the three-phase
materials using Machine Learning (ML) methods. Examples of such applications to textile
composites can be found in [Mendoza et al., 2021] and [Pannier et al., 2023], where the authors
have applied Convolutional Neural Network (CNN) for fast detection and reconstruction of the
meso-scale structure of 3D textile-reinforced composite materials.

In the literature, the authors applied improvements either at the micro-scale, focusing on a
detailed description of material phases and manufacturing defects, or directly at the meso-
scale, focusing on textile meso-structure. It was also shown that the quality of segmentation
may alter depending on the methodology and deep-learning based method will detect the actual
form of defects [Upadhyay et al., 2024]. However, the fact that the meso-scale and micro-scale
voids are strongly correlated we would need enriched methodology to study coupling between
the two scales. Thus, this is considered the main challenge in this research topic.

Realistic boundary conditions and embedded scans

For multi-scale modeling, various types of boundary conditions are utilized (such as stress
uniform, displacement uniform, periodic, mixed). In the case of solving damage modeling for
isotropic homogeneous materials [Chen et al., 2019b], the boundary conditions are not problem-
atic. However, when focusing on realistic textile composites which are anisotropic heterogeneous
materials [Chen et al., 2019¢], it becomes evident that periodicity poses a significant limitation
for numerical solutions.

The periodic boundary conditions may lead to artificial stress concentrations when applied to
real images (as observed for 3D interlocks, as mentioned in [Chen et al., 2019c], or in [Garoz
et al., 2019]). Thus, the main idea is to find a compromise between the size of the Region of
Interest and its influence on the boundary effects. We have studied various potential solutions
for the boundary layers (referred to as "margins”), including varying the size or rigidity of such
artificially added materials. The most effective solution involved a technique to extend the
boundary voxels to a certain distance (approximately a quarter of the RVE size). However,
this technique is manual and highly dependent on the current textile meso-structure. Therefore,
one of the solutions could be employing Machine Learning for the expansion of an RVE. The
concept involves using such techniques to construct a boundary layer for better representation
of realistic microstructures, considering smoothing and extension effects [Karamov et al., 2021].
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A discussion about the quality of segmented images should also include the resolution and the
capacity to determine the entire Representative Volume Element/Unit Cell (RVE/RUC) for
textile composites. The main challenge is that focusing on local details may compromise the
representativeness of scanned volume. One solution is to combine different levels of observation
to construct a multi-level embedded model, enabling the study of local mechanisms and their
interaction with the microstructure.

Research Environment and funding

The realization of micro-tomography observations can be conducted at the ISIS4D platform
(IMT Nord Europe is a founding member of the platform). Collaboration with the Center for
Numerical Systems (J. Mennesson) (on campus) will be prioritized for Deep Learning applica-
tions in segmentation and image processing. At the international level, discussions have been
initiated with colleagues from the University of Bath (Y. Chen) and KU Leuven (S. Lomov, J.
Ivens).

6.1.3 Harmfulness and tolerance of process induced defects during
LCM (mid-term)

Completing the integrated chain from the manufacturing to the mechanical performance of a
final part is a challenging task. In this chain, particular attention is paid to predicting the
influence of defects on the final mechanical properties of composites manufactured by LCM.
Moreover, recent trends indicate that composites (whether thermosets or thermoplastics) man-
ufactured by LCM may still suffer from the presence of defects [Arwood et al., 2023].

The primary objective of this topic is to continue the research already presented in the summary
and further improve the modeling under more realistic boundary conditions. In Chapter 4,
only relatively simple uniaxial tension loading cases were considered under static and fatigue
conditions. In contrast, the structure in service will be systematically subjected to complex
loading (shear, bending, compression) and the corresponding complex local stress states, which
in turn will lead to more complex nonlinear phenomena at the material level. This will require
in-depth characterization studies of degradation mechanisms observed within the material.
Another challenge will be to model materials or structures subjected to extreme conditions
(high-pressure fatigue, cryogenic temperatures, etc.).

All these mentioned aspects require a synergy between direct experimental observations
(utilizing various mechanical testing with in-situ image observations) and advanced numer-
ical techniques for computational efficiency. This includes accelerated solvers that can be
parallelized for heavy computations (e.g., Fast Fourier Transform-based solvers [Chen et al.,
2019b]) and deep learning methods for strength prediction [Shinde et al., 2023] at the finer
micro-scale. In this topic the three following subjects should be considered.

Geometry generation

The direction of the research in this section is continuation of the research presented in the
Section 4 and mainly has been pursued in two PhD theses [Lui, 2017, Parvathaneni, 2020].
There are several directions to improve the generator of a numerical microstructure. The first
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direction is linked to a mathematical algorithm improvement of the numerical microstructure
generators.

For our multi-scale problem, we have distinguished two principal material scales that should be
considered, namely micro- and meso-scales (as presented in the summary). For improvements
at the micro-scale, extending to a 3D case should be formulated. While the statistical represen-
tation has been well presented, further investigation into their correlations is still needed. For
instance, the appearance of voids in certain regions was treated only in terms of fiber volume
fraction, and the shape of the yarns and the location of voids were not taken into account. The
shape of the micro-voids are rather sharp due to the methodology used, which may introduce
not-realistic stress concentrations in the modeling. Some new techniques are under develop-
ment to address this issue (such as level-set smoothing functions or reduction of properties
without physical modeling of defects). At the meso-scale, the structure tensor has been used
for segmentation and numerical model definition. These techniques allow to generate numer-
ical microstructures (both 2D and 3D). Generative adversarial neural networks have gained
popularity [Henkes and Wessels, 2022]. The third direction explores the combination of physi-
cal based and deep learning methods focused on the segmentation of 3D interlock composites
meso-scale model generation [Mendoza et al., 2021].

Regardless of the technique used for numerical model creation, the correlation between the
meso-structure and inter-yarn voids has been established in the summary using random voxel
selection or randomly placed voids of spherical shape. However, in reality, the locations and
shapes of voids should be governed by the meso-structure. Therefore, this subject will be
considered as the main current challenge in this research subject.

Non-linear modeling

For this part of the project, I will focus on an extension of the nonlinear modeling, including
viscoelastic and viscoplastic material behaviors coupled with damage (as discussed in Chapter 4,
Section 4.3.3, and Chapter 5). The main goal is to further model nonlinear phenomena such as
the non-linear behavior of the polymer matrix coupled with debonding, decohesion, and matrix
cracking in textile-reinforced composites. Damage mechanisms will be modeled using the theory
of non-local damage based on phase-field theory. This theory is currently being adopted in many
applications, particularly in predicting crack mechanisms with a complex behavior under static
and dynamic loads. Based on the variational formulation of fracture mechanics, it can predict
bifurcation, coalescence, and propagation of multiple cracks in heterogeneous and anisotropic
media (PostDoc Y. Chen, Th. X. Ma 2020-2023). It represents a very promising approach for
estimating the mechanical performance.

Acceleration techniques

Any multi-scale modeling technique requires solvers at a minimum of two material scales. In
the summary, FEM and FF'T solvers were utilized. Due to the intrinsic periodicity of the FFT
method, it is more suitable for the smaller scale of material (micro-scale in the case of textiles),
while FEM solvers are more appropriate for realistic macro-structure descriptions.

In the summary, an original approach based on FFT has been presented, particularly for mod-
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eling damage using a phase field model. In this subject, one of the advancements has been
the integration of a phase field model into the FFT-based approach, where the influence of
regularization length is mitigated and the evolution equation of the phase field is nonlinear for
heterogeneous materials (PostDoc Chen, 2019; Th. X. Ma, 2020-2023). We have seen that FFT
methods can effectively predict the mechanical properties of composite materials at micro-scale,
from real images obtained through tomography (Chapter 5.3.3) and have several substantial
issues with macro-scale models due to intrinsic periodicity requirements. Thus, by combining
both techniques — FFT at the micro-scale and FEM at the macro-scale — we can construct an
effective multi-scale numerical strategy.

The second direction involves the total or partial replacement of conventional numerical meth-
ods (FEM, FFT) with approaches derived from artificial intelligence, particularly deep neural
networks. Even with the most efficient numerical method, if we do not preserve the knowledge
gained from simulations, we would need to rerun the simulation each time the loading condi-
tions change. The primary challenge is to remove the partial redundancy of certain numerical
calculations, such as multi-scale simulations, to reduce computation times. This strategy en-
tails generating data using a conventional approach (FEM/FFT) and then learning from this
data to construct a Reduced Order Model (ROM). The ROM developed at CERI MP (by M.
SHAKOOR) consists of a specific type of neural network called an autoencoder for data com-
pression, and a recurrent neural network for predictions. This model was successfully tested
for crack growth prediction (PostDoc K. Shinde, 2021-2022) and published in [Shinde et al.,
2023].

Research environment and funding

All manufacturing activities and process simulations of composites will be conducted in col-
laboration with researchers in our Center which has an excellent composites manufacturing
facilities such as POPCOM platform. As for manufacturing textile fabrics with different archi-
tectures, we continue collaboration with the research team in GEMTEX (ENSAIT) (D. Soulat,
A. Rached, F. Boussu). Regular calls for thesis projects in the Hauts-de-France region have also
been identified and would be considered as potential funding opportunities to further explore
and advance this research topic.

For future developments, ANR generic calls have been identified as the most suitable financial
support program. Research teams from UML at Lille Technical University (T. Kanit) and the
Department of Materials, Textiles, and Chemical Engineering at the Faculty of Engineering
and Architecture of Ghent University (F.A. Gilabert) are involved.

FFT solvers were developed in collaboration with CEA Saclay (L. Gélébart) and the University
of Bath (Y. Chen). The model based on autoencoder was developed during the DEEPMECH
project (coordinated by M. Shakoor), funded by IMT Nord Europe.
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6.2 Durability of composite and hybrid structures

To address the non-linear modeling of material behavior, including the in-service performance
of the structure, I have investigated not only purely heterogeneous materials [Lui, 2017, Par-
vathaneni, 2020] but also metallic materials for numerical method validation [Vasseur, 2020].
For instance, in the case of new model development within the FFT solver [Chen et al.,
2019b], several standard fracture mechanics tests were modeled to validate the numerical re-
sults. Another example is the PhD thesis of Vasseur [2020], in which the coupling between
ultrasonic wave interaction with defects [Vasseur et al., 2023] in metallic parts and its corre-
lation with fatigue crack propagation [Vasseur et al., 2020] have been studied. Additionally,
I would like to highlight that the aforementioned works have provided significant motivation
for both my current projects and those in the mid-term. It has been reported that even in
isotropic materials with controlled defects in the form of hole clusters, the fatigue crack ini-
tiation and propagation process is highly complex. This complexity arises from several main
factors, including multiple initiation cites of fatigue cracks, multi-mode crack propagation, as
well as bifurcation and deviation of cracks.

6.2.1 Modeling of hybrid structures for hydrogen transport and
storage (mid- and long-term)

Current trends in transport industry show the gradual shift away from fossil fuels. This ne-
cessitates the exploration of alternative clean energy sources, such as hydrogen emerging as
a prominent one. Several main challenges are related to this shift. The first one the storage
and is transport, and the second one is the distribution of hydrogen. The storage of hydrogen
requires the development of high-pressure H2 tanks made of composite materials possessing
high specific strength. On the other hand, the distribution would be based on the utilization of
the current stationary infrastructure (pipeline network and connections). Taking into account
all these industrial challenges, the following two research topics will be investigated.

Modeling of composite materials for hydrogen storage tanks

Like textile-reinforced composites, filament-wound composites will have manufacturing defects.
However, the nature and quantity of these defects differ. It is known that filament winding
is a process that may result in relatively high void content in a final composite part. Thus,
there are notable challenges to address: the heterogeneous structure and multi-scale behavior
inherent in composites, as discussed in the previous chapters. These challenges become more
pronounced when dealing with hybrid structures like polymer liner and composite skeleton,
which introduce interface issues, variations in material behavior, and manufacturing defects,
thereby compromising the accuracy of modeling efforts. Furthermore, the incorporation of
sensors (such as optical sensors, piezoelectric devices, etc.) for structural health monitoring
adds complexity to the manufacturing process and may induce microstructural modifications
[Air et al., 2023].

In addition to common issues found in textile-reinforced composites, filament-wound structures
have a specific meso-structure of the plies. The helical ply structure is very similar to braided
composites. However, many standard approaches simplify this structure as a unidirectional ply.
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Consequently, progressive damage modeling and burst pressure prediction remain challenging
tasks. Moreover, the sensor integration is tricky and may modify the material structure and
induce additional defects ("fish eye”, voids etc.).

High-fidelity multi-scale modeling is crucial for developing effective numerical modeling strate-
gies for static and cyclic loading. In conjunction with the manufacturing process and multi-
scale characterization (microscopy and micro-tomography), this necessitates the establishment
of well-defined experimental strategies. This includes investigating the representativeness of flat
and/or cylindrical hybrid specimens, with possible integration of optical sensors using Fiber
Bragg Gratings (FBG) and/or piezoelectric sensors (PZT), to replicate final curved cylindrical
or spherical shapes of hydrogen tanks.

Modeling of hybrid strictures for stationary infrastructure for hydrogen distribu-
tion

A new research topic has recently been initiated at the Center for Materials and Processes at
IMT Nord Europe in collaboration with CETIM (Senlis) and CETIM (Nantes). This topic
focuses on the effects of hydrogen embrittlement (HE) on the mechanical performance of gas
transport infrastructure in general for which hybrid heterogeneous materials may be used.

One of the main industrial challenges is that the effect of HE is poorly quantified by industrial
norms of design for pressure vessels. Currently, there are only two norms (Article KD-10 of
the American standard and a Japanese standard). Both norms treat the fatigue life prediction
based on the Fracture Mechanics methods using simplified geometries. The lack of knowledge
motivated industrial partners to find a solution for more complex geometries (welds, etc.).

Recent significant advancements in understanding HE mechanisms [Lynch, 2011] and numerical
methods [Martinez-Paneda et al., 2016] offer wide possibilities for optimal and safe design of
hydrogen storage vessels. Studying hydrogen-induced degradation requires considering various
influencing factors: the presence of defects and the environment (H concentration, static or
dynamic mechanical loading)[Martin et al., 2019]. Thus, several modeling and numerical sim-
ulation studies have been conducted in recent years to better understand degradation mecha-
nisms, particularly under static mechanical loadings: strain gradient plasticity model, cohesive
zone model, phase-field modeling. Models have also been developed for fatigue loading, where
hydrogen can influence the cyclic behavior [Hosseini et al., 2021], reduce the number of cycles
required for crack initiation [Esaklul et al., 1983], and particularly accelerate the crack propa-
gation [Shinko et al., 2021], thus significantly reducing the structure’s lifetime. This influence
depends, among other things, on the H concentration in the material, its susceptibility to HE,
H diffusivity, and the amplitude and frequency of loading.

These models have often been experimentally validated by tests on standardized specimens.
Their application to gas transport infrastructure is still very limited and would require im-
plementing shell-type Finite Element (FE) models. Several studies have addressed this issue,
particularly for the phase-field model [Proserpio et al., 2021]. However, coupling with the
HE phenomenon has never been considered. Furthermore, the recent success of the phase-
field-based method for predicting static rupture assisted by H2 remains under-exploited in the
literature [Golahmar et al., 2022].
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Research environment and funding.

Further research will focus on investigating the influence of microstructural variations due to
process-induced defects on the mechanical properties such as elasticity, strength, and fatigue.
These are the main objectives of the new PhD thesis, which is co-supervised with KU Leuven
as part of the Horizon Europe project ECOHYDRO (2023-2027, coordinated by prof. C.-H.
Park).

These topics are currently being investigated in the research program of the PhD thesis (Th.
Shaymaa MERHEB, under supervision of prof. S. Chaki), co-financed by the Hauts-de-France
region and CETIM under an agreement for a joint laboratory for pressure equipment between
IMT Nord Europe and CETIM in Senlis. The ANR program for industrial chairs has been
identified for this topic. To conduct all experimental investigations necessary to validate the
numerical models, the necessary experimental facilities are available via a joint laboratory with
CETIM (Senlis) (LATEP) and CETIM (Nates) for testing gaseous hydrogen storage tanks and
hybrid materials under hydrogen environment.

6.2.2 Digital twin for composite pressure vessels for hydrogen stor-
age and transportation (long term)

The Structural Health Monitoring (SHM) of composite materials is one of the major industrial
challenges for coming decades. Carbon fiber reinforced composites are widely used in auto-
motive and transport industries. To monitor the state of the degradation of the materials,
numerous non-destructive testing methods can be used. A particularly interesting way to mon-
itor the evolution of material health is to capture the acoustic waves generated by the rupture
of the composite’s microscopic constituents. The number, intensity, and shape of the associated
signals are indicative of the evolution of damage in the material [Harizi et al., 2022].

Digital twin for SHM

The research over the past 20 years on the structural health monitoring through acoustic emis-
sions has focused on diagnosis, with some success but also significant limitations. In particular,
the acoustic signature of a type of damage depends on the environment, and transitioning from
laboratory specimens to real structures is challenging. Prognosis, on the other hand, requires
the use of a model to simulate the effect of identified defects on mechanical strength. This field
is much less developed than diagnosis, and the industry currently relies on empirical approaches
associated with significant safety factors to fill this methodological gap, thereby increasing the
weight of composite structures.

On the other hand, digital twin technologies and artificial intelligence have undergone a revo-
lution in recent years. These approaches promise to compensate for the lack of understanding
of the physical phenomena involved in mechanical systems by assimilating rich data during
the service life of an industrial component. Typically, data from sensors are continuously
used to enhance the predictive capabilities of a physical model by adjusting model parameters
and/or correcting uncertain parts of the model using neural networks [Alvarez et al., 2021, Pu-
likkathodi et al., 2023]. This is now achievable in real-time thanks to the existence of powerful
model reduction methods and software environments facilitating access to artificial intelligence
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technologies (libraries for calculations on differentiable graphs, e.g., PyTorch and TensorFlow).
Two following subjects will be considered in this research topic.

This approach will model acoustic emission events for Structural Health Monitoring. The
approach chosen is that of a real-time test-analysis dialogue (i.e., digital twin) using data as-
similation and machine learning methods [Pulikkathodi et al., 2023]. The focus will be placed
on both an experimental and a numerical component, with experiments being conducted to
feed the models and demonstrate the capabilities of the digital twin strategy. A modeling ap-
proach will be established, that couples physical modeling with artificial intelligence to simulate
the evolution of damage mechanisms in laminated composite structures and their associated
acoustic emissions. This model will be fed by experimental data and validated for lab-scale
prototypes (e.g. flat and/or cylindrical specimens with holes).

Digital twin for fatigue life prediction

The demand for digital twin for components and structures with complex geometrical shapes
(such as pressure vessels, railway structures, wind turbine blades) subjected to various types of
static and /or dynamic loads, including multi-physics conditions (stress, temperature), is high in
the industry. This is because the primary purpose of digital twin is to provide numerical tools
capable of assessing structural integrity and predicting their long-term, in-situ, and real-time
behaviors.

The original digital twin for connected hydrogen storage tanks will integrate the complete
mechanical fields (strains, temperatures, etc.) related to the conditions to which the tanks
are subjected, and it should also provide the estimation of fatigue life based on these fields.
Original hybrid technologies will be considered by combining conventional fatigue life prediction
methods from the mechanics with new paradigms derived from artificial intelligence [Shinde
et al., 2023].

A general architecture of the developed digital twin is presented in Figure 6.2 for monitoring the
state of a pressure vessel. This approach combines a white-box model based on finite element
(FE) simulation (adhering to international norms and design guides for pressure vessels) and
a Machine Learning/ Deep Learning model. The developed digital twin hybridizes numerical
models, providing an exact replica of the physical pressure vessel.

This combination ensures accuracy through the physical models, reactivity, and adaptability
through the Machine Learning models, as well as the ability to generate a sufficiently large
and reliable database for training. Firstly, we will elucidate the physical models used, which
encompass stress and damage calculations by FE. Secondly, we will thoroughly apply Machine
Learning/ Deep Learning algorithms for full field reconstruction (stress, deformation, etc.).

Research environment and funding

This part of the project is subscribed to the ”Computational Mechanics and Modeling of Ma-
tertals and Processes” research theme and the "Digital Twin” research theme of CERI MP. It
also involves collaboration between different research teams.

The developed architecture of digital twin has been proposed within the JUNAP project fi-
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Figure 6.2: Architecture of the digital twin for the pressure vessel.

nanced by the Hauts-de-France region, supported in parallel by an industrial thesis project
(Th. I. Khaled 2022-2025) financed by CETIM under an agreement for a joint laboratory for
pressure equipment between IMT Nord Europe and CETIM (Senlis).

Coupling damage mechanics and acoustics emission will be studied ongoing PhD thesis (M.
Chehazi, 2023-2026, financed by Carnot M.I.N.E.S) within collaboration with research team
from MINES ParisTech (P. Kerfriden). Digital twin development for fatigue life prediction of the
filament-wound composite hydrogen storage tank is the subject of a future PhD thesis financed
by the ECOHYDRO Horizon Europe project (coordinated by C.H. Park). Additionally, within
the CPER RITMEA project (coordinated by S. Chaki), a postdoctoral fellow will be financed
to investigate the acoustic emission of the composite storage tanks to provide necessary data
for model validation.
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