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Abstract
Because of their outstanding physical and chemical properties at high temperature, in
comparison with metals, silicon carbide (SiC) composite materials are studied as possible nuclear fuel cladding materials either for future advanced fission/fusion reactors, or
more recently, for the currently existing light water reactors. 2D-braided SiC/SiC composite tubes, manufactured by chemical vapor infiltration (CVI), exhibit an anisotropic,
hardly deformable (∼1%) mechanical behavior. Understanding the relations between the
microstructure, the damage mechanisms and the macroscopic behavior is essential to optimize the structural design of this material for the considered applications. One important
manufacturing parameter is the braiding angle, i.e. the angle between the fiber tows and
the tube axis.
The objective of this work is to provide a comprehensive understanding of the damagemicrostructure relationship, in particular of the effects of the braiding angle on the damage
mechanisms. For this purpose, an investigation combining experimental observations at
macro and micro-scale and numerical simulations is developed.
The composite tubes are first studied through in situ tensile testing under X-ray computed tomography. Experiments were carried out on the PSICHE beamline at synchrotron
SOLEIL using a pink polychromatic beam. The recorded 3D images are processed using
the digital volume correlation (DVC) technique, extended by a series of advanced image
processing algorithms specifically developed in order to analyze the 3D microstructures,
to measure the deformations through the tube thickness, and to detect and quantitatively characterize the network of microcracks created by the mechanical loading. In
addition, numerical simulations are performed on the real microstructures as observed in
the high-resolution images recorded during the in situ tests. Stress fields are calculated
at the microstructural scale in the elastic regime using a numerical tool based on the Fast
Fourier Transform (FFT). They help to better understand crack initiation and interpret
the experimental observations within one-to-one comparisons. Both the experimental and
numerical approaches are applied to three tubes with different braiding angles (30◦ , 45◦
and 60◦ ). The effect of the braiding angle on the initiation and evolution of damage in
the bulk of the composite materials can thus be highlighted.
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Résumé
Du fait de leurs propriétés physiques et chimiques exceptionnelles à haute température
par rapport aux métaux, les composites de carbure de silicium (SiC) sont étudiés comme
éventuel matériau de gainage du combustible nucléaire dans les réacteurs de fusion ou
fission avancée futurs, ainsi que, depuis plus récemment, dans les réacteurs à eau légère
existants. Les tubes composites SiC/SiC tressés en 2D, fabriqués par procédé d’infiltration
chimique en phase vapeur (CVI), présentent un comportement mécanique anisotrope,
faiblement déformable (∼1%). La maı̂trise des relations entre la microstructure, l’ endommagement et le comportement macroscopique est essentielle pour optimiser précisément le
dimensionnement structurel de ce matériau pour les applications envisagées. Un paramètre
de fabrication important est l’angle de tressage, angle entre les torons de fibres et l’axe du
tube.
L’objectif de ce travail est de fournir une compréhension détaillée de la relation endommagement/microstructure, en particulier des effets de l’angle de tressage sur les mécanismes
d’endommagement. Dans ce but, une étude combinant observations expérimentales à
macro et micro-échelle et simulations numériques est menée.
Les tubes composites sont d’abord étudiés par des essais de traction in situ sous
tomographie par rayons X. Les expériences ont été réalisées sur la ligne PSICHE du
synchrotron SOLEIL sous faisceau rose polychromatique. Les images tridimensionnelles
sont analysées par la technique de corrélation d’image volumique (DVC), complétée par
une série d’algorithmes de traitement d’image originaux, développés spécifiquement pour
analyser les microstructures 3D, mesurer les déformations à travers l’épaisseur du tube,
détecter et caractériser quantitativement le réseau de microfissures créées par le chargement mécanique. De plus, les microstructures réelles, décrites par les images de haute
résolution issues des tests in situ, sont utilisées dans les simulations numériques multiéchelle. Les champs de contrainte à l’échelle microstructurale sont calculés en régime
élastique par une technique utilisant la transformée de Fourier rapide (FFT). Ils permettent de mieux comprendre l’initiation des fissures et d’interpréter les observations
expérimentales par une comparaison directe. Ces approches expérimentales et numériques
sont appliquées à trois tubes présentant différents angles de tressage (30◦ , 45◦ and 60◦ ).
L’influence de l’angle de tressage sur l’initiation et l’évolution de l’endommagement à coeur
des composites est ainsi mise en évidence.
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Introduction
Industrial context
Fossil fuels have brought humans a great success in the process of civilization. However,
their consumption yields an important environmental cost; and their exploration becomes
more and more expensive, as long as their amount decreases. Among many alternatives,
the controlled nuclear energy has been considered as one of the most potential and effective
candidate. Since the first reactor (Experimental Breeder Reactor I, U.S.) generated the
first nuclear electricity in 1951, the peaceful civilian application of nuclear energy has
been lighted up; commercial electricity-generating nuclear powerplants have been designed,
constructed and operated in many countries all around the world, following the increase
of demand for electricity after the 2nd World War. By the end of 1991, 32 countries had
nuclear powerplants in commercial operation or under construction [US-DoE-ONE].
But the nuclear energy development still faces severe and complex issues. Since the
initiation of Generation IV International Forum (GIF) in 2000, six reactor technologies
have been selected as the future shapes of fission reactors. These six reactor concepts,
being the main R&D deployment until 2030, have some common focus: being clean, safe,
cost-effective and resistant to accidents (natural and man-made) [NEA, 2014]. Among
them, the Gas-cooled Fast Reactor (GFR) and the Sodium-cooled Fast Reactor (SFR) are
the preferred concepts of several countries (including France) in the GIF framework.
The design of new generation reactors meets more demanding requirements to structural materials. Fuel cladding tubes are particularly critical components in a reactor.
They must have a good thermal conductivity to ensure an efficient heat transport between fuel and coolant, and an appropriate neutron transparency so that the neutrons are
not absorbed and their reactivity is preserved. In the context of the GFR development,
a higher thermal efficiency is envisioned, so the operational temperature is designed to
be much higher (∼ 1000 ◦C [Zabiego et al., 2012]) than in currently existing pressurized
water reactors; the neutron flux will be more important as well, making the irradiation
effects more critical on material degradation. The accidental temperature in GFRs may
reach 1600 ◦C to 2000 ◦C, in which environment the currently used Zr alloy cladding can
no longer be usable. In addition, the concept of accidental tolerant fuels (ATF) has been
more and more emphasized since the Fukushima nuclear accident in 2011, which imposes
more exigent requirements on the cladding materials not only for new generation reactors,
but also for current light water reactors [Zinkle et al., 2014].
As one promising candidate for replacing the metal-based cladding, silicon carbide materials have some significant advantages for the applications in GFR and ATF [Snead et al.,
1
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2012; Katoh et al., 2014]: (i) SiC retains its thermal and mechanical properties up to very
high temperature; (ii) SiC exhibits good neutron-transparency and exceptional irradiation
stability especially at high temperature in its stoichiometric and crystalline forms; (iii)
SiC is a chemically inert material. To meet the assembly deformability requirement, the
brittle behavior of monolithic SiC can be improved by a composite concept with the help
of a properly designed interphase between SiC fibers and SiC matrix [Naslain, 1998]. This
potential use of such kind of ceramic matrix composites (CMCs) in nuclear reactors is
strengthened by the development of extremely pure SiC fibers (called the third generation
of SiC fibers [Bunsell and Piant, 2006]) [Hinoki et al., 2002; Snead et al., 2011].
An innovative design of fuel cladding tubes
The French CEA has developed an innovative cladding design based on SiC/SiC composites [Zabiego et al., 2012]. The so-called sandwich concept consists of two layers of
SiC/SiC composites and one intermediate layer of refractory metallic alloy called ”liner”
(as shown in Fig 1). The dimensions for practical application could be ∼4 m long with an
external diameter of about 10 mm.

Figure 1: Illustration of the sandwich concept for cladding tube.

- The inner layer is elaborated by filament winding of SiC fiber bundles (tows). Each
bundle contains about 500 SiC fibers. The filament winding process involves winding
one single fiber bundle over a rotating mandrel. Back-and-forth lateral movements
of the mandrel, relative to the fiber carrier, are made to achieve the desired thickness
of the inner layer. The angle between the filament longitudinal direction and the
tube axis can be controlled. This process makes it possible to realize a satisfactory
circular section and a relatively smooth internal surface with precise engineering
tolerance. Though it is suited to automation, the filament winding is still very time
consuming, thereby is used only for the inner layer fabrication.
- A thin (∼0.1 mm) metallic layer (liner) is then placed around the filament wound,
for ensuring the leakage tightness. The used metal has to be able to resist the high
temperature (> 1000 ◦C) reached during the subsequent interphase and matrix densification stage (see later) as well as under normal or accidental operation conditions
in GFRs.
- The outer layer is composed of two braided composite layers, which are manufactured
using a 2D braiding process. Braiding is a very efficient method for fabricating

Introduction

3

tubular fibrous preforms. Unlike filament winding, it makes several fiber bundles to
be braided onto a fixed mandrel by one pass only.
The fabrication of SiC/SiC composite layers is completed by the chemical vapor infiltration (CVI) process for depositing the fiber-matrix interphase and SiC matrix. After this
process, the SiC/SiC composite layers are densified, but a high level of residual porosity
(of the order of 10% in volume fraction) still remains. The final cladding tubes exhibit a
damage-tolerant behavior with strains to failure up to 1% in the axial direction.

Problematic and objective
The mechanical behavior of the sandwich cladding tube is mainly determined by the
SiC/SiC composite layers, whose properties are nonlinear and anisotropic with reinforcement in fiber directions. Their nonlinear behavior results from microcracking at different
length scales inside the composite structure. Focus will be put on the SiC/SiC composite
tubes and the metallic liner is not included in the scope of the present study.
Serious developments of SiC/SiC composites began in the early 1990s for the components in aeroengines, led by the CFCC (continuous fiber ceramic composites) program of
the US Department of Energy. Studies of this material were soon extended to the component design of fusion reactors [Snead et al., 1992; Jones et al., 1998]. Damage mechanisms
under mechanical loads in SiC/SiC composites have been studied since then (e.g. [Naslain,
1998; Lamon, 2001; Naslain, 2004; Katoh et al., 2005]), but are still not fully understood
due to the complex microstructure and the variability of fabrication methods. Moreover,
many studies can be found in the literature for plate samples, but the damage investigations directly on tubular composites started less than a decade ago.
The present study is a continuation of two previous PhD works studying SiC/SiC
composites in the same context of fuel cladding tubes. They focused in particular on
the experimental characterization of the damage-tolerant behavior of SiC/SiC composites,
starting with minicomposites (unidirectional fiber tows with SiC matrix and pyrocarbon
interphase coated) using in situ X-ray computed tomography to have an insight into the
damage in the bulk [Chateau, 2011]. In situ scanning electron microscopy (SEM) observations were also conducted, providing crack kinematics (opening, density) as functions
of applied loads. Then it was followed by surface observations on architectured composite
tubes [Bernachy-Barbe, 2014]. Precise measurements on surface kinematics allowed two
main damage mechanisms to be identified at the tow scale: matrix cracking oriented by the
loading direction and tow reorientation. In addition, the anisotropic mechanical behavior of the composite tubes was investigated using various uniaxial and biaxial mechanical
tests. However, the damage mechanisms in the bulk of SiC/SiC composite tubes have not
yet been fully studied. Are the surface damage mechanisms representative of the whole
composite volume? How do the matrix cracks develop inside the tube thickness? What
are the mechanisms at the origin of the tow reorientation? What are the relationships
between microcracking and the fibrous architecture?
In this work, the volume damage mechanisms will be characterized using in situ tensile tests under X-ray computed tomography (XRCT) as the main experimental approach.

4
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FFT (Fast Fourier Transform) based simulations will be performed on the real microstructures obtained directly from tomographic images. Various textile architectures are possible
for fabricating the SiC/SiC composite tubes. In the present study, the focus will be put on
the most commonly employed one, 2D braiding. The effects of one important fabrication
parameter, braiding angle, on the damage mechanisms will be investigated using both
XRCT and FFT simulations.
In order to improve the spatial resolution of tomographic images, the dimension of the
samples needs to be reduced (section 1.2.2, chapter I). For this purpose, we can choose
between cutting a narrow stick from the composite tube or reducing the tube diameter.
The former will lead to strong edge effects, i.e. the cut edge surfaces of the composite
promote stress concentrations and crack initiations. Therefore, the latter solution is chosen
in the present study: the diameter of the tubes is reduced to ∼5 mm from ∼10 mm for
the real application. Even though potential effects may be induced by the increase of the
tube curvature, this solution preserves the tubular form of the samples and allows the edge
effects to be avoided.
Chapter I mainly consists in the presentation of studied materials and a bibliographic
review on experimental and numerical approaches. Chapter II introduces the experimental approach for investigating damage mechanisms in braided composite tubes. It concerns
in situ tensile tests under XRCT, coupled with Digital Volume Correlation technique and
related post processing algorithms. In Chapter III, FFT simulations are performed over
the same microstructure as that studied by tomographic images. Some validation tests
are conducted to verify the usability of FFT simulation on tubular microstructure. Some
specific post-processing procedures of the computed stress fields are presented. Chapter
IV is devoted to the study of the effects of the braiding angle on damage mechanisms.
Tomographic data are used as the main approach to discuss damage initiation and evolution in three tubes of different braiding angles. Stress fields from FFT simulations provide
complementary confirmation to discuss the damage initiation mechanisms.

Chapter 1
SiC/SiC composites and
investigation methods
First, the studied SiC/SiC composite tubes are presented, from the elementary constituents
to the elaboration. The damage mechanisms characterized by the previous works are
reviewed. Then, macroscopic behaviors of the composite tubes studied in the present
work are tested by tensile tests. Last, some experimental and numerical methods for
characterizing and modeling the damage in CMCs are reviewed.
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Studied SiC/SiC composite tubes
Elementary constituents

SiC Fiber The fibers reinforce both mechanical and thermal properties of the composite
material. Since the first commercial SiC fibers produced by Nippon Carbon company in
1982, three generations of SiC fibers have been successively developed. Two 3rd generation fibers have been selected for elaborating the composites in the fuel cladding concept:
Hi-Nicalon type S (HNS) and Tyranno SA3 (TSA). Table 1.1 lists their physical characteristics, compared with the fibers of the two earlier generations. The 3rd generation fibers
have higher Young’s moduli, and improvements of manufacturing process make them nearstoichiometric, and hence more stable at high temperatures [Bunsell and Piant, 2006]. In
addition, due to their enhanced stoichiometry and crystallinity (β-SiC), these fibers have
a higher thermal conductivity and a coefficient of thermal expansion closer to that of SiC
matrix (β−SiC).

GenI
GenII
GenIII

Trade name

Diameter
(µm)

Approxi.
max
production
temperature

C/Si atomic
ratio

Young’s
modulus,RT
(GPa)

Fracture
stress,RT
(GPa)

Thermal
conductivity,RT
(W/mK)

Nicalon 200
Hi-Nicalon
HNS
TSA

14
12
12
7.5

1200 ◦C
1300 ◦C
> 1500 ◦C
> 1700 ◦C

1.31
1.39
1.05
1.07

220
270
420
375

3.0
2.8
2.6
2.8

3.0
7.8
18.4
65

Table 1.1: Properties of two commercially available SiC fibers compared to two earlier
generation fibers [Bunsell and Piant, 2006; Katoh et al., 2014].
The two 3rd generation fibers display different surface characteristics: contrary to HNS
fibers, TSA fibers have granular and rough surfaces, leading to relatively erratic mechanical
behavior of TSA-made minicomposites [Buet et al., 2012]. However, TSA fibers have
better thermal conductivity and stability at high temperature, which is advantageous for
the nuclear application. Studies on the choice of fibers are still ongoing at CEA, with an
attempt to optimize the surface properties of TSA fibers. In our study, HNS fibers have
been chosen for elaborating composites with highly reproducible mechanical behavior.

Fiber-matrix Interphase Fiber-matrix interphase is commonly considered as a key
point to make the SiC/SiC composites simultaneously tough and strong. It is designed (i)
to protect the fibers from early failure due to notch-effect, by arresting or deflecting the
matrix cracks; (ii) to transfer mechanical load between fiber and matrix, in order to obtain
an optimal mechanical resistance of the composite [Naslain, 2004]. Its bonding function
should not be too strong nor too weak, in order to ensure that the crack-deflection and
matrix-debonding emerge in a diffuse manner inside the interphase itself [Naslain, 1998].
Pyrocarbon and hex-BN (hexagonal Boron Nitride) are the two most appropriate interphase materials for SiC fibers regarding the above requirements. As suggested in [Katoh
et al., 2005], the interphase thickness as thin as ∼50 nm is suitable for fusion and advanced
fission applications in terms of short-time mechanical properties at room temperature and
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high temperature (1573 K). In our case, a pyrocarbon layer of about 30 nm has been
coated on HNS fibers.
SiC Matrix The composite matrix shares load with fibers and protects interphase and
fibers from oxidation environments. The choice of silicon carbide (β-form) as the composite
matrix has several advantages: (i) it has a high melting point (∼ 2500 ◦C) and excellent
mechanical properties at high temperature; (ii) it has a good oxidation resistance up to
about 1500 ◦C; (iii) it remains stable in fast neutron environment; (iv) it is easy to be
deposited by various techniques. The microcracking of brittle SiC matrix, stabilized by
fiber/matrix interphases, is the main phenomenon responsible for the damage-tolerant
behavior of the composite.

1.1.2

Elaboration

The studied composite tubes are elaborated at CEA SRMA/LTMEx. Two layers of tubular
fibrous preforms are first manufactured using 2D braiding technique. Pyrocarbon interphase and SiC matrix are then successively deposited onto the preforms through CVI
process. The resulting multiscale microstructure is depicted at the end of this section.
1.1.2.1

2D Braiding

2D braiding is a low-cost fabrication technique in terms of time consuming for tubular
structures. There are three commonly used braid architectures according to the intertwining degree [Ayranci and Carey, 2008]: diamond braid, regular braid and hercules braid
(see Fig 1.1). Regular braid, as the classical braiding pattern, has been employed for the
studied material. Diamond braid makes the tows more tortuous with higher undulating
fluctuations in the through-thickness direction. As a result, it is not suitable for the rigid
SiC fibers, especially for tubes with small diameter (∼10 mm for real application or ∼5 mm
for the samples in the present work). Hercules braid seems to be another possible pattern,
but it is potentially more difficult to be performed using the currently available braiding
machine at SRMA/LTMEx.

(a)

(b)

(c)

Figure 1.1: Three braiding patterns with different inter-twining degrees: (a) diamond, (b)
regular, (c) hercules.
In addition to inter-twining degree, braiding angle (between the tow direction and
the tube axis) is another important parameter for 2D braiding. It is commonly known
that the braiding angle directly controls the fiber orientations and hence influences the
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mechanical anisotropy of the composite, but comprehensive work can rarely be found in
the literature for SiC/SiC composite tubes. For studying the effects of braiding angle on
damage mechanisms, composite tubes of two braided layers with three different braiding
angles have been fabricated: 30◦ , 45◦ , 60◦ (Fig 1.2). The choice of two braided layers
instead of one is for being more similar to the sandwich concept. As discussed in the
introduction, the outer diameters of these braided tubes are reduced to about 5 mm in
order to improve the spatial resolution of tomographic images obtained from the in situ
tensile tests. In order to adapt the smaller diameter, the number of tows is also reduced
to 16 (8 in each direction) from 32 for the 10 mm tubes. Mandrels of a same diameter are
used during the braiding process, so that the inner diameter is precisely controlled and
reproducible from one tube to another. Conversely, the outer diameters depend on the
braiding angle (see later in section 1.1.4).

(a)

(b)

(c)

Figure 1.2: Images showing the surfaces of three composite tubes with different braiding
angles: (a) 30◦ , (b) 45◦ , (c) 60◦ .

1.1.2.2

CVI process

Both pyrocarbon interphase and SiC matrix are deposited through chemical vapor infiltration process (CVI) using a gaseous precursor (methyltricholorosilane). This process is
the best method to ensure a high purity, stoichiometric and polycrystalline microstructure of the matrix for SiC/SiC composites and for efficiently controlling the thickness of
pyrocarbon interphase and volume fraction of porosity [Katoh et al., 2005].
Residual stresses may be induced by the CVI process when cooling down from high
process temperatures (∼ 1000 ◦C), because of different thermal expansion coefficients for
SiC fibers and CVI SiC matrix. Three principal components of residual thermal stresses
in fiber coordinates (radial, axial, hoop) were estimated for CVI-HNS minicomposites
in [Buet et al., 2014]. Radial residual stress was positive as highlighted in zones of interphase and matrix, which was considered to facilitate fiber-matrix debonding and hence
to promote crack deviation in interfacial zones. Axial and hoop residual stresses are negative in the matrix while positive in the fibers. Nevertheless, the coefficients of thermal
expansion of fibers and matrix are quite comparable, so the residual stresses in the studied
SiC/SiC composites remain small hence negligible for damage characterization [Chateau
et al., 2014].
The elaborated composite tubes are porous, and the volume fraction of porosity is
comparable to the samples studied in [Bernachy-Barbe, 2014] (15% ∼ 20%) for all the
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tubes of different braiding angles. Their inner surfaces are polished for simulating the
smooth inner surface of the sandwich concept. Stress concentration may be induced by
the geometrical singularity around pores, inducing cracking of the surrounding matrix.
Both their volume fraction and morphology could influence the local stress distributions
as well as the the macroscopic behavior [Chateau et al., 2015]. The growth of the matrix
cracks may activate other damage mechanisms, such as fiber-matrix debonding, sliding
and fiber breakage.
1.1.2.3

Multiscale microstructure

Three length scales can be distinguished in the composite tubes (Fig 1.3). The microscale
is defined as the scale inside tows, where the elementary constituents are separately considered. They are not distinguished at the mesoscale, where the braiding patterns are
considered. The macroscale gives a description of a homogeneous material where all architecture details are omitted. Residual porosity after densification exists at micro- and mesoscales: micropores are found inside a tow having line-like form and oriented similarly to
adjacent fibers; and macropores are located among tows having tortuous geometries. The
damage mechanisms of such multiscale composites naturally need descriptions at different length scales. Note that the macropores of the braided tubes generally form an open
porosity, and the outer free surfaces are very rough with spatial undulations. Therefore,
an apparent idealized tube geometry is commonly used to evaluate effective quantities
(e.g. Young’s modulus) of such composites.

Figure 1.3: Multiscale structure of composite tube (image of constituents extracted from
[Chateau, 2011]).

1.1.3

Damage mechanisms of SiC/SiC composites

1.1.3.1

Damage at microscale

Three local damage mechanisms contribute to the nonlinear behavior of SiC/SiC composites (Fig 1.4): matrix cracking, fiber breakage, interfacial fracture between fiber and
matrix. The onset of non-linearity is induced by initiation and growth of matrix cracking, making fibers to gradually carry the load. This load transfer is achieved through
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fiber-matrix interphase, and usually accompanied by interfacial fractures: fiber-matrix
debonding and sliding. Stable and progressive fiber breakage may occur if the load is
moderately increased, and massive fiber breakage induces ultimate failure if the load continues to increase. Both fibers and matrix are brittle materials, their fracture behavior
is random and hence is commonly described by Weibull models making use of the spatial distribution of stresses [Curtin, 1991; Neumeister, 1993; Hui et al., 1995; Lissart and
Lamon, 1997; Chateau et al., 2014].

(a)

(b)

Figure 1.4: (a) Macroscopic behavior of SiC/SiC minicomposites under monotonic and
cyclic tensile loads [Chateau, 2011]; (b) Schematic illustrating different damage modes at
constituent’s scale.
These local damage mechanisms are usually first studied in unidirectional minicomposites, thanks to their simple geometry, e.g. [Morscher, 1997; Chateau, 2011; Bale et al.,
2012]. Minicomposites are composed of the same elementary constituents as those of textile CMCs. They exhibit the classical nonlinear behavior as well. A comprehensive damage
investigation on SiC/SiC minicomposites was given in [Chateau et al., 2011, 2014], where
matrix cracking and fiber breakage were analyzed in situ using X-ray computed tomography and scanning electron microscopy (SEM). A micromechanical model was then established providing descriptions of both macroscopic behavior and local damage kinematics.
The main conclusions on damage mechanisms are summarized below.
Matrix cracks open mainly perpendicular to the tensile direction, but their propagation
is not necessarily planar. A spiral propagation path is observed on several cracks. The
growth of matrix cracks is not instantaneous, they appear first in the peripheral matrix
and then propagate towards the central section. The matrix cracks may cross through
the whole minicomposite section without breaking the fibers, and their nucleation reaches
saturation at about 0.3% axial strain (strain to failure of the minicomposite is about 0.6%).
The opening of matrix cracks continues to increase until ultimate fracture. The opening
rate of a considered matrix crack is influenced by the distance to the neighboring cracks.
A few fiber breaks occur after the saturation of matrix cracks. They appear preferentially near the matrix cracking zones. Several fractures are observed over one single fiber,
which evidences that a broken fiber can still sustain load along its intact parts where its

12

1.1. Studied SiC/SiC composite tubes

surrounding interphase and matrix are still healthy. A uniform distribution along the
minicomposite is observed with a relatively low density before ultimate failure.
The interfacial damage behavior could not be directly characterized by experimental
observations. Two parameters Γi , τ are commonly used to describe the debonding energy
and the shear resistance respectively [Hutchinson and Jensen, 1990; Evans and Zok, 1994].
In fact, different approaches have been conducted to evaluate these two parameters on
different CMCs, based on either interpretations of hysteresis loops [Lamon et al., 1995;
Sauder et al., 2010] or indentation tests [Marshall, 1984; Chandra and Ghonem, 2001].
1.1.3.2

Damage at mesoscale

If unidirectional minicomposites have been well studied both experimentally and analytically, local damage mechanisms in textile CMCs are much more difficult to be exhaustively
characterized. This is largely due to the complex microstructure and the strong anisotropy
and heterogeneity of thermal/mechanical properties in textile CMCs. If the observation
is performed down to microscale, the field of view is no longer representative of the whole
tested sample. As a consequence, damage characterization needs also to be performed
at mesoscale to understand the damage evolution in textile CMCs. Mesoscale characterizations usually focus on matrix cracking, which is a critical damage mechanism and is
considered as the main responsible for the macroscopic deformation. The evolution of
other damage mechanisms, like interfacial fracture and fiber breakage, generally cannot
be directly observed at the mesoscale, but they may be deduced from the kinematics of
matrix cracks, e.g. [Marshall, 1985; Talreja, 1991; Evans and Marshall, 1989].
For the studied SiC/SiC composite tubes, damage mechanisms were characterized by
[Bernachy-Barbe, 2014] using surface observation and digital image correlation (DIC) techniques. The composite tubes in the reference configuration had normal diameters of about
10 mm, with an inner filament winding SiC/SiC composite layer. The main experimental
results are reviewed hereafter.

Figure 1.5: Schematic illustrating two damage mechanisms observed on the tube surface [Bernachy-Barbe, 2014]: (a) Matrix cracking oriented by macroscopic load direction,
(b) tow reorientation.

Using macroscopic uniaxial and biaxial mechanical tests, anisotropy on three critical
parameters were identified: proportionality limit, damage initiation level and ultimate
failure. By observing the tube surface under biaxial loads (axial/hoop stresses or ax-
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ial/shear stresses), the orientation of matrix cracks was evidenced to be perpendicular to
the direction of macroscopic principal stress (Fig 1.5a). In addition, influences of fibrous
architectures with different angles to the tube axis were also tested. An important effect
of angle for both filament winding and braiding were observed. Results confirmed the
intuition that the more the fibers were aligned to the loading direction, the higher the
ultimate stress and the lower the ultimate strain. However, because the two types of architectures co-exist, it is difficult to make a proper interpretation on the effect of braiding
angle or on the effect of filament winding separately.
The surface kinematics were precisely monitored by DIC measurement during a tensile
test. Results indicated that the fiber tows tended to realign into the tensile direction
(Fig 1.5b). This textile effect was considered to be activated by some kind of in-plane
damage (in the plane of the braid architecture). While the observation was limited on
tube surface, no further investigations could be provided. Such in-plane cracks have been
observed in [Rohmer, 2013] by transverse and longitudinal cross sections of tubes damaged
by tension. However, the exact crack geometries and propagation paths still remained
unclear, and additionally it was questionable whether these in-plane cracks were due to
cutting procedures.

1.1.4

Braiding angle effect on macroscopic behavior

Damage mechanisms are also determined by the textile microstructure, which is directly
evidenced by the macroscopic behaviors of the tubes with different architectures. The
braiding angle of the fibrous preform is a critical manufacturing parameter that dramatically influences the anisotropic properties and damage behavior of the composite.
In the present work, the braiding angle effects are investigated using the composite
tubes made with three braiding angles: 30◦ , 45◦ and 60◦ . We present here the braiding
angle effects on the macroscopic behavior of these tubes with reduced diameters (∼5 mm).
Two tubes are tested for each braiding angle in order to examine the reproducibility of
the macroscopic behavior.
1.1.4.1

Materials and testing

All the tubes consist of two layers of 2D braided preforms, with constituent parameters
identical to those described in sections 1.1.1 and 1.1.2. Their geometrical measurements
are listed in Table 1.2, together with the method(s) used to measure strains during each
tensile test (longitudinal/transverse extensometers and DIC). The inner diameters of the
tubes are identical since mandrels of a same diameter were used for the braiding process.
The outer diameter is larger for larger braiding angle. The inner and outer diameters
are measured by 3-point micrometer and laser scanning respectively. The volume fraction
of porosity is deduced from the measured diameters, the densities of fibers and matrix,
and the weight of the sample. This will be further referred to as the density method for
evaluating porosity volume fraction. It is worth noting that the volume fraction of porosity
is similar among the three classes of tubes (16%∼20%).
The macroscopic tensile tests are performed with a universal testing machine at SRMA-
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Sample

L (mm)

Φext (mm)

Φint (mm)

e (mm)

Vp

extensometer

DIC

30◦ -1
30◦ -2
45◦ -1
45◦ -2
60◦ -1
60◦ -2

50.73
50.80
50.73
50.82
50.93
51.19

4.81
4.82
4.92
4.91
5.34
5.32

3.47
3.48
3.47
3.47
3.47
3.47

0.67
0.69
0.73
0.72
0.94
0.92

19.6%
20.0%
18.7%
20.4%
17.3%
16.9%

longi.
longi.
longi.+transv.
longi.+transv.
no
longi.

yes
yes
no
no
yes
yes

L, Φext , Φint , e represent tube length, outer, inner diameters and thickness, respectively
Vp denotes the volume fraction of porosity

Table 1.2: Geometrical characteristics of the composite tubes used for macroscopic
tests, with the strain measurement methods: digital image correlation (DIC), longitudinal/transverse extensometers
LTMEx (Fig 1.6). The tensile load is performed by displacement control with a speed of

30 µm/min. In order to reduce spurious loading induced by misalignment or clamping
devices, the tube sample is directly glued to the upper and lower jaws. The useful central
length of the tube after gluing is about 32 mm. For the tests measured by extensometers,
the knife edges of extensometers (not shown in Fig 1.6) are put on the tube surface. The
longitudinal extensometer has a gauge length of 25 mm. For DIC measurement, one camera (HAMAMATSU Orca Flash 2.8) with a telecentric lens (Opto Engineering TC 1216)
is employed, providing images of 1920×1440 pixels with a pixel size of 9.4 µm in the object
space. The field of view of the digital images is 18.1×13.6 mm2 , containing several axial
periods of braid. Thus the measured strains can be considered to be representative. A
displacement field is first evaluated using the DIC software CMV [Bornert et al., 2010],
then three strain components (εθθ , εzz , εθz ) are deduced using the kinematic optimization
method described in [Bernachy-Barbe, 2014]. As expected, the torsional strains εθz measured are always close to zero. For simplification, this component will not be shown in
further analyses.
The axial stress is approximately evaluated as the ratio between the applied force and
the apparent cross-section area calculated from the diameters in Table 1.2. Note that
because of the undulations of the outer surface, this stress definition strongly depends on
the method for measuring the outer diameter. Here, the outer diameter is an average of
the diameters measured by a laser scan along the tube axis.
Acoustic emission (AE) has also been used for monitoring the damage evolution within
the composite tubes during the tensile tests. The AE evolution will be discussed later on
in Chapter II and Chapter IV, together with tomographic data.
1.1.4.2

Results

Macroscopic stress-strain curves are shown in Fig 1.7 for six braided tubes (two for each
braiding angle). The 30◦ and 60◦ tubes exhibit good agreements between the measurements of longitudinal extensometer and DIC. The stress-strain curves measured by DIC
suffer from strong local oscillations, but their overall evolution is quite similar to that
measured by extensometers. The two tests for the tubes of a same braiding angle are
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(b)

Figure 1.6: (a) Photo of a macroscopic tensile test setup; (b) An image of the surface of
a 30◦ tube, obtained by the setup shown in (a).

sufficiently reproducible, with only one exception shown on the hoop strains measured for
45◦ tubes. This difference could be attributed to the unstable response of the transverse
extensometer positioned on the rough surface of a small diameter tube (∼5 mm). Note
that the 60◦ tubes exhibit a relatively large discrepancy in strain to failure (marked by
arrows in Fig 1.7a).
Comparing the three tube classes, differences are shown not only in the ultimate failure
but also in the elastic limit. Larger braiding angle results in larger ultimate strain but
smaller ultimate stress with larger elastic limit (Fig 1.7b). Another noticeable difference
is in the hoop strains at failure level (Fig 1.7c), the largest hoop strain is obtained in
45◦ tubes and similar values are shown for the two other braiding angles. As the volume
fraction of porosity for the three classes of tubes are similar (Table 1.2), the differences
exhibited in these macroscopic curves can be considered as the effect of braiding angle.
For further quantitative analyses, elastic moduli Ezz and elastic limits σ Y are given in
Table 1.3 for the three classes of tubes. Determining elastic moduli of such materials is not
straightforward, because the elastic deformation is quite small and the measurement suffers
arbitrary fluctuations (especially for the DIC-measured curves). In order to deal with the
local oscillations of the DIC-measured stress-strain curves, curve fitting procedures are
performed over the data within 0.5% of axial strain for each class of tubes. Polynomials
with degree of 9 are used for fitting the stress-strain curves. Then, for each curve, the
elastic modulus is defined as the secant modulus evaluated at 20 MPa. In addition, the
elastic limit σ Y is defined as the stress level corresponding to 10% of the cumulative AE
energy to failure, as proposed in [Bernachy-Barbe, 2014].
The results are shown in Table 1.3. Both elastic limit and elastic modulus decrease
considerably when the braiding angle increases. These values will be further used in
Chapter III for rescaling the simulated stress fields. The braiding angle effect on elastic
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(a)

(b)

(c)

Figure 1.7: (a) Macroscopic stress-strain (axial and hoop strains) curves for each class of
tubes, and (b-c) the zoomed regions. The 30◦ and 60◦ tubes were monitored by both DIC
(red and blue lines for 30◦ and 60◦ respectively) and with longitudinal extensometer (black
lines). The 45◦ tubes were monitored with longitudinal and transverse extensometers
(green lines). The curves of two tests for one same braiding angle are distinguished by
solid or dashed line.
limit will be discussed in Chapter IV, considering simulated stress fields and tomographic
observations.

σY
Ezz

30◦

45◦

60◦

138 MPa
264 GPa

93 MPa
193 GPa

47 MPa
156 GPa

Table 1.3: Elastic properties of the tubes of different braiding angles
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Experimental methods for damage characterization in CMCs

The complexity of the microstructure and especially the heterogeneity in the throughthickness direction make surface observations insufficient to thoroughly understand the
relation between microstructure, damage and macroscopic behavior. XRCT is an appropriate tool for this purpose, because 3D microstructure and microcracks can be captured
simultaneously from tomographic images.
Besides, various other methods exist for characterizing damage in CMCs. Far from
being exhaustive, we briefly present in this section some of the most commonly used
techniques with their advantages and drawbacks. XRCT is then presented in detail.

1.2.1

Review of some other experimental methods

1.2.1.1

Indirect methods

Some indirect information can be used for monitoring the damage state of SiC/SiC composites, such as acoustic emission or electrical resistivity due to local fractures. These
information are usually global and produced by mixed damage phenomena inside the
gauge region.

ER technique The damage phenomena generate variations of electrical resistivity (ER)
of the composite material. The basic idea of the ER technique is to build a relationship
between the damage evolution and the electrical resistivity variations through an electromechanical model. ER was firstly introduced as a sensitive measurement of internal damage in carbon fiber-reinforced polymer (CFRP) [Schulte and Baron, 1989; Xia et al., 2003],
and then extended to CMCs by adding matrix cracks into the electro-mechanical models [Smith et al., 2008; Sujidkul et al., 2014; Simon et al., 2017]. The efficiency of the
ER technique strongly depends on the electro-mechanical model, which has to take into
account not only the properties of elementary constituents, but also the microstructural
heterogeneity of the composite. Even if the electro-mechanical model is robust enough to
be able to assess various internal damage parameters (e.g. matrix crack density, interfacial
debonding and interfacial shear resistance [Simon et al., 2017]), the model established for
one material cannot easily be applied to another one. A slight change of microstructure
or of constituents results in non-negligible bias. In addition, damage location cannot be
monitored by this method.

AE technique AE (acoustic emission) is commonly used on materials that exhibit
degradation properties under thermal or mechanical loads. It is particularly convenient
for detecting damage events in CMCs, because the microcracking of ceramic constituents
emits clear AE signals that are easy to be distinguished from environmental noises. The
AE signal within a solid material propagates in the form of elastic waves. It can be detected by piezoelectric sensors. If several sensors are used at different positions, the AE
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sources can be located, see e.g. [Holford and Carter, 1999; Paget et al., 2003; Eaton et al.,
2012]. The AE technique has great potential for qualitatively controlling the large-scale
composite structures because of its efficiency and low cost. Authors have also started to
extend this technique to discriminate the damage mechanisms (matrix crack, fiber-matrix
debonding, etc). The objective is to cluster the AE signals so that each class is associated
with a damage mode in the composite. Developments have been conducted along two
directions: the first one is called unsupervised clustering, that is to use only the signal
parameters (amplitude, duration, rise time, counts, energy, etc.) to perform the clustering
[Morscher, 1999; Surgeon and Wevers, 1999; Moevus et al., 2008], while the second one is
called supervised clustering, and makes use of the already known features of the signals for
the elementary damage modes, and to train the algorithm (artificial learning) to be able
to identify different elementary damage modes [Huguet et al., 2002; Godin et al., 2004].
However, the measurement accuracy of such damage discrimination is not always satisfactory, especially for the materials whose elementary constituents have similar fracture
properties, such as SiC/SiC composites.
Using the two above techniques (ER and AE), in situ qualitative global damage monitoring is relatively easy to achieve. Quantitative information may be achieved using
appropriate theoretical models, such as damage location and damage density. However,
these theoretical models are usually based on assumptions and simplifications. This makes
them limited to specific material microstructure: changing the microstructure requires to
re-calibrate the model or even re-build the model with new assumptions. In addition,
growth paths and spatial geometries of microcracks cannot be evaluated by the two above
methods.

1.2.1.2

Surface imaging methods

Surface observation techniques provide direct information on damage mechanisms in CMCs.
Digital images of the surface of tested sample serve for both qualitative and quantitative
characterizations. Damage location can be directly observed in the images, with respect
to the microstructural morphology of the studied composite. Damage events occurring at
different length scales can be observed, if the image resolution (reflected by pixel size) and
the field of view (FOV) are properly adjusted. The FOV of a surface image must contain
more than one periodic pattern of the composite microstructure, in order to make the
observation representative of the macroscopic behavior. Statistical analyses can also be
carried out if the FOV is large enough. Statistical analyses are particularly important for
CMCs, because their local behavior is relatively random (brittle ceramics). However, the
FOV is usually in conflict with the image resolution. Compromise must be found between
them, according to the length scale of interest.
If qualitative information can be directly obtained from an image, quantitative analyses
require a deeper understanding of the digital image. The smallest element in a digital
image is one pixel, which is associated with a gray level. Note that color images are rarely
used for quantitative analyses in the field of materials science. According to the encoding
format (e.g. 8-bit, 16-bit), the optimal gray level contrast should be large enough to make
the microstructural morphology distinguishable, but without considerable saturation. The
natural textures of CMCs provide the origins of such gray level contrasts. Interpretations
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of the digital images must take into account the acquisition procedure, which links the
image gray levels to physical quantities. Accordingly, the physical quantities, such as
crack geometries and fiber orientations, can be deduced from the image gray levels using
appropriate image processing algorithms. In addition, another quantification tool is the
well-known DIC (digital image correlation) technique. The natural contrasts of CMCs
can be directly used for correlation computations (even if it is not optimal). Therefore,
surface painting is generally not required, unless the CMC surface has been polished to
a very smooth one. Using DIC technique, both global and local transformations can be
evaluated over the considered surface image. Note that the DIC algorithms can barely
capture local high frequency fluctuations (cracks), so the localized strains can be used as
indicators of open cracks.
In the case of SiC/SiC composites, the surface imaging methods have been commonly
used in the literature. Several recent examples are cited here. In the work of [BernachyBarbe et al., 2015b], high resolution optical images were taken over one periodic pattern
of the surface of a composite tube. Displacement fields were evaluated by DIC, based
on which the opening displacements of several matrix cracks were measured as functions
of applied macroscopic stresses. Realignment of fiber tows was highlighted as well. To
overcome resolution limits of optical techniques, scanning electron microscopy (SEM) was
used in the works of [Chateau, 2011] and [Tracy, 2014]. Crack openings in minicomposites
were measured by [Chateau, 2011] by directly analyzing the gray levels of SEM images.
In [Tracy, 2014], DIC was used to evaluate the strain heterogeneity induced by the microstructural morphology. Crack opening was measured by some virtual extensometers
placed at the two sides of the considered crack [Sevener et al., 2017]. As the FOVs of SEM
images were generally small, several realizations were performed to make the investigations
statistically representative.
The surface imaging methods provide precise and local information about damage
mechanisms of CMCs. However, the damage events inside the composite volume cannot
be observed. The surface observations are not fully representative of the volume damage mechanisms, as demonstrated by [Chateau et al., 2011] and [Bale et al., 2012] using
minicomposite samples, crack propagation is different from the surface to the bulk of the
material. A thorough understanding of damage mechanisms in CMCs requires a complete
characterization of 3D spatial geometries of cracks as well as their propagation paths with
respect to the fibrous architectures. For this purpose, a 3D imaging technique, X-ray
computed tomography, is used in the present work.

1.2.2

X-ray computed tomography

First, we present the main principles of the XRCT technique. Then, some common artifacts of tomographic images are introduced. Finally, some applications of XRCT on
SiC/SiC composites are briefly presented.
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Principles

XRCT is a 3D nondestructive technique for imaging volume information of an object
microstructure. It was first developed for medical use in the 1950s. Then an important improvement was achieved in terms of contrast accuracy and spatial resolution (e.g.
[Grodzins, 1983; Flannery et al., 1987]). Since then, XRCT became increasingly attractive for other research fields, like materials science, biology and geosciences. Three main
components of an XRCT setup are: X-ray source, X-ray intensity detector system and rotational support for imaged objects (see Fig 1.8). The main imaging procedures consist in
(i) acquiring enough radiographs (or projections) of the sample, along various orientations,
the gray-levels of a projection represent the decrease in X-ray intensity along linear paths
when the beam passes through the object, and (ii) reconstructing the 3D distribution of
X-ray attenuation (gray-level map) through some specific mathematical algorithms.

Figure 1.8: Principal components of conventional X-ray tomography system (cone-beam
example).

Beer-Lambert law The theoretical basis of the projection acquisition is provided by
Beer-Lambert law, which links transmitted beam intensity to material attenuation coefficient. In the case of monochromatic (monoenergetic) X-ray beams traversing an object
composed of multiple materials, the transmitted beam intensity is calculated as
"
#
X
(1.1)
I = I0 · exp
(−µi xi )
i

where I0 and I are the X-ray intensities of the incident and the transmitted beams, µi denotes the linear attenuation coefficient and xi the linear extent of the ith material traversed
by the beam.
An improvement has been achieved since the early 2000s (e.g. [Rau et al., 2002]) to make
use of polychromatic beams containing a relatively large spectrum of energies. This large
energy spectrum allows a much higher beam flux to be used, hence reducing the necessary
exposure time. In the case of polychromatic beams, Eq 1.1 becomes
"
#
Z
X
I = I0 (E) · exp
(−µi (E)xi ) dE
(1.2)
i
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where both I0 and µi are related to the energy of the incident beam. The beam intensity
is detected by specific sensors, which are usually composed of a scintillator and a CCD
(charge-coupled device) camera. They are used as X-ray photon counting detectors, with
the measured signal charges being proportional to the photon energies. The scintillator
absorbs incoming X-rays and re-emits visible light to be recorded by the CCD camera. The
accuracy of the collected information at each pixel is a function of the number of incident
photons, so increasing exposure time or flux helps to obtain a better signal-to-noise ratio
(SNR). Note that statistical noises in tomographic images are due to the fluctuating photon
counting with a limited number of X-ray photons (photon noise).
Interactions between X-rays and matter Photons are individual units of energy. As
an X-ray beam passes through an object, three dominant interactions occur between X-ray
photons and matter [Ketcham and Carlson, 2001]. (i) Photoelectric absorption (photonelectron interaction), where the photon energy is transferred to an electron and makes the
electron ejected from its atom. The ejected electron rapidly losses its energy by traversing
the surrounding matter, the photon energy is thus deposited in the matter close to the
interaction site. (ii) Compton scattering, in which the photon energy is partially absorbed
and another photon is produced with reduced energy, leaving from the interaction site in
a direction different from that of the original photon. (iii) Pair production, in which the
photon interacts with a nucleus, producing a pair of particles (electron and positron). The
pair production occurs only when the photon energy is very high (more than 1 MeV), so
it is not encountered in most applications of XRCT.

Figure 1.9: Contributions of three interactions on the mass attenuation coefficient µ/ρ of
SiC as a function of photon energy (data from [NIS]).
The contributions of the three interactions on the mass attenuation coefficient µ/ρ of SiC
are given in Fig 1.9. At low energies (< 0.03 MeV), the attenuation is mainly contributed
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by photoelectric absorption, Compton scattering becomes dominant for higher energies
(∼0.1-4 MeV), and the pair production starts to considerably contribute only when the
energies are greater than ∼4 MeV.

Acquisition modes According to [Salvo et al., 2003], three image acquisition modes
can be distinguished: (i) Absorption mode, the contrast is only described by the linear
attenuation coefficients of materials. (ii) Phase contrast mode, this mode is achieved
when the sample-to-detector distance is large relatively to the absorption mode. The
contrast between different phases is produced by the difference in their refractive indices,
and is superimposed to the absorption contrast. This mode is helpful to enhance the
phase interfaces but makes further quantitative analyses more difficult. (iii) holographic
mode, several scans are conducted at different sample-to-detector distances. The phase
contrast can be relevantly quantified using a specific algorithm. This mode allows weakly
absorbing features to be visible and provides quantitative information about the density in
the material. In the present study, the absorption mode is used with a slight contribution
of phase contrast effect (see later in Chapter II).

Laboratory and synchrotron XRCT Depending on the X-ray source, XRCT setups applied to materials science can be classified into laboratory XRCT and synchrotron
XRCT. Photos of the two types of setups are shown in Fig 1.10.

(a)

(b)

Figure 1.10: Photos of X-ray tomography setup: (a) at Laboratoire Navier, ENPC; (b) at
Synchrotron SOLEIL on the PSICHE beamline.

- Laboratory XRCT usually uses X-ray tubes to emit X-ray beams of divergent shape,
so it is also called cone-beam XRCT. As pointed out by [Ketcham and Carlson, 2001],
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three important parameters of the X-ray source must be adjusted to have an optimal
image quality: (i) focal spot of X-ray tube that partially defines the spatial resolution
of tomographic image, a smaller focal spot leads to a more detailed image; (ii) X-ray
energy (controlled by X-ray tube voltage) that defines the penetrative ability of Xrays, higher energy (higher tube voltage) penetrates more efficiently the object, but
is less sensitive to differences in composition; (iii) X-ray intensity (affected by X-ray
tube current) that directly affects the image SNR for a given exposure time, a high
intensity (high tube current) minimizes statistical errors in photon counting. In the
case of reflection X-ray sources, higher beam intensity is usually accompanied with
larger focal spot due to the target material (e.g. tungsten) in interaction with the
electron beam. Transmission X-ray sources generate small spot size, but at lower
flux. In addition, the sample-to-detector distance should be adjusted according to
the cone effect of the X-ray beam, to obtain an adapted image resolution: a small
distance leads to a high spatial resolution, or a small voxel size, but a small field of
view.
- Synchrotron radiation is considered as the brightest artificial source of X-rays. Xrays are produced during the acceleration of high-energy electrons (several GeV
for third generation synchrotrons) in a storage ring. Synchrotron radiation source
helps to dramatically reduce the exposure time and to considerably improve the
image SNR, thanks to its high flux of X-rays. Synchrotron XRCT usually uses
parallel beams, so the sample is not magnified on the detector. Hence, the spatial
resolution is solely determined by the detector system: scintillator, optical setup (for
magnification) and digital camera. Moreover, an improvement in temporal resolution
can be achieved through pink X-ray beams, using a larger energy range relatively
to monochromatic beams. The width of the spectral range is controlled by two
elements [Rau et al., 2002]: first an X-ray mirror to cut out high energies, the energy
threshold depending on the deflection angle and the mirror-coating material; then
a transmission material to reject low energies, with the threshold being determined
by the selected transmission material (Al,Cu,etc.) and its thickness.
1.2.2.2

Artifacts in tomographic images

The crack network in the studied composite tubes is very complex and crack opening is
relatively small (less than a few micrometers). Hence, it is important to carefully take into
consideration the image artifacts, which may dramatically influence the damage detection
and quantification procedures. Numerous artifacts can be observed in tomographic images.
According to the investigation of [Davis and Elliott, 2006] based on simulation, they can
be listed as follows:
- Angular undersampling and streak artifacts: the number of projections should theoretically [Kak and Slaney, 2001] be larger than the maximum dimension length (in
voxel) of the transverse plane multiplied by π/2. If it is less, some streak artifacts
can appear. Generally, the effect of these streak artifacts is barely visible, and can
be easily resolved by increasing the number of projections.
- Ring artifacts: these artifacts result from differences in sensitivity of adjacent de-
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tector elements (miscalibrated or defective elements). They are concentric circles,
centered on the rotation axis.
- Center of rotation error: when the position of the center of rotation is incorrectly
determined in reconstruction parameters, some double edges (or blurred edges for
small errors) may be produced. A careful reconstruction procedure helps to reduce
this kind of artifacts.
- Motion artifacts: they are generally due to the relative movement between the object,
the X-ray source and the detector during scanning. They appear as double edges or
tail effect (similar to rotation center error).
- Beam hardening: when a polychromatic X-ray beam passes through an object, low
energies attenuate more than high energies. This leads to the increase in mean X-ray
energy, i.e. the hardening of the beam. This hardening effect is more severe for the
region where more materials are traversed by X-rays. For instance, in the case of
an homogeneous cylindrical sample, the center of the cylinder will be darker than
its periphery due to beam hardening. This artifact can be avoided when using a
monochromatic beam in synchrotron XRCT, or by an appropriate filter that aims
at suppressing too low energy photons from the beam.
- Cone-beam errors: for cone-beam X-ray tomography, the farther from the cone center, the smaller the intensities of rays going through the sample during the scan.
This generates a lack of information and leads to blurring regions in the image, especially at the top and the bottom. These errors can be reduced by decreasing the
cone angle or adjusting the relative positions between source, sample and detector,
but at the price of a much longer exposure time.

Another type of artifact can also be added to this list: phase-contrast artifact, which is
produced by the differences in refractive index of the different compositions traversed by
the beam. Specific reconstruction algorithms (e.g. [Wilkins et al., 1996; Bronnikov, 1999])
can make use of the phase-contrast information, in addition to absorption coefficient of
the beam, in order to enhance the visibility of weakly absorbing features. However, if a
conventional algorithm is used for reconstruction, significant artifacts could be produced
at interfaces of phases. They become more severe in setups with a sufficiently high spatial
coherence, i.e. small focal spot size, high energy (hard X-ray) and large source-detector
distance [Dierick et al., 2014]. So, this type of artifacts appear more frequently in synchrotron X-ray tomography (very small focal spot) than in cone-beam tomography.
1.2.2.3

Application on damage characterization of SiC/SiC composites

XRCT is increasingly used for characterizing the volume damage in SiC/SiC composites.
It was first used for porosity observation [Morales-Rodriguez et al., 2009; Gélébart et al.,
2010], and then extended to the damage analyses of unidirectional minicomposites during in situ mechanical tests at room temperature [Chateau et al., 2011] and at elevated
temperature [Bale et al., 2012]. In their works, matrix cracks and fiber breakage were
quantitatively analyzed in order to correlate their evolution with the macroscopic behavior. Regarding textile composites, the damage evolution was observed by [Bale et al.,
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2012]. Because the small sample was cut into a plate, it suffered from strong edge effect.
Moreover, only qualitative observations were used, growth path, surface area, orientation
and opening of cracks remained unused though these information were available in their
tomographic data sets. Extracting these information from the reconstructed 3D images
was still a challenge.
Digital Volume Correlation (DVC) technique has been combined with tomographic
images in order to assess local or global strains [Bay et al., 1999]. [Mostafavi et al.,
2013] presented a quantitative use of DVC for crack observation in a small notched specimen of polygranular graphite, 3D crack opening displacement was efficiently measured.
In [Saucedo-Mora et al., 2016a], 2D braided SiC/SiC composite tubes were investigated
by axial tensile test and C-ring diametral test. DVC was used to measure heterogeneous
strains in tomographic images of 17 and 3.25 µm/voxel resolutions for the tensile and the
C-ring tests respectively. The presence of residual strains was highlighted after unloading.
This was attributed to the textile effect that had been identified by [Bernachy-Barbe et al.,
2015b]. However, the correlation between damage and microstructure was not sufficiently
discussed. Another recent work conducted a comprehensive microstructure-damage correlation: [Croom et al., 2017] studied cracking with respect to the tow structure, using
an in situ internal pressure test on a 2D triaxially braided tube. Hoop strain measured
by DVC over images of 15.6 µm/voxel was found to be the highest at intersections of
tows. Moreover, matrix cracking seemed to initiate at these high-strain regions. Stress
redistribution mechanisms were discussed regarding the changes in the strain field around
a chosen crack, but the influence due to the cracks and microstructure out of region of
interest was not taken into consideration.
The quantitative application of XRCT and DVC on the SiC/SiC composites is still
limited presumably because of the low image contrast induced by the very small crack
opening.
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1.3

Modeling of damage mechanisms for textile CMCs

Different approaches exist in the literature for modeling the mechanical behavior of CMCs.
In the framework of continuum damage mechanics, heterogeneous material is investigated
as an equivalent homogeneous material. The modeling works under a thermodynamic
framework [Allen et al., 1987; Talreja, 1991; Chaboche, 1993; Ladevèze et al., 1994]. Phenomenological internal variables are introduced to define the thermodynamic potential.
Damage evolutions are described by the evolution laws of these internal variables. However, the internal parameters may not directly correspond to the physical damage state of
the real material, but only reflect their effect on the macroscopic behavior of the material.
Even if macroscopic models are usually considered as suitable for providing relevant
constitutive laws of CMCs for structural computations under complex loading conditions,
they do not allow the multiscale damage to be properly described. Some micro-macro connecting models have been proposed for introducing microstructural parameters into macroscopic modeling [Burr et al., 1995; Hild et al., 1997; Camus, 2000], which somehow gave
physical meanings to internal variables. However, the complex microstructure-damage relationship was still not revealed clearly. Therefore, to achieve a thorough understanding
of the latter, micromechanical modeling is required, which can provide direct information
about the damage evolutions, and also help to improve macroscopic models by providing
the evolution laws of physically meaningful internal variables e.g. [Couégnat, 2008].
A short review of the micromechanical approach is given in the next part of this section,
followed by a presentation of FFT methods for numerical homogenization.

1.3.1

Micromechanical approach

A micromechanical approach consists in establishing the relationship between microstructure, damage and macroscopic behavior. It is usually completed through numerical homogenization methods. The numerical simulation of textile composites is not a trivial
issue. The difficulties are mainly due to the complexity of the multiscale microstructure
that is at the origin of the damage-tolerance properties.
Numerical simulations are generally performed over a Representative Volume Element
(RVE), in which the microstructure of the studied material is represented by either simplified equivalent morphologies or realistic morphologies. For complex microstructures,
which is the case of textile CMCs, the realistic microstructure simulation is more attractive, because it takes into account the morphological fluctuations of a real microstructure.
Two categories of unit cells can be distinguished according to their generation procedure.
- Virtual unit cells can be generated using statistical descriptors of the microstructural
morphologies of the studied material. Thus, it needs at first a detailed morphological characteristics of the microstructure. Virtual microstructure simulation makes it
possible to study the effects of some microstructural features on the local or global
behavior, by artificially modifying the generated microstructure [Gélébart et al.,
2010; Pineau et al., 2011; Chateau et al., 2015], e.g. changing the volume fractions of constituents (matrix, interphase, porosity), or adding virtual cracks into the
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microstructure. However, characterizing complex microstructures is not straightforward, and proper statistical descriptors are usually not easy to be defined.
- Real unit cells are usually generated using advanced imaging techniques, like Xray computed tomography. The real microstructure can be obtained through an
appropriate image segmentation procedure. This makes the exact morphological
features and their distributions to be accounted for in the simulation (at least up to
image resolution). Nevertheless, when using common FE methods, the image-type
microstructure needs to be meshed appropriately, which is generally a tedious work.
In the context of image-based finite element modeling, the image-type microstructure
needs to be pre-processed to achieve an FE-adapted mesh. Authors have proposed a
specific tool, called object-oriented finite-elements (OOF), for correctly meshing the digitalized microstructure [Langer et al., 2001; Reid et al., 2008; Coffman et al., 2012]. In
general, the OOF meshing methods consist in first identifying the microstructure phases
by image segmentation, and then adapting the FE node positions to phase boundaries
using some iterative algorithms, and finally refining the boundary elements. However,
even if such methods have been improved and generalized to 3D real microstructures,
they remain still cumbersome and usually need frequent user interventions to avoid unsatisfactory results, e.g. some acute elements may be generated resulting in artificial stress
concentration.
Other authors proposed to complete the FE meshing through a voxel-based (or gridbased) method inspired by octree decomposition [Keyak et al., 1990; Kim and Swan,
2003]. This is a relatively easier meshing method, making use of the regular grid of digital
image. The inside of a single phase is meshed with coarse brick-form elements, whose
shape (aspect ratio) is adjusted according to the phase to which they are belonging. The
phase interfaces are refined to voxel or subvoxel level, always using brick-form elements.
The drawbacks of this meshing method is the computational cost due to the refinement
around phase interfaces.
Compared to conventional FE methods, the methods based on Fast Fourier Transform
(FFT) exhibit great advantages in the pre-processing stage: no meshing is necessary.
They directly use the regular grid discretization of images. In addition, because of the
numerical efficiency of the FFT algorithm that can be itself efficiently implemented for
parallel computing, very large simulations can be performed, hence no need to reduce the
spatial discretization. These advantages are more convincing in our studies, since XRCT
provides already high-quality digital images of the SiC/SiC composite tubes, with sufficient
spatial resolution and contrast between SiC and pores that permit a good segmentation.

1.3.1.1

FFT-based methods

The basic scheme The FFT based algorithm for computing the mechanical behavior
of composite materials was first proposed in the 1990s by [Moulinec and Suquet, 1995]
and [Moulinec and Suquet, 1998]. The overall response of a composite is determined by
the individual behavior of its constituents and by its microstructure, leading to the local
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problem on a unit cell Ω in the case of linear elasticity:
div(σ(x)) = 0
(x ∈ Ω)
σ(x) = c(x) : ε(x)
(x ∈ Ω)
2εij (x) = ui,j (x) + uj,i (x)
(x ∈ Ω)

(1.3a)
(1.3b)
(1.3c)

where c(x) is the local stiffness tensor, σ(x) and ε(x) denote respectively the microscopic stress and infinitesimal strain deriving from the displacement u(x). The domain
Ω is supposed to be heterogeneous, periodic and submitted to periodic boundary conditions. By introducing a reference homogeneous material with stiffness tensor c0 , the local
constitutive law turns to:
σ(x) = c0 : ε(x) + τ (x)
(1.4)
where τ (x) is the so-called polarization tensor that is defined as τ (x) = [c(x) − c0 ] : ε(x).
Assuming τ (x) is known, the local problem (Eq 1.3) is reduced to a homogeneous elasticity
problem, which can be explicitly solved in Fourier space through the application of the
Green operator Γ̂0 . The solutions in real space and in Fourier space are:
ε(x) = E − (Γ0 ∗ τ )(x)
ε̂(ξ) = −(Γ̂0 : τ̂ )(ξ)

(1.5a)
ε̂(0) = E

(1.5b)

where the variables with symbol ˆ· are those in Fourier space, and ∗ the convolution product
in real space.
However, the polarization tensor is not known a priori, so Eq 1.5a is rewritten into the
Lippmann-Schwinger equation for elasticity:
ε(x) − {Γ0 ∗ [(c0 − c) : (ε)]}(x) = E

(1.6)

The basic scheme proposed by [Moulinec and Suquet, 1998] solves the problem iteratively
(fixed-point algorithm) using Neumann series:
ε0 (x) = E
εn+1 (x) = E − {Γ0 ∗ [(c − c0 ) : εn ]}(x)

(1.7a)
(1.7b)

The Green operator is defined by an explicit and local expression in Fourier space, and
depends on the stiffness tensor of reference material c0 . In the algorithm (Eqs 1.3-1.7),
Fourier transform and inverse Fourier transform are involved in each iteration, to calculate
the tensor product (c − c0 ) : εn in real space and the convolution product Γ0 ∗ [·] in
Fourier space. FFT packages are employed at this stage to greatly improve the speed of
computation of each iteration.
Advantages The advantages of FFT methods compared to conventional FE methods
can be summarized into three points: (i ) No meshing procedure is needed during the preprocessing stage, digital images can be directly used for simulation after an appropriate
image segmentation. (ii ) The FFT algorithms are quite suitable for parallel implementation, because the polarization tensor τ̂ and the convolution product can be calculated
as local problems in real and Fourier space respectively. Note that FFT and inverse FFT
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procedures are not local, but efficient FFT packages, such as fftw library, are available
for parallel implementation. (iii ) The FFT-based algorithms are established with periodic
boundary conditions, which are commonly known as appropriate conditions to reduce the
size effects when determining macroscopic properties of materials, compared with kinematic and static uniform boundary conditions [Kanit et al., 2003].
Development However, the convergence of the basic scheme is sensitive to the mechanical contrast of phases and the algorithm is not convergent in the case of infinite contrast.
Improvements have been proposed by either optimizing the iterative algorithm to reduce
the number of iterations [Michel et al., 2001; Eyre and Milton, 1999; Zeman et al., 2010;
Monchiet and Bonnet, 2012; Gélébart and Mondon-Cancel, 2013], or by improving the
discretization method to derive modified discrete Green operators [Brisard and Dormieux,
2010; Willot, 2015].
Furthermore, the regular grid used in FFT methods cannot properly deal with the interfaces between phases. Spurious oscillations (or checkerboarding artifacts) may be produced
due to the discretization effect if the image resolution is not high enough. This drawback
is proposed to be overcome by a so-called composite voxel technique, which allows the
interfacial voxels to be homogenized by some simple homogenization rules [Gélébart and
Ouaki, 2015; Kabel et al., 2015, 2016; Mareau and Robert, 2017].
Simultaneously with the improvements on the FFT methods, their applications have been
extended to various materials with different nonlinear constitutive laws, including hyperelasticity [Lahellec et al., 2003], thermoelasticity [Vinogradov and Milton, 2008], plasticity [Michel et al., 2001], viscoplasticity [Lebensohn, 2001], viscoelasticity [Figliuzzi et al.,
2016], elasto-viscoplascitity [Lebensohn et al., 2012] and crack propagation [Li et al., 2012].
Recently, it has been started to fuse FFT with FE methods. In [Schneider et al., 2017],
one voxel is considered as a trilinear hexahedral finite element. Thus, the strain of each
voxel, involved in the Lippmann-Schwinger equation (Eq 1.6), could be substituted by
eight strains at the Gauss points that were derived from the nodal displacements of the
finite element. This work demonstrates that a classical FE formulation based on a regular
mesh can be solved using a FFT-based solver.
AMITEX An FFT-based code, named AMITEX [Ami], is used in the present study. This is
a massively parallel code to compute the thermal or mechanical behavior of heterogeneous
materials. It is able to deal with static or time-depending loading, linear or nonlinear
constitutive laws with either isotropic or anisotropic properties. Some recent developments of the FFT-based algorithms have also been implemented in the code, such as the
modified discrete Green operator (similar to that in [Willot, 2015]), and composite voxel
technique [Gélébart and Ouaki, 2015; Kabel et al., 2015]. The main algorithm used in
AMITEX is the basic scheme, with a new handling on mixed loading (stress and strain). In
addition, a convergence acceleration method, inspired by the finite element code Cast3M,
is incorporated in the code. A great advantage of AMITEX is the massively parallel
implementation, which allows for simulating large 3D images, directly obtained from 3D
XRCT.

Chapter 2
In situ tensile testing under X-ray
computed tomography
This chapter is devoted to the presentation of the experimental approaches used to investigate damage mechanisms in SiC/SiC composite tubes. During this PhD work, two series
of in situ tensile tests have been conducted using the XRCT setup at synchrotron SOLEIL
(beamline PSICHE). The first series consists of only one test on a 45◦ tube, and the second series consist of three tests on three tubes of different braiding angles (30◦ , 45◦ and
60◦ ). For such in situ tests, not only the experimental procedure itself requires patience
and precision to be implemented, but more time-consuming is the post-processing of the
reconstructed 3D images. Extracting relevant information from the 3D images remains a
challenge of this methodology. To tackle this issue, various techniques will be used and
proposed to both qualitatively and quantitatively process the tomographic images.
Details about the two series of in situ experiments will be first presented. Then the
post-processing procedures will be introduced using the images from the first test on a 45◦
tube. Finally, their application to the images of the second series of tests will be presented
briefly.
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In situ tensile testing

Two series of in situ tensile tests have been conducted. After a brief introduction to
the tested materials, we present the two designs for the loading machine adapted to the
tube samples. Then parameters for image acquisitions are presented. Lastly, the quality
(gray-level contrast and artifacts) of the obtained tomographic images is discussed.

2.1.1

Materials

Three classes of tubes with different braiding angles have been tested. All the tubes were
fabricated at LTMEx/SRMA of the CEA. Same elementary constituents and manufacturing procedure were used: regular 2D braided fibrous preforms, made of 3rd generation
HNS SiC fibers, 30 nm pyrocarbon interphase and SiC matrix deposited through CVI
process. The inner surfaces of the resulting tubes after densification were ground to be
smooth for simulating the real fuel cladding concept.
Their geometric characteristics are listed in Table 2.1. In order to improve the spatial
resolution of the tomographic images, the tube dimensions were reduced to ∼5 mm, instead
of ∼10 mm for the real application. Due to the braiding procedure, the outer diameters
(or thicknesses) of tubes are linked to the braiding angle: the larger the braiding angle,
the larger the outer diameter. The magnitude of spatial undulation of tows is larger for
larger braiding angles. Other geometric characteristics are very similar between the three
tubes, only the volume fraction of porosity of the 30◦ tube is slightly higher than the two
others.
Note that the 45◦ tube has been tested twice, using different loading machines and
different imaging acquisition parameters. The second test will be used to validate the
reproducibility of the crack quantification method (see section 2.5.3). The braiding angle
effects will be investigated between the 45◦ tube of the first test and the 30◦ and 60◦ tubes
tested in the second series (Chapter IV).

Series # 1
Series # 2

Braiding angle

L (mm)

Φext (mm)

Φint (mm)

e (mm)

Vp

45◦
30◦
45◦∗
60◦

50.78
50.73
50.52
51.16

4.89
4.79
4.88
5.25

3.47
3.47
3.47
3.47

0.71
0.66
0.70
0.89

17.6%
19.7%
16.1%
16.8%

L, Φext , Φint , e represent the length, the outer, inner diameters and the thickness of
the tube, respectively; Vp denotes the volume fraction of porosity
∗ the 45◦ tube of the second group of tests will be further marked as 45◦∗ tube

Table 2.1: Geometric characteristics of the composite tubes tested under XRCT. Φint is
measured with a 3-point micrometer, Φext is a laser-based measurement averaged along
the tube, and Vp is deduced from a mass measurement and the knowledge of SiC density.
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2.1.2

Tensile loading devices

The specificity of in situ mechanical tests under XRCT is that all the loading devices
must be placed between the X-ray source and the imaging system and must permit the
recording of X-ray radiographs for all scanning angles. This leads to an exigent constraint
on the size of the devices and its transparency to X-rays. In addition, the load needs
to be maintained constant and the sample motionless during the scans, which may last
for several minutes (case of synchrotron tomography) or even hours or days (laboratory
tomography). Thus, the creep behavior of the loading system should be minimized. Two
designs have been successively implemented for the two series of tests considering the setup
conditions at PSICHE beamline of SOLEIL synchrotron.

Figure 2.1: Drawing of the compression loading machine
Before the present work, a compression loading machine was available in Laboratoire
Navier (developed together with LMS, Ecole polytechnique) [Nguyen, 2015]. This machine
is composed of two independent parts (Fig 2.1): an actuator providing the driving forces,
and an upper part transferring the loading to the tested sample. The actuator is able
to move vertically (in both directions) with a maximum displacement range of 46 mm,
providing driving force up to 10 kN (load cell capacity). It can be driven by either force
or displacement with constant velocity. The sample is fixed inside the upper part between
a fixed head and a lower rod that moves together with the actuator. X-rays pass through
both the sample and the wall of the upper part at the same height (called window ).
For the tensile tests on the SiC/SiC composite tubes, this loading machine is employed,
with its upper part modified. Several precautions have been taken into account when
designing the upper part in terms of its mechanical loading function and its influence on
image quality:
- Mechanical loading function: (i) As a force transmitter, the upper part must be able
to undertake the maximum force that could be reached during the tests (∼3500 N for
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the 30◦ tubes). Note that the upper part undertakes compression for tensile tests, so
the buckling behavior should be accounted for if the ratio between the length and the
diameter is large. (ii) A good alignment between the tube axis and the loading axis
must be ensured under various tension levels. For this purpose, a spherical washer
is added at the top of the upper part in the two designs.
- Influence on image quality: (i) The sample-to-detector distance must be as small as
possible, in order to minimize the phase contrast artifact (section 1.2.2.2, Chapter I).
(ii) In order to obtain an optimal gray-level contrast in tomographic images, the
window of the upper part should be as transparent as possible to X-rays, making the
X-ray absorption mostly attributed to the tested sample. Accordingly, two materials
are chosen in our designs: aluminum alloy and PMMA. In addition, the thickness of
the window needs to be minimized under the condition that the loading strength is
satisfied.
2.1.2.1

Design for the first test

An upper part has been fabricated considering the above conditions (Fig 2.2). The upper
rod is fixed by a nut to the upper part, while the lower rod is movable together with
the actuator. The tube sample is bonded by an epoxy resin (3M Scotch-Weld EC-9323
B/A) into cylindrical grooves (8 mm depth) machined at the rod ends. In order to obtain
a maximum shear resistance of the bonding, the widths of the cylindrical grooves are
adjusted to be slightly larger than the SiC/SiC tube thicknesses. In practice, the sample
is first bonded to the two rods, and then the whole assembly is mounted in the loading
machine by screw threads. This mounting procedure, together with the spherical washer,
guarantees a good alignment between the tube axis and the loading axis. The outer
diameter of the aluminum window is 20 mm with a wall thickness of 2 mm.
Regarding the mechanical resistance, it has been checked through FE simulations that
the aluminum window remains always in the elastic regime with a factor of safety of 3,
even for the largest load to be reached by the studied composite tubes (∼3500 N for the 30◦
tubes). In such a design, the length-to-diameter ratio of the upper part is relatively large,
so another potential issue is the buckling behavior. Related FE simulation estimates a
critical load of about 50 kN, which is much higher than the maximum forces to be reached
by the studied composite tubes.
In addition, the AE monitoring is anticipated in this design. One AE sensor can be
directly placed on the top flat surface of the upper rod, whose diameter is designed to be
consistent with the diameter of the AE sensor (8 mm). This sensor position permits a
good transmission of AE signals.
2.1.2.2

Design for the second series of tests

Motivation for the second design During the first test, a slight motion of the sample
was identified during scans, which dramatically degraded the quality of the reconstructed
images. This motion was suspected to result from the heating effect of the aluminum
window induced by high-flux X-ray beams. At last, the problem was solved by decreasing
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(a)

(b)

Figure 2.2: Design of the upper part of the first tensile device: (a) design drawing; (b)
photo on the setup at PSICHE beamline.
the beam flux with a supplementary aluminum filter. In addition, the inner surface of the
window of the upper part was not sufficiently smooth. This may be the main responsible
for the ring artifacts resisting in the reconstructed images (see later in section 2.1.4.2),
even though a ring correction algorithm [Mirone et al., 2014] had been applied. Note that
a tomographic image acquired without the aluminum window exhibited few ring artifacts,
which somehow confirmed the influence of the window on the image quality.
Design for the second series of tests For the second design of the upper part
(Fig 2.3), the features of the mechanical loading function are inherited from the first
design: upper and lower rods are mounted by screw threads, the sample is bonded to
rods, spherical washer is used to reduce the misalignment between the loading axis and
the tube axis.
The upper part is modified to reduce its effect on image quality. To prevent the heating
effect issue, the window is designed to be changeable (Fig 2.3a). The part under the window
is made of steel, so it is not critical for loading resistance. Two aluminum windows are
manufactured with thinner walls (one of 1 mm and the other of 1.2 mm thickness) to
reduce the heating effect by X-rays, and their inner diameters are increased to 42 mm
to meet the loading resistance requirement. The finish of the inner and outer surfaces
is machined to a roughness average of 0.8 µm to reduce ring artifacts in reconstructed
images.
Moreover, one PMMA window has been prepared with an inner diameter of 22 mm and
a wall thickness of 10 mm. The roughness average of its inner and outer surfaces is also
0.8 µm. Calculations have been performed to estimate the beam absorption of either the
aluminum window or the PMMA window. The latter provides a better X-ray transmission
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(a)

(b)

Figure 2.3: Design of the upper part of the second tensile device: (a) design drawing; (b)
photo of the setup with a PMMA window at PSICHE beamline.

for the imaging configuration to be used. Therefore, the PMMA window is chosen for all
the tests of the second series.
Lastly, another improvement is the possibility to use two AE sensors for damage monitoring. One sensor can be placed at the top flat surface of the upper fixed rod, and the
other one on the flat of the lateral surface of the lower rod. A small hole is drilled on
the part under the window to exit the AE cable (Fig 2.3b). The two AE sensors make it
possible to locate the damage events in the axial direction, and also to select the signals
emitted between the two sensors without other interference signals. Nevertheless, during
the in situ tests, the acquisitions of the lower sensor were too noisy (possibly due to the
unstable fixation of the sensor, or to the noises induced by the actuator), so only the data
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from the top sensor were analyzed.

2.1.2.3

Tensile load during in situ test

The tensile load during an in situ test was applied to the sample step by step: one reference
(unloaded) state, and several successive deformed states. The sample was scanned at each
step. Between two steps, the loading stage was controlled by displacement with a very
slow velocity of 0.2 µm/s. Forces and displacements were recorded with a rate of 2 Hz
during loading stages, and a rate of 0.2 Hz during scans (displacement maintained). This
real-time monitoring allowed us to observe a force relaxation appearing after each loading,
and the scan acquisition was started only after the loading force stabilized. An example of
force-displacement curve is shown in Fig 2.4, it can be observed that the force relaxations
were very small.

Figure 2.4: Force-displacement curve for the tensile test on the 45◦ tube using the first
design of the loading machine.
The loading steps were chosen according to the macroscopic stress-strain curves (section 1.1.4, Chapter I). A summary of the loading steps of all the tested samples is given
in Table 2.2. The stress values were calculated using the inner and outer diameters given
in Table 2.1. Note that at the reference state, a small load of 100 N (∼10 MPa) was
applied to put the components of the loading machine into contact and hence to stabilize
the sample. It was so small that the deformation of the sample was still in elastic regime
and almost negligible.
Sample
45◦
30◦
45◦∗
60◦

reference
100 (11)
100 (12)
100 (11)
100 (8)

step 1
1020 (109)
1288 (150)
876 (95)
490 (40)

step 2
1206 (129)
1675 (195)
1199 (130)
580 (48)

step 3
1580 (169)
2062 (240)
1521 (165)
610 (50)

step 4
1805 (193)
2448 (285)
1844 (200)
660 (54)

step 5
1907 (204)
2835 (330)
710 (58)

step 6
3220 (375)
780 (64)

step 7
850 (70)

Table 2.2: Summary of loading levels applied to all the tested samples during the two
series of tests: force in N (stress in MPa).

Chapter 2. In situ tensile testing under X-ray computed tomography

2.1.3

39

Acoustic emission

An AE signal consists of various descriptors, including rise time, count, duration and
energy. Fig 2.5 shows a burst AE signal [Huang et al., 1998]. When the waveform exceeds
a user-defined level (i.e. the threshold), an AE signal is captured by the AE transducer.
Then each time the signal exceeds the threshold corresponds to an AE count. Several
parameters are commonly measured to characterize one AE hit [Barsoum et al., 2009],
such as the total number of counts, the maximum amplitude, the duration or the rise time
(see Fig 2.5).

Figure 2.5: Usual AE descriptors
In addition to the threshold, these above descriptors need to be determined using a set
of timing parameters: (i) the peak definition time (PDT), the maximum amount of time
given for the system to detect the peak voltage of the AE waveform; (ii) the hit definition
time (HDT), the time for the system to see if the waveform will exceed again above the
threshold after the last falling edge; (iii) the hit lock-out time (HLT) or also called rearm
time (RAT), the time for the system to move the collected data into its buffers. The
PDT guarantees the correct recognition of a signal (hit) peak for rise time measurements.
The HDT and HLT should be optimized to discriminate every single AE hit. The timing
parameters used in the present study are given in Table 2.3.
Threshold PDT
32 dB
50 µs

HDT
200 µs

HLT
300 µs

Table 2.3: Timing parameters used for the AE acquisition during the in situ tensile tests
Acoustic emission was monitored during each loading stage of each test. AE measurements were collected by the USB AE Node system and a miniature sensor Micro-80
(Mistras). AE signals were recorded with a sampling rate of 5 MHz. Pre-amplification of
26 dB and band-pass filtering of 20-1000 kHz were performed by a pre-amplifier. For both
series of tests, only one AE sensor was effectively used, which was attached at the top of
the upper rod by silicon grease. Note that the acquisitions of the lower sensor during the
second series of tests were too noisy.
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In further analyses, the cumulative absolute AE energy (true energy) will be used in
normalized form to discuss the damage evolution in the tested tubes (section 4.4, Chapter IV). The absolute AE energy is defined as the integral of the squared voltage signal
divided by a reference resistance over the duration of AE wave form. An example is given
is Fig 2.6 for 30◦ tubes under tensile tests, showing three monitoring from different acquisition systems. The cumulative AE energy is relatively reproducible even using two
different acquisition systems under different experimental environments. Three domains
can be identified in these AE curves: elastic stage, damage development stage and damage
saturation stage. Note that the saturation of cumulative AE energy might also be related
to the damage state of the tested material, i.e. as long as its microstructure is fractured,
AE signals become more and more attenuated and hence less and less captured by the AE
sensor [Morscher and Gyekenyesi, 2002]. Nevertheless, this attenuation effect is commonly
omitted in the literature because it is believed to be negligible compared to the variation
of emitted energy itself in CMCs (see e.g. [Morscher, 2004; Moevus et al., 2008]).

Figure 2.6: Cumulative AE energies monitored during tensile tests of three 30◦ tubes
using two different AE acquisition systems: macro - system used for macroscopic tests
(section 1.1.4, Chapter I); in situ - system used for in situ tests.

2.1.4

Tomography imaging procedure

2.1.4.1

Imaging system

Pink beam Polychromatic X-ray beam with a pink spectrum centered at about 45 keV
was used for the in situ tensile tests. The pink beam provides higher flux than monochromatic beams, which helps to considerably reduce the exposure time and/or to achieve a
better SNR in a given duration. In our case, a good SNR was necessary to detect the
cracks whose openings are very small (of the order of micrometers). Fig 2.7 shows the
spectrum of the beam energy used in our study, a relatively narrow spectrum was achieved
by a combination of mirror and absorption filters (Al and Cu).
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Figure 2.7: Spectrum of pink beam used for the in situ tensile tests at PSICHE beamline.
Image acquisition For the two series of tests, the detector system was similar (Fig 2.8),
which was composed of a scintillator screen, a 45◦ mirror, an optics and a HAMAMATSU
Orca CMOS camera. The optics and camera were positioned out of the path of the primary
X-ray beam, but vertically above the scintillator screen, so that they were prevented
from direct X-ray radiations. The whole loading machine was placed on a rotation stage
coupled with a translation system. Projection images were acquired at various angular
positions. Note that the detector system was calibrated using the same material with the
same thickness as that of the window : aluminum for the first test and PMMA for the
second series of tests. More detailed descriptions about the tomography setup of PSICHE
beamline can be found in [King et al., 2016].
Tested sample

45◦
30◦
45◦∗
60◦

Camera
definition
(pixel)
2048×1024
2048×1120
2048×1120
2048×1120

number
of radiagraphs
12000
4000
4000
4000

Rotation
range∗

Average
energy

Exposure
time

Voxel size

2×360◦
1×360◦
1×360◦
1×360◦

45
44
44
44

15 ms/f
80 ms/f
80 ms/f
120 ms/f

2.60
2.85
2.85
2.85

keV
keV
keV
keV

µm
µm
µm
µm

∗ rotation range 2×360◦ means that the sample was scanned by two rotations of 360◦

Table 2.4: Image acquisition parameters for the two series of tests
The two series of tests used slightly different acquisition parameters (Table 2.4). Camera resolution was slightly increased for the second series of tests, but the pixel size was
the same (6.5 µm). The magnifications of optics were 2.3x and 2.5x for the two series of
tests respectively. This resulted in similar voxel sizes of reconstructed images: 2.6 µm and
2.85 µm, respectively. The average beam energies of both series were also similar, which
was the consequence of using the similar filter mirror configuration and filter material
(copper). The main difference was about the number of radiographs and the exposure
time per frame: a shorter exposure time was used for the first test but compensated by a
larger number of radiographs. Note that for the second series of tests, the beam flux was
higher for the 30◦ and 45◦ tubes than for the 60◦ tube, for which the exposure times were
adapted so that the SNRs remained similar in the images of the three tubes.
In order to achieve a larger vertical field of view, the sample was imaged at two adjacent
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Figure 2.8: Photo of the imaging system at PSICHE beamline.
vertical positions for each loading step. The two sequential images shared an overlapping
zone, so they could be assembled afterwards (see later in section 2.2).
Encountered issues As mentioned above, the high flux produced heating effect on
the aluminum window during the first test, which was solved by reducing the flux. In
the second series of tests, we started to use a lower average energy (28 keV) in order
to achieve a better gray-level contrast. Note that lower energy should be more suitable
for SiC (according to its absorption coefficient). However, this attempt did not work,
because fringes appeared close to the edges of pores in the composite tube (for unclear
reasons). Consequently, an energy similar to that used for the first test was re-used for the
second series of tests. In addition, it was observed that the scintillator was damaged at its
upper and lower edges, which was suspected to be induced by the higher transmitted flux
(PMMA window is more transparent than the aluminum one). This produced artifacts
in the corresponding zones (upper and lower) of the reconstructed images. Therefore,
scintillators needed to be changed regularly. And the affected zones, which were very
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limited (< 50 voxels), were excluded during post-processing.
2.1.4.2

First look at the reconstructed images

3D images were reconstructed using the software PyHST2 [Mirone et al., 2014], saved
in 32-bit float format, and then converted into 8 bit unsigned integer format for further
post-processing. Examples of reconstructed images are given in Fig 2.9 and Fig 2.10 for
the two series of tests respectively. Even though the voxel size is smaller than the average
fiber diameter (∼ 12 µm), fibers and matrix can barely be distinguished because of their
low chemical contrast (both are close to stoichiometric SiC). Macro- and micro- pores can,
however, be clearly seen and distinguished.

(a)

(b)

Figure 2.9: Reconstructed image of the first test (45◦ tube): (a) Cross-section of the
reconstructed image and a zoom in; (b) Gray-level profile of the reconstructed image
along the green line in (a).
Tomographic images are never free from artifacts that could dramatically affect quantitative analyses if no attention is paid to them. In the first series of images on the 45◦ tube,
three main artifacts have been identified (Fig 2.9) and carefully treated when necessary
(crack detection in section 2.4):
- Ring artifacts, which were believed to be mainly due to the insufficient surface finish
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(a)

(b)

Figure 2.10: Reconstructed image of the second series of tests (45◦ tube): (a) Cross-section
of the reconstructed image and a zoom of it; (b) Gray-level profile of the reconstructed
image along the green line in (a).
of the aluminum window used for the first series of test. A ring correction operation
[Mirone et al., 2014] was performed during the reconstruction, so only a few of them
remain in the reconstructed images.
- Over contrasted solid-pore interfaces, which were related to phase contrast artifacts
(see section 1.2.2.2, Chapter I).
- Smooth radial fluctuations of brightness, which appeared only in the radial direction.
This artifact was suspected to be related to the ring correction procedure applied
during 3D reconstruction. Similar artifact was also observed by [Münch et al., 2009].
The post-processing procedures have been developed and implemented considering the
first series of images. Then they were applied to the second series of images, and only few
parameters needed to be adapted to the different images (section 2.6).
Both series of images suffered from similar artifacts (over-contrasted solid-pore interface, radial brightness fluctuation and rings). However, they appeared to be less severe in
the second series of images (Fig 2.10). Note that the image format conversion (from 32-bit
real to 8-bit integer) was done within an interval range that was determined manually
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according to the gray-level histogram, the values out of the interval range were truncated.
All the second series of images were converted using the same interval range that is greater
than the one used for the first series of images. The reduced over-contrasted solid-pore
interfaces in the second series of images could be attributed to this larger interval range.
The reduced number of rings and radial brightness fluctuations might be due to a better
surface finish of the PMMA window used for the second series of tests.
Furthermore, in order to assess the unavoidable random noises, we chose to calculate
the image SNRs by
SN R =

v SiC − v pore
stdmax


with stdmax = max stdSiC , stdpore

(2.1)

where stdSiC and stdpore denote the standard deviation in a uniform zone (either SiC
solid or pores), v SiC and v pore are the average gray levels of solid voxels and pores voxels,
respectively. The results for different images are given in Table 2.5. The average values of
v SiC , v pore and stdSiC , stdpore were measured from three arbitrarily-selected uniform zones
(solid or macropore) in each considered image. The SNRs were similar for both series of
images.

◦

45
30◦
45◦∗
60◦

v SiC
173
166
165
161

v pore
89
119
119
119

stdSiC
11.7
5.8
6.6
5.8

stdpore
10.4
5.8
6.0
5.5

SNR
7.2
8.1
7.0
7.2

Table 2.5: SNRs of the reconstructed images from the two series of tests
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Microstructure analysis

In situ tests under XRCT provide 3D images of a sample at different loaded states. Microstructure analysis is conducted on the reference images only. Various procedures are
presented in this section, in order to segment the images into different regions, namely peripheral matrix, macro- and micro- pores. Using the information about the pores, the braid
architecture is analyzed, in terms of periodicity and spatial evolution of tows. The first
series of images on the 45◦ tube are used for illustrating these post-processing procedures.
In order to reduce statistical noises, tomographic images are first filtered before all
post-processing (except DVC and DVC-based image subtraction, see later), by a very
slight Gaussian filter with a standard deviation of 0.6 voxel discretized over a neighboring
box of 53 voxels. As fibers and matrix are very weakly contrasted in the obtained images,
only solid phase and pores are distinguished.

2.2.1

Idealized tube geometry

2.2.1.1

Stitching of the two vertically-adjacent images

During the in situ test, in order to reach a larger vertical field of view, two verticallyadjacent positions of the tube have been imaged with a certain overlapping. The two adjacent images can be stitched using a correlation method between Z-slices (cross-sectional
slices) in the overlapped region (see Appendix A for details).
Image correlation provides a vertical stitching distance of 278 voxels (0.72 mm), without misalignment in the transverse plane between these two images. This suggests that
the support table at PSICHE beamline provides a sufficient precision on translation and
axis alignment, which is better than 2.6 µm (1 voxel) for an axial translation of 1.94 mm.
Therefore, if subvoxel resolution is not required, the analysis can be conducted over such
a stitched image from a simple juxtaposition. The juxtaposition is completed by concatenating the voxels in both images using the middle position of the overlapping zones as the
dividing line (139 voxels for the considered example). Finally, the stitched image has a
definition of 2048×2048×1770 voxels (or 5.3×5.3×4.6 mm3 ).
On the contrary, operations requiring subvoxel resolution, namely DVC and related
procedures, cannot be performed on such stitched images, because the voxel-wise stitching could produce errors of about 1/2 voxel on the DVC-evaluated displacement between
two points on both sides of the linking-up slice. The errors could be amplified for further strain measurements. For instance, the macroscopic strain error could reach up to
about 3.10−4 (deduced from the axial length of 1770 voxels), which is too high for the
studied composites (section 2.3). Therefore, the DVC procedures and DVC-based image
subtractions (section 2.5) are first conducted separately on the two vertically-adjacent positions. The strains are deduced from a specific optimization method taking into account
the DVC-measured displacement fields of both images (see later in section 2.3).
Furthermore, for the segmentation procedure, the overall brightness and the contrasts
of the two adjacent images need to be consistent, so that a same threshold value could be
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used for the stitched image. This is verified in Fig 2.11, which was expected because the
configuration of the imaging systems remained unchanged, and the same parameters were
used in image reconstructions for the two adjacent images.

Figure 2.11: Gray-level histograms of the two vertically-adjacent images and the stitched
one for the 45◦ tube. Only the voxels inside or close to the tube have been accounted for.

2.2.1.2

Image segmentation

The stitched reference image is segmented into a binary image, separating the solid phase
(SiC fibers, SiC matrix and PyC interphases) from the voids (pores and regions outside
the tube). As the tomographic image exhibits a bimodal gray-level histogram (Fig 2.11),
we choose the commonly used Otsu’s method [Otsu, 1979] to segment the image into two
phases. Further, only the voxels inside or close to the tube geometry are used for this
procedure, in order to eliminate the interference of the useless voxels in the inner and
outer regions of the tube (Fig 2.11). Note that the three regions (tube geometry, inner
and outer regions) are manually defined for this procedure, however, they will be defined
quantitatively (with an idealized tube geometry and tube axis) for further analyses.
2.2.1.3

Identification of the idealized tube geometry

In order to quantitatively analyze the microstructure, the tube geometry must be determined as precisely as possible. As the free surfaces of the composite tubes are rough,
especially the macropores are connected to the inner and outer regions (Fig 2.12a), this
operation is not straightforward. The inner and outer tube diameters have been measured with micrometers (Table 2.1). Here, we propose a measurement method based on
tomographic image, which provides not only the tube diameters, but also the tube axis.
First, the tube center and diameters are determined in 2D for each Z-slice of the
segmented image. Through connected-component labeling with a connectivity of 4 pixels,
the void voxels connected to the inner region and to the outer region are separated, and
are called here inner voxels and outer voxels, respectively. The tube center is defined as
the mass center of the inner voxels, and the inner (outer, resp.) diameter is calculated as
the equivalent diameter of the circle with the same area occupied by the inner voxels (the
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complementary of the outer voxels, resp.). An example of result is given in Fig 2.12. The
identified inner circumference fits well the one expected from a direct observation, which
indicates that the tube center and inner diameter have been correctly determined. Note
that this operation defines average circles instead of inscribed or circumscribed ones.

(a)

(b)

Figure 2.12: (a) Schematic sketch illustrating the average tube geometry; (b) Crosssectional slice (Z-slice) showing the identified inner and outer diameters.
Then, the 3D tube axis is determined by a least square fitting of the centers identified
in every Z-slice. Average inner (outer, resp.) diameter is calculated by averaging the
inner (outer, resp.) diameters identified in each Z-slice. It has been verified that for each
tested sample, the misalignment of the tube axis with respect to the vertical direction of
the image is less than 0.5◦ . This indicates an excellent alignment between the tube axis
and the imaging system. Average diameters are given in Table 2.6 and are compared to
the measurements obtained with micrometers. If the outer diameter is similar for both
measurements, the inner diameter is overestimated by image processing, resulting in an
underestimated cross-sectional area. This might influence the determination of porosity
in further analyses (see later in section 2.2.2).
Tomography
Micrometers

Φi
3.61 mm
3.47 mm

Φe
4.92 mm
4.90 mm

Table 2.6: Tube diameters measured by processing of the tomographic image and micrometers (3-point micrometer for inner diameter and laser micrometer for outer diameter).
Because of the braided microstructure, it is relevant to study the damage and deformation with respect to the cylindrical coordinates of the tube, rather than the axes of the
image coordinates. Hence, we define the three following coordinate systems (Fig 2.13):
- Image coordinates, which are attached to the X-ray detector, and whose axes are
parallel to the tomographic image axes: X, Y, Z, corresponding to column, row, and
slice respectively.
- Tube coordinates, which are defined by the tube axis (z) and two arbitrary orthogonal axes (x, y). Cylindrical coordinates (r, θ, z) can be associated with the tube
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Figure 2.13: Illustration of the three coordinate systems
coordinates through a common z-axis. These two coordinate systems will be further
referred to as tube-Cartesian and tube-cylindrical coordinates.
- Local coordinates, which are defined by three local orthogonal axes (er , eθ , ez ) for a
given point position M (r0 , θ0 , z0 ). The three local axes er , eθ , ez represent the radial,
circumferential and axial directions of this position, respectively. Note that the local
ez axis is the same as the z-axis of tube coordinates.

2.2.2

Porosity analysis

2.2.2.1

Pore identification and classification

Micropores have elongated line-like geometries and are oriented along the adjacent fibers
(+/- 45◦ with respect to the z-axis in the considered sample), while macropores are much
larger and exhibit more complex geometries. Considering these geometric features, a pore
classification method is proposed here.
Since most macropores are connected to the inner and outer regions, we first separate
them using the inner and outer diameters of the tube determined previously (section 2.2.1).
Then, individual pores (not connected to the inner and outer regions) are identified using
a connected-component labeling with a connectivity of 26 voxels. The orientation of each
pore is quantified by its inertia tensor with respect to its mass center G (formula 2.2):

 P
P e
P e 
e = X − XG

(Ye 2 + Ze2 )
− Ye X
− ZeX
 X
P ee
P e 2 e2
P ee


(2.2)
I =  − XY
Ye = Y − YG
(X + Z )
− ZY
 with
P ee
Pee
P e 2 e2


e
− XZ
− YZ
(Y + X )
Z = Z − ZG
where the X, Y , Z denotes the coordinates of the pore voxels in the image coordinate
system, and XG , YG , ZG represent the coordinate of the mass center of the considered
pore. The elongation direction of the considered pore is then defined by the eigenvector
associated with the smallest eigenvalue of this inertia tensor. Note this orientation vector
is expressed within image coordinates, it is then transformed into the local coordinates
with respect to the mass center of the pore.
Aspect ratios of the considered pore can also be measured from the inertia tensor.
However, since both macropores and micropores can be inter-connected, forming much
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more complex geometries, aspect ratios can difficultly be used as an accurate criterion for
separating them. Hence, another criterion needs to be defined.

(a)

(b)

Figure 2.14: (a) Illustration of the orientation angle γz for pore classification. (b) Histogram of angles γz for all the detected connected components except the largest one, the
range [−65◦ , −35◦ ] ∪ [35◦ , 65◦ ] is marked by red lines.
It has been found that the largest detected connected-component contains almost all
the macropores inside the braided microstructure, so it is systematically classified into
macropores. In addition, the pore elongation direction provides a complementary information. For each connected component, we choose to measure the angle γz between the
projection of orientation vector in θz plane and ez axis of the local coordinates, as illustrated in Fig 2.14a. The histogram of angles γz is given in Fig 2.14b taking into account all
the connected components, except the largest one. All micropores are considered to have
orientations in the range [−65◦ , −35◦ ] ∪ [35◦ , 65◦ ], while all remaining connected components are considered as macropores. This histogram provides an additional classification
criterion that separates micropores into the +45◦ group for positive angles and the -45◦
group for negative ones.
An example of pore classification is given in Fig 2.15. Pores are well distinguished,
and their locations agree with their definitions: micropores inside tows and macropores
between tows. Note that the orientations of micropores can indicate the local orientations
of tows, so they will be later used to measure the real braiding angle (section 2.2.3.2).
2.2.2.2

Spatial evolution of porosity

Once the macro- and micro- pores are classified, we choose to study their spatial evolutions along the three main directions in the tube-cylindrical coordinates (r, θ, z). Radial,
circumferential and axial porosity fractions are calculated within subvolumes whose thickness is defined by: ∆r = ds, ∆θ = ds/Re , ∆z = ds, respectively (ds is the voxel size, Re is
the outer radius of the tube).
These porosity fractions are evaluated for macro- and micro- pores separately (Fig 2.16).
Obvious negative-correlation between macropores and micropores can be found in the
porosity profiles along the radial and circumferential directions. This is consistent with
their respective locations: inter-tow for macropores and intra-tow for micropores. These

Chapter 2. In situ tensile testing under X-ray computed tomography

51

Figure 2.15: Result of pore classification in YZ plane and in XY plane
porosity profiles will be further analyzed in Chapter IV, compared to the other tubes of
different braiding angles.

(a)

(b)

(c)

Figure 2.16: Profiles of porosity fractions along the three principal directions (tubecylindrical coordinates): (a) radial, (b) circumferential, (c) axial

Sublayers of the tube thickness The macropore profile in the radial direction (Fig 2.17a)
reflects the spatial evolution of the braid architecture: (i) the three highest peaks indicate the locations of the inner surface (∼1.8 mm), the outer surface (∼2.45 mm) and the
braided layer boundary (∼2.15 mm); (ii) the two lower peaks correspond to the mid-parts
of each braided layer where tows cross over each other. Accordingly, the tube thickness
can be precisely divided into four sublayers (Fig 2.17b). Each sublayer represents one half
braided layer. These sublayers will be used in further analyses in order to facilitate the
visualization of the microstructure, cracks and stress fields (see later in Chapter III and
IV). It must be noticed that there is a gap between this simplified description and the real
microstructure (circled in Fig 2.17c).
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(a)

(b)

(c)

Figure 2.17: (a) Radial profiles of volume fractions of macro- and micro- pores. (b-c)
Illustration of the four sublayers in the tube thickness of an ideal braided microstructure,
and of the real braided microstructure (45◦ tube, with micropores oriented in +/- 45◦
colored differently), respectively.

2.2.3

Braid architecture

In this section, we use the identified macro- and micro- pores to study the braid periodicity,
to identify the differently oriented tows, and to approximately detect the peripheral matrix.

2.2.3.1

Unwrapping

In the tomographic images of tubes, the useful information are concentrated between the
inner and outer diameters only. In order to simplify further manipulations and visualizations of the useful information, an unwrapping procedure has been implemented. This will
be useful for visualizing quantities at a given radius or circumferential angle.
The objective is to transform the tubular volume into a planar shape (Fig 2.18). The
algorithm is the same as that proposed in [Bernachy-Barbe, 2014] and [Melenka et al.,
2015]. As the angle between the tube axis and the Z-direction of the image is small
(< 0.5◦ ), this unwrapping operation is performed in 2D over each cross-section of the
tube. The inputs of the procedure are the tube center at the considered cross section,
and the inner and outer radii defining the zone to be unwrapped. The tube center is
calculated from the 3D tube axis identified in section 2.2.1, and the inner and outer radii
are determined by the two values measured in section 2.2.1, with a margin of 10% to
encompass the radial undulations of tows. Mapping an image from polar to Cartesian
coordinates requires an interpolation procedure [Park and Chirikjian, 2007]. In practice,
bilinear interpolation is used for 8-bit integer images, and nearest-value interpolation for
binary images (MatLab function interpn). Such an unwrapping procedure unavoidably
yields a scale variation along the tube thickness, i.e. the unwrapped circumference length
is constant for all radii. Here, the corresponding unwrapped length is chosen to match the
outer circumference of the unwrapped region (at the outer radius).
The unwrapping procedure is complemented by the inverse wrapping procedure. The
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(a)

(b)

Figure 2.18: Illustration of the 2D unwrapping procedure: coordinate system transformation from polar to Cartesian coordinates. (a) original braid geometry in polar coordinates;
(b) unwrapped braid geometry in Cartesian coordinates.
principle is the same, only the coordinate transformation is inverted. An interpolation
is also needed for the wrapping procedure. The two parameters (tube center, inner and
outer radii) used during the unwrapping procedure should be re-used in the corresponding
wrapping procedure.
Note that a 3D unwrapping procedure (instead of the 2D one presented above) could
be more accurate and would be able to take into account the potential misalignment of
the tube axis to Z-axis of the image coordinates. However, the 3D unwrapping requires
a 3D interpolation, which is very expensive in terms of computation cost. In addition,
all the tomographic images under investigation show that the tube axes are very close to
the Z-axis (bias less than 0.5◦ ). Therefore, the proposed 2D unwrapping procedure is an
appropriate alternative to achieve good results.

2.2.3.2

Braid periodicity

2D braid is periodic in both axial and circumferential directions of the tube. The pattern
period is an important microstructural parameter of the studied material. The pattern
periodicity identified from tomographic images can be used to control the quality of manufacture.
The pattern periodicity is measured in the stitched reference image. Since the tube
has been manufactured by sequentially braiding the two layers of composites, we choose
to check the axial periodicity in the two braided layers separately and together. The
braid geometry is first unwrapped as described above. The boundary of the two braided
layers is determined from the radial profile of pores (Fig 2.17 in section 2.2.2). Image
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(a)

(b)

Figure 2.19: (a) Profiles of axial correlation coefficients for the inner/outer or both braided
layer(s), the correlations are computed between the first Z-slice and the others shifted
along the axial direction; cross markers denote the positions with a constant increment of
555 voxels. (b) Profiles of circumferential correlation coefficients for one or three pattern
height(s), the correlations are computed between two longitudinal slices; cross markers denote the angular positions with a constant increment of π/2 (converted into circumference
length in voxels).

correlations (MatLab function corr2 ) are conducted over the Z-slices (cross-sectional slices)
within each or both braided layer(s), using the macropores as correlation markers (MatLab
function corr2 ). The axial period is finally determined through the maximum correlation
coefficients (Fig 2.19a). Both inner and outer braided layers exhibit three equidistant
peaks, but their positions are slightly different indicating that the axial periods of the two
layers are slightly different. The profile of the overall correlations identifies three axial
periods of 555 voxels (1.44 mm) for the 45◦ tube. For further analyses, this overall axial
period will be used to generate the unit cells for FFT simulations (Chapter III).
By analogy, the pattern period is also evaluated along the circumferential direction
(Fig 2.19b). The three identified axial periods are separately or entirely used for image
correlations. The profiles exhibit also four equidistant peaks suggesting that four circumferential periods are contained in the tube circumference. This is consistent with the
number of tows used in the manufacturing procedure: each braided layer of the tube has
been manufactured by 16 tows (8 tows in each direction) using a regular pattern of 2x2
crossover, hence there should be systematically four circumferential periods (illustrated in
Fig 2.20).
These equidistant periods in both axial and circumferential directions (Fig 2.19a and
b) suggest that the periodicity in both directions is regularly controlled during the manufacturing procedure. Note that the optimal correlation coefficients are about 0.4 for
either axial and circumferential pattern periods, which suggests that the similarity between the head and the end of one period is imperfect (a perfect similarity corresponds to
the correlation coefficient of 1).
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Figure 2.20: Illustration of periodic braiding pattern (framed by white lines) for 45◦ tubes.
Only a part of tube surface patterns are illustrated here with tow orientations distinguished
by colors.
Axial period identification using a model of ideal braid For an ideal braid
(Fig 2.20), the axial period Taxi can be calculated as a function of the tube diameter
Φ and the braiding angle θ∗ :
πΦ
Taxi =
(2.3)
8 tan θ∗
This provides another method to identify the axial period of the braid pattern. However,
in a real braided tube, the diameter varies along tube thickness, and the braiding angles
might be different from the designed value (30◦ , 45◦ , 60◦ in the present study). As a result,
a proper period identification requires to measure these two parameters in the real braided
tube under consideration. In our case, the tube diameter has been determined previously
in section 2.2.1, and the braiding angle can be deduced from the orientation angles of
micropores γz (section 2.2.2). To compare with the overall axial period determined above
(by image correlation), we use the average tube diameter (4.26 mm) and the average value
of |γz | (49◦ ).
with an ideal model
1.46 mm

by image correlation
1.44 mm

Table 2.7: Axial period measured by two different methods: with a model of ideal braid
and by image correlation
The measured axial period is given in Table 2.7, compared to the value measured by
image correlation. Very similar values are obtained from the two different methods. This
agreement somehow implies that at least in the axial direction, the real braid architecture
is close to the ideal one, in which the tows are perfectly uniformly arranged.
2.2.3.3

Classification of tows

A method for classifying the two groups of tows (±θ∗ orientations) is proposed here, based
on the groups of micropores. An idea that first arises is to classify the solid voxels according
to distance mappings, i.e. a solid voxel is attributed to the same orientation as its closest
micropore. However, this method cannot correctly deal with some particular zones (e.g.
the red point shown in Fig 2.21a). In fact, the peripheral matrix layer is not uniform, it
is thicker at the tips of tows (or tow borders as defined later in Chapter III).

56

2.2. Microstructure analysis

We propose another algorithm that is based on the number of micropore voxels within
a chosen neighboring zone around the considered voxel:
Algorithm 1 count the number of phase voxels
1:
2:
3:
4:
5:
6:
7:
8:
9:
10:
11:
12:
13:
14:

unwrap the image describing +/-45◦ micropores;
define the dimensions of the neighboring zone Ω;
for each solid voxel do
count the number of +45◦ micropore voxels n+ , within the neighboring zone Ω;
count the number of -45◦ micropore voxels n− , within the neighboring zone Ω;
if n+ > n− then
it belongs to +45◦ tows;
else if n+ < n− then
it belongs to -45◦ tows;
else if n+ = n− then
unclassified
end if
end for
wrap the resulting image.

The variations of the peripheral matrix thickness can be tackled by choosing appropriate dimensions of the neighboring zone, so that it is adapted to the flattened shape of the
tows. The unwrapped configuration (assuming periodic boundaries in the circumferential
direction) allows us to use a constant neighboring zone (no need to change its dimension according to the tow orientation with respect to the image coordinates). Moreover, it allows
the voxel counting to be completed by an image convolution with a kernel of the same dimensions of neighboring zone, which is quite beneficial for reducing the computation time.
In practice, a 2D rectangular neighboring zone (convolution kernel) of 30×150×1 voxel
(80×390×2.6 µm) with respect to rθz coordinates. This choice is achieved through tests
over a small sub-image compared to a direct observation. Note that 3D kernels (whose Z
dimension is larger than 1 voxel) could lead to a better result by improving the continuity
in Z direction, but this will dramatically increase the computing cost, due to the 3D image
convolution.
An example of result is given in Fig 2.21b-c. The two groups of differently oriented tows
have been distinguished overall. However, some unclassified zones still remain because no
micropore is found in the neighboring zone, especially at the outer surface of the tube. To
complement this procedure, a simple distance algorithm is used: the closest phase (+/-)
is attributed to the remaining solid voxels. The final result is shown in Fig 2.21d, where
a +/- orientation is attributed to every solid voxel.
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(a)

(b)

(c)

(d)

Figure 2.21: Classification of differently oriented tows for the 45◦ tube, with +/- orientations colored differently: (a) +/-45◦ micropores, and a zoom with the tow boundary determined by direct observation, (b-c) the result of algorithm 1 before and after re-wrapping,
(d) the result after the complementary step.
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Peripheral matrix

The peripheral matrix has been deposited onto the outer periphery of fiber tows at the
end of the CVI process, so it is adjacent to macropores and separated from micropores.
A morphological dilation of the macropores should be useful for statistically identifying
these zones in the tomographic images. However, an optical micrograph of the transverse
section of a 45◦ tube (Fig 2.22) shows that the thickness of the peripheral matrix (red
values) is not uniform: it is larger on the outer surface (∼ 30 µm) than on the inner
surface (∼ 15 µm). Yet the distance from micropores to peripheral matrix (green values)
is relatively uniform (∼30 µm). Note that these values are rough estimations measured
manually in the optical image, and the micropores selected for the measurements are those
having sizes similar to those detected in the tomographic images.

Figure 2.22: Optical image showing a part of a cross section of a damaged 45◦ tube:
values in red - peripheral matrix thickness, values in green - distance from micropores to
peripheral matrix.
Therefore, the method proposed to identify the peripheral matrix consists in combining
two morphological dilations on different zones. The inner and outer regions and the
macropores (identified previously) are first dilated to obtain a primary identification of the
peripheral matrix. Then the over dilated zones are corrected by a dilation of micropores.
The peripheral matrix is determined as the solid zones covered by the macropore dilation
and not covered by the micropore dilation. In practice, the structural element is chosen
to be a sphere with a radius of 12 voxels (∼ 30 µm) for both dilation operations.
The result is given in Fig 2.23 for the 45◦ tube. The non-uniform thickness of the
peripheral matrix has been well reproduced by the combination of dilation operations.
The peripheral matrix will be used for statistical analyses in further studies, so even if the
detection is not accurate in local zones, the overall statistical distribution is believed to
be representative.
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(b)

Figure 2.23: Result of peripheral matrix identification in the tomographic image of the
45◦ tube: views in (a) Y Z plane and (b) XY plane.
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Overview of microstructure identification
Fig 2.24 shows a summarized overview of all the identified solid and porous phases by
the methods proposed in this section. The result seems to well reproduce the braided
microstructure of the 45◦ tube. This classification will be used for further analyses on
crack and stress distributions.

(a)

(b)

(c)

Figure 2.24: Overview of microstructure identification: (a) transverse view with a zoom,
(b-c) longitudinal views. Different solid and porous phases are colored differently
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Strain evaluation

Digital volume correlation is used to measure the 3D deformation of the braided composite
tube. DVC provides displacement field, from which radial profiles of strains are deduced.

2.3.1

Displacement field measured by DVC

Digital Volume Correlation (DVC) is a three-dimensional extension of Digital Image Correlation (DIC). The basic idea is to determine the apparent mechanical transformation
Φ on the basis of gray-level contrasts between reference f (X) and deformed g(x) configurations. The transformation is described by a set of kinematic parameters α over a
correlation mesh/grid X g that covers the whole region of interest (ROI):
xg = Φα (X g )

(2.4)

As a result, determining the transformation involves finding the optimal parameters
α that provide the best similarity between the reference and the deformed images over a
correlation domain R:
αmin = arg min C (f (X), g(Φα (X)), R)

(2.5)

α

where C is the correlation coefficient quantifying the similarity, X represents the voxel
positions in R. The sparse transformation Φα can be either local or global, distinguishing
the local and the global methods of image correlation [Bornert et al., 2004; Roux et al.,
2008]. In the former case (local method), the correlation domain R is a small window and
the number of parameters α is limited, the operation being repeated over a large number
of windows centered on positions X g . In the latter case (global method), the correlation
domain R coincides with the whole ROI of the image, over which the transformation
Φα is defined and involves usually a large number of parameters α. Since g(Φα (X))
is continuously evaluated through gray-level interpolation, a subvoxel accuracy can be
reached on the measured displacement field. Different forms of the correlation coefficients
C are possible to adapt the features of the digital image to be processed.
In the present study, the code CMV3D [Bornert et al., 2004] is employed. The local
correlation is applied with a zero-order transformation (translations only). Minimization
is conducted in every correlation domain using the correlation coefficient:

R 
f (X) − f [g(Φα (X)) − g] dX
R
(2.6)
C(Φα ) = 1 − qR 
2
R
2
f (X) − f dX · R [g((Φα (X)) − g] dX
R
where f and g denote the average values of f (X) and of g(Φα (X)) within the correlation
domain R. This cross-correlation function makes the DVC computation insensitive to
the variation of overall image brightness and contrast. It gives 0 if the gray levels in the
reference and deformed images are linked by a perfectly linear relationship (g(Φα (X)) =
a · f (X) + b, where a and b are constant over R); while it gives 1 if they are completely
different. Note that this correlation coefficient may reach a maximum value of 2 when the
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fluctuations of two domains are opposite. A criterion on this correlation coefficient allows
the well-correlated and poorly-correlated points to be distinguished.
To obtain an optimal correlation quality, the size of the correlation domain must be
adjusted. The displacement measured at each correlation point can be considered as the
displacement averaged over the correlation domain R. Hence, the domain must be small
enough to detect local heterogeneity and large enough to be sufficiently contrasted (contain
sufficient image contrast) to reach an optimal correlation coefficient and a good accuracy
in the evaluated displacement. For the considered example (images of the 45◦ tube), a
cubic domain with a variable size has been used: 30 voxels per side for the initial attempt
and increased to 50 voxels per side if the correlation coefficient is larger than a criterion
(set to 0.3).

Tube-adapted correlation grid The correlation grid defines the positions of every
correlation point. In images of tubes, many voxels are useless since located in the inner
and outer regions. Hence, the correlation grid (Fig 2.25) is defined only on the idealized
tube geometry identified in section 2.2.1. It is discretized along the three main directions
of the tube-cylindrical coordinates. For the considered images of the 45◦ tube, the grid
point spacing is about 30 voxels for the three main directions, and it has 7×170×30 points
in r, θ, z directions respectively. Note that two correlation grids are created according to
the same tube-cylindrical coordinate system, for the two vertically-adjacent images, where
the DVC routines are separately run.

Figure 2.25: Correlation points around one Z-slice of the 45◦ tube. Note that due to the
tube axis misalignment (very small), these points are not exactly located on the Z-slice,
but their Z-positions are rounded to the current Z-slice.
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Radial profiles of strains

Displacement fields for vertically-adjacent images are evaluated by the DVC procedure at
each loading step. Due to the small amplitude of strains and the quality of image contrast,
the local strain field deduced from the displacement field is very noisy and unstable. Below,
we present a method for measuring the radial profiles of strains. The key idea is to fit,
for several radial layers, a global tension-torsion transformation to the DVC-evaluated
local displacement field. The parameters of these global transformations are allowed to
vary along the radial position r, so that a possible heterogeneous response along the tube
thickness can be investigated. Note that a common rigid body motion is optimized for all
the radial layers. As the two corresponding DVC grids share the same discretization in
radial direction, the strains are evaluated over each radial position with both verticallyadjacent images taken into account.
2.3.2.1

Simulated displacement field

The set of correlation points at the same radial position of the two grids define a layer I
(Fig 2.26). Their displacements are fitted to those of a uniformly deforming cylinder and
arbitrarily translating along and rotating around the tube axis. The uniform deformation
of a cylindrical layer I is described by axial strain εIzz , radial displacement uIr and torsion
angle per unit length λI with respect to the tube axis:

  
 
r
r0 + uIr
r0
θ  =  θ0 + λI · z0 + βzI 
θ0 
(2.7)
→
(1 + εIzz ) · z0 + TzI
z
z0
where [r0 , θ0 , z0 ]t and [r, θ, z]t represent the positions before and after transformation with
respect to the tube-cylindrical coordinates. TzI and βzI stand for the axial translation and
the rotation around the tube axis of the considered layer.

Figure 2.26: Schematics illustrating the two DVC grids over one radial layer I
However, the DVC-measured displacement field is expressed in the image-Cartesian
coordinate system, so coordinate transformation is required. Firstly, the positions before
and after the mechanical transformation are described in tube-Cartesian coordinates:
  

  

x0
r0 · cos(θ0 )
x
r · cos(θ)
 y0  =  r0 · sin(θ0 ) 
y  =  r · sin(θ) 
and
(2.8)
z0
z0
z
z
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As the DVC was conducted over the two vertically-adjacent images separately, the
position coordinates need to be distinguished:
   K
   K
x0
x0
x
x
 y0  = y0K 
y  = y K 
(2.9)
z0
z0K K=1,2
z
z K K=1,2
where the index ∗K denotes the two correlation grids in the two vertically-adjacent images.
Then, the initial and deformed positions are transformed from the tube-Cartesian to
image-Cartesian coordinates:
 K
 K
 K
 K
X
x
X0
x0
K  K
K

 Y0K  = R0 · y0K  + t0
Y
and
=R · y
(2.10)
+ tK
ZK
zK
Z0K
z0K
where R0 and t0 are the rotation matrix and translation vector describing the coordinate
transformation for reference configuration. They have been readily determined when identifying the tube axis (section 2.2.1), and they are shared by the two vertically-adjacent
images. Similarly, RK and tK are the rotation matrices and translation vectors for the two
vertically-adjacent deformed images (K = 1, 2). They are allowed to be different for the
two images, which makes it possible to take into account the potential difference in tubeCartesian coordinates after transformation between the two vertically-adjacent images.
Note that this difference can be produced if the sample is not exactly repositioned during
the two scans. Thus, RK and tK are six parameters (3 rotation angles and 3 translation
components) to be determined by the procedure of transformation fitting, together with
the five parameters per radial layer: axial deformation εIzz , radial displacement uIr , torsion
angle per unit length λI , axial translation TzI and rotation angle about tube axis βzI .
The fitting procedure is carried out through a minimization algorithm (lsqcurvefit function in MatLab) between the simulated and the DVC-measured displacement fields:
α

opt

= arg min
α

2 X
m X
n
X

k usim,K (X Ij , α) − uDV C,K (X Ij ) k2

(2.11)

K=1 I=1 j=1

K t
where usim,K = [X K −X0K , Y K −Y0K , Z K −Z
0 ] is the simulated displacement field in each
of the two vertically-adjacent images; α = {εIzz , uIr , λI , βzI , TzI }I=1,2,··· ,m ; {RK , tK }K=1,2
represents the set of kinematic parameters to be determined; X Ij stands for the j-th grid
point in the I-th radial position (with various axial and angular positions); and m and n
denote the number of layers and the number of correlation points per layer, respectively.

2.3.2.2

Per-layer strains in tube-cylindrical coordinates

As the kinematic parameters are quantities expressed in tube-cylindrical coordinates, the
strain tensor can be directly deduced with no need of coordinate transformation. Let
x0 and x denote the position vectors in the initial and deformed configurations, respectively: x0 = [r0 , θ0 , z0 ]t , x = [r, θ, z]t . The deformed position vector x depends on the
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calculated:

Crr

C = Crθ
Crz
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Cauchy-Green deformation tensor C can be

Crθ Crz
Cθθ Cθz 
(2.12)
Cθz Czz

with its six components:

2
2
2
2

 Crr = (1 + ur,r0 ) + (r0 + ur ) (λ,r0 z0 + βz,r0 ) + (εzz,r0 z0 + Tz,r0 )



(r0 + ur )2


C
=

θθ

r02





 Czz = (1 + εzz )2 + λ2 (r0 + ur )2
(r0 + ur )2

C
=
(λ,r0 z0 + βz,r0 )

rθ


r0




Crz = λ(r0 + ur )2 (λ,r0 z0 + βz,r0 ) + (1 + εzz )(εzz,r0 z0 + Tz,r0 )





λ

 Cθz = (r0 + ur )2
r0

(2.13)

where the symbol ∗,r0 represents the partial derivative ∂∗/r0 . Detailed demonstration can
be found in Appendix C. In the present work, we follow the assumption of infinitesimal
strain, which simplifies the strain tensor (E = 12 (C − I)) into:


1
ur,r0
r (λ z + βz,r0 ) 21 (εzz,r0 z0 + Tz,r0 )
2 0 ,r0 0
1
ur

λr0
ε =  12 r0 (λ,r0 z0 + βz,r0 )
(2.14)
r0
2
1
1
(ε
λr
ε
z
+
T
)
0
zz
z,r0
2 zz,r0 0
2
Thus, the strain components are calculated from the kinematic parameters, which are
uniform for each radial layer. In practice, the components involving the radial derivative
(∗,r0 ) are evaluated by centered finite difference for two adjacent radial layers (I and I +1).
Note that the evaluation of such per-layer effective strains does not require the actual
transformation to be uniform: indeed, because of the strongly heterogeneous microstructure, the actual displacement is decomposed into a displacement field, associated with the
best-fitting per-layer uniform transformation, and a local fluctuating one.
An analysis of measurement error is given in Appendix D. The two vertically-adjacent
images taken at referent state are used in this analysis. Measurement errors are estimated
for each radial layer, which are generally less than 0.05%.
2.3.2.3

Results for the 45◦ tube

In order to validate the proposed method, the axial and circumferential strains measured
at the outer layer of the tube using DVC are compared to those continuously measured
by extensometers during two macroscopic tensile tests (Fig 2.27). The observed difference
between the two reference curves of circumferential strain (εθθ ) could be attributed to the
unstable response of the transverse extensometer, because (i) the gauge length (i.e. the
tube diameter of ∼5 mm) in the radial direction is relatively small; (ii) the value of gauge
length is affected by the roughness of the outer tube surface (undulations of tows).
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Figure 2.27: Comparison between strains measured on the outer tube layer by DVC and
those measured by standard extensometer, both performed on two similar macroscopic
tensile tests.
Nevertheless, the DVC-measured strains are still in good agreement with the reference
measurements, especially for the axial strain. This indicates that (i) the measurement
method, involving DVC and kinematic optimization, provides a satisfactory accuracy, and
(ii) the macroscopic behavior of the studied material is highly reproducible even under
different loading systems.
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Damage detection

Cracks inside CMCs are numerous and have complex geometries, which makes it necessary
to detect them in an automatic way. A technique based on image subtraction is applied to
the tomographic images, and some specific procedures are introduced to carefully process
the severe image artifacts.
Difficulties Damage events that can be detected in tomographic images are cracks with
sufficient opening level above some threshold. The threshold is typically determined by
the voxel size (more precisely spatial resolution) and the SNR achieved by the XRCT
setup. In this work, crack detection has to overcome several difficulties:
- The opening of cracks within the SiC/SiC composites is small and comparable to
the voxel size of the tomographic images (2.6 µm and 2.85 µm for the two series of
tests). The average crack opening before failure has been precisely measured at the
surface of the tube [Bernachy-Barbe et al., 2015b], and is about 3 µm.
- The braid architecture leads to complex 3D geometries of both the pores and the
cracks, whose gray levels are similar. So extracting the cracks by a simple segmentation of the deformed images is impossible.
- Image subtraction allows the microstructure to be removed. However, this is not
trivial to be achieved, because the sample undergoes deformations and rigid body
motions between the reference and the deformed configurations.
- Artifacts exist in tomographic images (section 2.1.4.2), which are not negligible for
damage detection, since their contrasts are comparable to those of cracks. Note that
artifacts are considered to slightly affect the microstructure analysis and the average
strain measurement presented previously, because they are limited in number and
extension, and exhibit relatively low gray level amplitudes compared to the SiC-topore contrast.

2.4.1

DVC-based image subtraction

An image subtraction technique based on DVC, implemented in CMV3D, has been proposed recently [Nguyen, 2015; Nguyen et al., 2016]. The basic idea (Eq 2.15) is to backconvect the deformed image into the reference configuration (g(Φ(X))) using the transformation field evaluated by DVC (Φ(X)), and then to subtract the convected deformed
image from the reference image (f (X)), so that the gray-level contrasts of microstructure
can be significantly reduced:
r(X) = g(Φ(X)) − f (X)

(2.15)

Continuous transformation function at voxel scale The DVC-evaluated transformation function (Φα ) is extended to every voxel X of the reference image using a linear
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interpolation. An affine transformation, composed of a translation vector T N (X) and a
transformation gradient FN (X), is defined to obtain the best fitting of the displacement
of N neighboring well-correlated points. The vector T N is calculated from the average
translation of the correlation points, and the tensor FN needs the displacements of at
least four non-coplanar correlation points to be determined. If the correlation points located in the neighboring zone are not sufficient to determine FN , it is enlarged once. In
case of further failure, the global transformation is used. An inaccurate result due to
the global transformation would have little impact on the image subtraction since it is
essentially needed in homogeneous parts of the image (i.e. pores). For the considered
example (the 45◦ tube), the correlation points were selected in a spherical neighboring
zone with a radius of 30 voxels, increased to 80 voxels if necessary. These parameters have
been determined to obtain the interpolation as local as possible while ensuring a sufficient
number of neighbouring points.
Thus, a continuous transformation function Φ(X) is obtained, which allows every reference
voxel position to be mapped to a location in the deformed image. The smallest length
scale that can be reached by this continuous transformation function is dominated by the
spatial resolution of the used correlation grid (i.e. the spacing between correlation points).
In fact, the latter can barely be refined down to voxel size, and usually has a mesoscale
resolution. It is at best governed by the size and spacing of the smallest patterns available
in the images, which in our case are the micropores.
Gray-level interpolation Further, a gray-level interpolation is required to determine
the corresponding gray level in the deformed image g(Φ(X)), because the location Φ(X)
is not necessarily an integer voxel position. In practice, tricubic interpolation is chosen for
this operation.
Correction of image brightness and contrast Finally, changes of image brightness
and contrast can be taken into account in the back-convected deformed image g(Φ(X)).
Like in the correlation coefficient (Eq 2.6) of the DVC routine, the back-convected deformed image can be modified using the gray levels within a domain R that is chosen by
the user according to the investigated images:


R 
−
f
[(g(Φ(X)) − g] dX
f
(X)

a = R
R
g(Φ(X)) 7→ a · g(Φ(X)) + b
with
(2.16)
[g(Φ(X)) − g]2 dX
R


b=f −a·g
where f and g denote the average values of f (X) and of g(Φ(X)) within the chosen domain
R. However, this gray level modification is not necessary in the present study. In fact,
the image acquisition conditions remained stable throughout each test and the parameters
of 3D reconstruction were identical for all loading steps of the same test. So the image
contrast and brightness are assumed to be unchanged, i.e. in practice, we take a = 1 and
b = 0.
Subtracted image The gray level function of the subtracted image r(X) can be obtained from Eq 2.15. This definition of subtracted image makes the gray levels to contin-
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uously vary around 0 with both positive and negative values. In practice, the subtracted
image is converted into the same format as the reference/deformed images. This consists
in adding an offset rm to adjust the gray-level range:
r(X) =

1
[g(Φ(X)) − f (X) + rm ]
2

(2.17)

Then each gray level is rounded into the nearest integer. For the 8-bit unsigned integer
format in our case, rm = 255.
Image subtractions are performed over the two vertically-adjacent images separately. The
resulting subtracted images are then stitched into a single one using the same offset as
that used for the reference images (section 2.2.1).

(a)

(b)

(c)

Figure 2.28: Detail of a cross section of the 45◦ tube, illustrating the image subtraction:
(a) reference image, (b) deformed image, (c) subtracted image
Within the subtracted image, the contrast of microstructure is expected to be removed,
and the remaining contrast to be mainly induced by strong kinematic fluctuations (cracks
in this study), which are not taken into account by the mesoscale low-pass interpolated
transformation Φ. However, image artifacts are not removed after the image subtraction
operation (Fig 2.28), and specific treatments have been developed to separate cracks from
these artifacts.

2.4.2

Artifact processing

Three main artifacts have been addressed in section 2.1.4: rings, over-contrasted solid-pore
interfaces induced by phase-contrast, and smooth radial fluctuations of brightness. Unlike
microstructure analysis and strain measurement, crack detection is dramatically influenced
by these image artifacts, because the contrast of cracks is relatively small and comparable
to those of artifacts (Fig 2.29). Note that the contrasts in subtracted images are quantified
by the gray-level magnitudes relative to the average value (128) of the subtracted image,
hence a crack voxel can be identified only when its gray-level gap to the average value is
large enough to be distinct from image noises.
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Figure 2.29: Gray-level histogram of a subtracted image (only voxels within the idealized
tube geometry are accounted for).
2.4.2.1

Radial fluctuations of brightness

In order to segment the subtracted images with a uniform gray-level threshold, it is necessary to first homogenize the brightness in the whole image, i.e. to remove the radial
fluctuations of brightness. Within each cross-sectional slice of the subtracted image, the
gray levels of the voxels X i having a same distance1 si to the rotation axis of scan (which
might be different from the tube center) are corrected using the average gray level rav of
surrounding voxels. The latter is calculated over the set of voxels X j that have a range of
distances1 [si − ∆s, si + ∆s] to the rotation axis. In practice, we take ∆s = 2 voxels.
Radial brightness fluctuations are reduced by subtracting this average gray level from the
corresponding gray levels:

1
r(X i ) − rav + rm
r(X ) 7→
2
i

n

with rav

1X
=
r(X j )
n i=1

(2.18)

where n denotes the number of voxels X j , the same offset rm = 255 is used as in the
image subtraction procedure (Eq 2.17), and the resulting gray levels are rounded into the
nearest integers. Consequently, the 8-bit unsigned integer format is conserved.
The result of this brightness homogenization operation is shown in Fig 2.30 for the 45◦
tube. The radial fluctuations of brightness have been reduced. Note that this operation
reduces also the contrast of cracks, due the factor 1/2. An improvement is to use an offset
of 128 without the factor 1/2, which is implemented for the second series of images (see
later in section 2.6).
2.4.2.2

Image segmentation

The gray-level histograms of the subtracted images are essentially unimodal, and reflect the
Gaussian-type noise of the images, centered on the average gray-level 128. The presence
of cracks induces a reduction of the gray level, but the number of affected voxels is so
small that no second peak appears in the histogram. As a consequence, histogram-based
1

The distance values are first rounded to the nearest integers.
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(b)

(c)

(d)
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Figure 2.30: Detail of a cross section of the 45◦ tube illustrating the reduction of radial
fluctuations of brightness: (a) before, (b) after the operation, (c-d) the gray-level profiles
along the green lines in (a) and (b) respectively.
methods (such as the Otsu’s procedure [Otsu, 1979]) fail to determine the appropriate
gray level threshold to extract cracks.

(a)

(b)

(c)

Figure 2.31: (a) Volume fraction of selected phase as a function of threshold value rc for
the subtracted images of all loading steps for the 45◦ tube. (b-c) Detail of a cross-section
before and after image binarization
Several threshold values have been tested over a subvolume (10 slices) of the subtracted
images for each loading level. The volume fraction of the selected phase for each threshold
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is quantified in Fig 2.31a. In combination with a qualitative visual control of the detection
result, the optimal threshold value has been determined as the largest one before the
number of selected voxels starts to strongly increase. For the considered images of the 45◦
tube, the threshold is chosen to be 120. Note that the strong increase above this threshold
is essentially due to the natural random gray level fluctuations of the tomographic images,
mainly due to shot noises in the radiographs.
2.4.2.3

Over-contrasted solid-pore interfaces

After segmentation, the image still contains artifacts besides the actual cracks (Fig 2.31b).
They are mostly due to ring artifacts and phase contrast effects at solid-pore interfaces.
The latter can be located in the reference image f (X), using a 2D-Sobel filter [Sobel, 1990]
applied to each cross-sectional slice. Sobel operator provides images of gray-level gradient
magnitudes. Then the over-contrasted interfaces are identified by a manual threshold
of the gradient magnitudes. The thickness of identified interfaces can be controlled by
varying the threshold. In practice, a threshold giving slightly overestimated interfaces has
been chosen.

(a)

(b)

(c)

Figure 2.32: Removal of over-contrasted solid-pore interfaces: (a) identified interfaces
(green) in reference image, (b-c) crack image before and after removal of the identified
interfaces
The result is illustrated in Fig 2.32. Note that this choice of threshold is conservative, i.e.
it is preferred to slightly remove some cracks close to the over-contrasted interfaces, rather
than to keep the artifacts that will dramatically disturb further analyses. Nevertheless,
the quantity of thus removed cracks should be negligible.
2.4.2.4

Ring artifacts

During image reconstruction, a ring correction procedure removes most of rings, but a small
number of them persist in the reconstructed images. These ring artifacts are believed to be
mainly induced by the rough surface finish of the aluminum window used in the first test,
and this has been improved for the PMMA window of the second series of tests, leading
to very few rings in the reconstructed images. Therefore, the ring removal procedure has
been only performed over the first series of images.
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In order to locate the voxels occupied by ring artifacts in the binary image, a simple
procedure is implemented, making use of two of their distinguishable geometric features:
(i) the rings are perfectly centered about the rotation axis of the sample support table, and
(ii) their arc lengths are much larger than those of cracks within one single circumference
of a fixed radius. Let us note that ring artifacts may be broken into small segments during
the previous denoising processes.
For each slice, the gray levels (0 and 1) are re-mapped from Cartesian into polar coordinates. In practice, for reducing the computation cost, this coordinate transformation
is approximated by a voxel reorganization procedure, i.e. the voxels X i , having the same
distance1 si to the rotation axis, are reorganized into a 1D image along the clockwise
direction. Thus, no interpolation is required in this reorganization operation. Some dilation/erosion operations are performed in order to make the sparse but nearby ring artifact
voxels re-connected into a continuous line. These dilation/erosion operations should be
very carefully conducted so that the crack voxels are prevented from being connected into
a continuous line as well. In practice, a structural element of 100 pixels is used for both
dilation and erosion. Ring artifacts are finally identified as the lines longer than a length
threshold (in practice, 1/8 times the total circumference length 2πr). The white (gray
level of 1) voxels belonging to these identified rings are removed (set to be black, gray
level of 0). Finally, small objects, whose size is less than 20 voxels, are also removed in
order to filter out ultimate features likely induced by image noise. Fig 2.33 illustrates the
result of this procedure, showing that a ring is efficiently removed without significantly
affecting the cracks.

(a)

(b)

Figure 2.33: Detail of a cross section before (a) and after (b) the ring artifact removal
Note that this ring removal procedure is quite case-dependent, and is implemented
particularly for the images of the composite tubes. A similar algorithm but with a more
general perspective can be found in [Lyckegaard et al., 2011], where the ring correction is
performed over gray-level images.

1

The distance values are first rounded to the nearest integers.
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Overview of crack detection procedures
An overview of the procedures for crack detection is given in Fig 2.34: cracks are correctly
detected without being significantly affected by image artifacts.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 2.34: Overview of the procedures for crack detection: (a) deformed image, (b)
subtracted image, (c) after reduction of radial brightness fluctuation, (d) after binarization,
(e) after removal of over-contrasted solid-pore interfaces, (f) after ring removal.
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Damage quantification

The crack detection procedure (section 2.4) provides the spatial location of cracks that have
appeared between reference and deformed states. In this section, we propose a method for
measuring some geometrical parameters of cracks, such as orientation, opening and surface
area. It is based on, first, an image-based (voxelized) description of damage field making
use of the gray levels in the subtracted image, and second, an appropriate integration of
the latter.

2.5.1

Image-based damage description

2.5.1.1

Damage variable d

Considering a particular detected crack voxel X c in the reference configuration, we define
the damage variable d(X c ) as the volume fraction of void that will be created in the
deformed configuration. This quantity can be evaluated from the gray level of the voxel in
the subtracted image, which reflects the evolution of the gray level during the mechanical
transformation.
We assume the tomographic gray level of a voxel to be an affine function of its attenuation coefficient µ, which itself results from averaging the attenuation coefficients
of the constitutive phases according to their volume fractions. The parameters of this
affine transformation are essentially the same all along the experiment since the chemical
composition of the sample (i.e. SiC and void), the beam energy, the detector and the
reconstruction parameters are unchanged. So the gray level can be expressed as


(2.19)
g(Φ(X c )) = 1 − Ψ(X c ) · f (X c ) + Ψ(X c ) · vvoid
where vvoid denotes the gray level of void within the tomographic images, and Ψ(X c ) is
the void volume fraction in the deformed configuration within the considered crack voxel,
then we have
f (X c ) − g(Φ(X c ))
d(X c ) = Ψ(X c ) =
(2.20)
f (X c ) − vvoid
In practice, the value of vvoid is chosen according to the gray levels of micropores, which
are mostly zero for the first test on the 45◦ tube. The choice of this parameter will be
discussed later in section 2.5.3.
Combining with Eq 2.17, the damage variable is calculated for all voxels in the segmented subtracted image by:
d(X c ) =

rm − 2 · r(X c )
f (X c ) − vvoid

(2.21)

where rm = 255 for unsigned 8-bit integer image format. Even though the void volume
fraction Ψ should be bounded by 0 and 1, image noise and artifacts can lead to a small
number of voxels with values out of this range. In practice, we have truncated these values
so that d ∈ [0, 1]. Note that d = 0 in voxels outside cracks.
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A damage field d(X) is thus defined over all image voxels:


 rm − 2 · r(X c )
if X = X c
f (X c ) − vvoid
d(X) =

0
otherwise

(2.22)

where the symbol h·i stands for truncating the values out of the range [0, 1].
An example of result of this procedure is shown in Fig 2.35. The considered crack is
a few voxels wide and the largest damage variables are located mostly around its median
surface.

Figure 2.35: Example of determination of damage field d for the voxels around a circumferential crack (left - 3D rendering, right – view of a plane).

2.5.1.2

Local normal vector N

In addition to this scalar quantity, we define for every crack voxel an orientation, which
provides the local direction normal to the crack surface. To do so, an inertia tensor is
calculated over a neighboring box centered on the considered crack voxel. The damage field
d(X) is used to weight the voxels in the neighboring box in this calculation, and the inertia
tensor is evaluated at the mass center G of the weighted neighboring box. The eigenvector
associated with the largest eigenvalue of the resulting inertia tensor is defined as the local
normal vector N (X c ). It allows us in particular to compute the angle γr (X c ) between the
local normal vector N (X c ) and the radial axis er (X c ) of the local coordinates (Fig 2.36a).
The size of the neighboring box is an important parameter for the measurement accuracy
and spatial resolution. It must be large enough to weaken the effect of discretization and
noises, and small enough to provide sufficiently local characteristics. Accordingly, after
some tests on the largest detected crack, it is set to 11×11×11 voxels.
An example of result is shown in Fig 2.36b, where the 500 largest cracks are colored
according to the local orientation angle γr . According to these angles, we define two sets
of voxels: those with an angle γr larger than π/4 belong to circumferential cracks and
the others to in-plane cracks. Further analyses will be carried out separately on these
two groups of cracks for the 45◦ tube (Chapter IV). Note that the word ”in-plane” is
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not rigorously correct for a tubular composite, but we use it to describe the cracks that
propagate along the tube wall.

(a)

(b)

Figure 2.36: (a) Illustration of the characteristic angle γr for crack orientation. (b) The
500 largest detected cracks colored according to their orientation angle γr (X c ); the green
cylinder represents the internal free surface of the tube.

2.5.2

Crack surface area and opening

Every crack voxel has been given a damage variable d and a normal vector N by the above
method. These image-based quantities will be used to deduce surface quantities of cracks:
local opening Λ and surface area S. Both quantities are quite delicate to be measured,
because (i) the crack geometry within the composite is complex, (ii) the opening (a few
micrometers or less [Bernachy-Barbe et al., 2015b]) is comparable to or smaller than the
voxel sizes (2.6 µm or 2.85 µm). The main idea of the proposed method (as illustrated in
Fig 2.37) is to project the discrete crack voxels onto a median surface, then to sum the
voxelized damage field d through the crack thickness, i.e. along the local normal vector,
and finally to integrate the obtained data over the median surface of a crack in order to
obtain its total surface area and average opening.
The first step consists in finding the projected position of each crack voxel X c onto
the local median surface. We construct a discrete damage profile d(X hc ) along its normal
vector N (X c ), with the discretization point X hc defined by a 1-D discrete coordinate h
with respect to the related normal vector:
X hc = X c + h · N (X c )

(2.23)

In practice, h is discretized within the interval of [-3, 3] (voxels) with an increment of
1 voxel, this interval being thicker than all detected cracks. The profile value d(X hc ) is
determined by a trilinear interpolation of damage field d(X) (Fig 2.37). The projected
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Figure 2.37: Illustration of crack quantification. First step: determination of the projected
position as the barycenter position hm of the damage profile d(X c (h)). Second step:
fp , and are
projected positions within one same voxel are merged into one single position X
c
p
f
given a unique normal vector N c , defining the intersection area between crack and voxel
(marked with dotted line).
position X pc of the considered voxel is then defined as the barycenter position X c (hm ) of
the damage profile d(X hc (h)):

R3 
d(X hc (h)) · h dh
−3
m
m
p
Xc = X c + h · N (X c )
with h = R 3 
(2.24)

d(X hc (h)) dh
−3
The local opening Λ is evaluated for each projected position from the integration of the
damage profile:
Z 3


p
Λ(X c ) =
d(X hc (h)) dh
(2.25)
−3

This operation is performed for all crack voxels, resulting in a large set of projected
positions. Each of them is associated to a local opening Λ(X pc ) and a normal vector
N (X pc ) = N (X c ).
The second step is then to group these spatially dispersed projected positions into a
regular grid, in order to prepare for further surface integration. The initial image voxelized
grid is used for this operation. The projected positions belonging to a same voxel are
merged by averaging their locations, openings and normal vectors, consequently leading
fpc ) and elementary normal
fp ), elementary opening (Λ
to elementary projected position (X
c
fp ), respectively. Note that these quantities are still scalar or vectorial ones, not
vector (N
c
rounded into integer values. Moreover, the related elementary area ∆S is approximated

Chapter 2. In situ tensile testing under X-ray computed tomography

79

by the intersection area (dotted line in Fig 2.37) between the voxel and the plane defined
fp and elementary normal vector N
fp .
by elementary location X
c
c
In the end, this grouping operation makes it possible to integrate these elementary
quantities over appropriate sets of crack voxels, in order to evaluate the total surface area
S and average opening Λ of a set of crack voxels:
X
S=
∆S
(2.26a)
P fp
Λc · ∆S
(2.26b)
Λ=
S
Note that this set of voxels can be either all crack voxels in the sample or a set of
connected crack voxels defining an individual crack, leading to per-sample or per-crack
quantities respectively. To further quantify the crack evolution at the scale of the sample,
we define the crack surface density as:
ρ = S/Vs

(2.27)

where Vs is the volume of the solid phase (non-pore phase) evaluated from the segmentation
of the reference image (section 2.2).

2.5.3

Error and limitation analyses

2.5.3.1

Crack detection limit

The image subtraction method, presented in section 2.5.1, is expected to be able to detect
cracks with subvoxel opening. For further quantification of the detected cracks, an analysis
on the detection limit is necessary, i.e. to determine the smallest crack opening (emin )
that can be detected by the method. The discussion in [Nguyen, 2015] is re-described in
Appendix E.
According to Eq 2.17, it is demonstrated (see Appendix E) that the minimum crack
opening (emin ) that may be detected should vary between two values:
4 · ST D
2 · ST D
< emin <
vSiC − vvoid
vSiC − vvoid

(2.28)

where vSiC , vpore stand for the gray level of the solid and pore phases respectively, measured in reference images. ST D denotes the standard deviation of the gray levels of the
undamaged phase in the subtracted images. In practice, the value of vvoid is chosen as the
average gray level of micropores, which is lower than that in larger pores because of an
additional contribution of phase contrast. Consequently, the smallest crack to be detected
in the 45◦ tube is in the range [0.09, 0.17] voxel. Note that the lower limit is related to the
image noises, while the upper limit is deduced by taking into account the potential error
induced by the interpolation procedure (section 2.4.1).
Furthermore, the noise of the subtracted image can be approximately deduced from
the initial tomographic images. Considering the definition of subtracted image (Eq 2.17),
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and assuming that the reference and deformed images are independent (their covariance
equals zero) with an identical variance, we have
Var (r(X)) =

1
1
[Var (g(Φ(X))) + Var (f (X))] = Var(f (X))
4
2

(2.29)

Accordingly, the standard deviation of the subtracted image can be calculated as
1
ST D = √ std(f )
2

(2.30)

where std(f ) is the standard deviation of the reference image, and as shown in Table 2.5
(section 2.1.4.2), the standard deviation of solid phase (stdSiC ) is larger than that of porous
region (stdvoid ). Since the cracks appear always within solid phase, we have:
√
√
2/ 2 · stdSiC
4/ 2 · stdSiC
< emin <
(2.31)
vSiC − vvoid
vSiC − vvoid
Using the values in Table 2.5, the detection limit is estimated as [0.09, 0.19] voxel, which
is quite similar as that from formula E.6. Nevertheless, this a-priori estimate does not
account for the potential noises added by intermediate steps, such as the DVC procedure.
2.5.3.2

Crack quantification

Surface average quantities In Eq 2.26, the crack surface area is approximated by a
sum of intersection planes (elementary area ∆S) that are not continuous at voxel edges.
These elementary areas ∆S could be overestimated or underestimated depending on the
fp and elementary normal vector N
fp . However, the total
error of elementary position X
c
c
surface area S is believed to be statistically correct. This error affects not only the total
surface area S but also the evaluation of the average opening Λ (Eq 2.26b). From a
1
fpc · ∆S), where the
statistical point of view, Eq 2.26b can be rewritten as Λ = E(∆S)
E(Λ
symbol E(∗) represents the statistical expectation of the variable ∗. It is reasonable to
fpc and the elementary area ∆S are independent from
assume that the elementary opening Λ
fpc · ∆S) = E(Λ
fpc ) · E(∆S), and the formula turns to a simple
each other. So we have E(Λ
form without involving the elementary area:
Λ=

fpc )
E(Λ

P fp
Λc
=
n

(2.32)

An average opening can thus be evaluated by a simple unweighted averaging of the local
openings, and is no longer sensitive to the error on the evaluation of ∆S.
Accuracy In a perfect tomographic image, the damage parameter of voxels located
strictly inside cracks would be equal to 1 while it would be 0 for those strictly outside, and
only those voxels located at the interface would have a damage parameter in ]0, 1[. In fact,
cracks with subvoxel opening would have an apparent thickness of one or two voxels in
the subtracted image, depending on whether the crack would be strictly located inside a
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voxel or would be split over two adjacent ones. In all cases, the proposed procedure would
generate an appropriate quantification of the local opening, more accurate than a standard
methodology, which merely counts voxels in the segmented subtracted image. This is
expected to be also true in real imperfect tomographic images, in which subvoxel cracks
would be blurred over several voxels due to limited spatial resolution. The reconstruction
algorithm should ensure that the integration of the gray level along a certain local segment,
as performed by Eq 2.25, is linearly linked with the physical X-ray attenuation along
the same path. This attenuation is quantified during CT scan, and according to BeerLambert’s law, it directly measures the proportion of voids along that path.
Nevertheless, the accuracy of the quantification method is affected by the detection limit
(0.1 ∼ 0.2 voxel in the studied case, section 2.5.3.1). Some of crack voxels (whose graylevel gap to the average value is smaller than ST D) are not detected, so they cannot be
added to the integration of the damage profile along the local normal vector (Eq 2.25).
This ignored part of crack opening should be much smaller than the detected part, so that
its effect on the measurement accuracy is not critical.
In addition, phase contrast effect results in an uncertainty in the calculation of the damage
variable. In fact, the quantification method is based on an assumption that the gray level
of a crack voxel follows a linear evolution of the crack opening (Eq 2.19). Phase contrast
makes this assumption no longer valid rigorously: the value of g(Φ(X c )) in Eq 2.22 would
be smaller than the value associated with absorption contrast. In order to compensate
this bias, we have chosen the value of vvoid according to the gray levels of micropores
that also suffer from phase contrast effect (section 2.5.1). Precise analyses on the phase
contrast effect on crack opening measurement requires more dedicated experimental and
theoretical investigations, which are out of the scope of this study.
The average value of crack opening over a set of cracks should be comparable to the
voxel size, so the subvoxel accuracy of the measurement has to be assessed (error bars in
Fig 2.38b). To do so, a small subset (∼ 0.5% in terms of voxel number) of detected cracks
X c are selected for each loading step. Their damage parameters d(X c ) are replaced by
a set of random gray levels1 representative of non-crack voxels in the subtracted images.
Then, the quantification procedure is run over this non-cracked damage field. The resulting
average opening value is considered as the measurement error due to statistical noises. This
analysis over a small subset of cracks shows that the measurement error of the average
crack opening for cracks in first loading steps is of the order of 0.08 voxel (0.2 µm), and goes
down to 0.05 voxel (0.1 µm) for more developed ones. This indicates that the measurement
accuracy should be influenced by the sampling size, so it is likely to be smaller for the
whole population of studied cracks.

Reproducibility of the quantification method To assess the reproducibility of the
proposed method, we perform the quantification procedure for the two 45◦ tubes from
two in situ tests (section 2.1). Note that parameters for the imaging and crack detection
procedures were different (see Table 2.4 and section 2.6). The surface density and average
opening, evaluated over the whole solid phase, are plotted in Fig 2.38 as functions of
1

The random gray levels are directly selected from the tomographic images by translating the considered
cracks to non-cracked regions.
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applied stresses.

(a)

(b)

Figure 2.38: Quantification results for two 45◦ tubes tested with two different sets of
imaging parameters: (a) total surface density and (b) average crack opening as functions
of applied stresses (no in-plane crack is detected at the first step of the test2, so no data
point is shown).
Surface density and average opening of circumferential cracks are quite reproducible in
terms of both tendency and values. On the contrary, the two quantities related to in-plane
cracks exhibit a significant difference for the two tests, especially the evolutions of average
opening that are even opposite. This may be attributed to the fact that in-plane cracks
start to appear (or to be detected) late, close to ultimate failure. Hence, below the last
steps (< 180 MPa, for instance), the discrepancy between measurements can be explained
by statistical fluctuations, induced by insufficient statistical sampling. The average opening of in-plane cracks measured at the last loading step in test2 is in good agreement with
that of test1. In summary, the quantification method provides reproducible measurements
as soon as the statistical sampling of the cracks is sufficient. The investigated regions of
interest provide a sufficiently large domain for that in the case of circumferential cracks,
and also for in-plane ones in the last loading steps, when the density is typically above
0.25 × 10−4 µm−1 .
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Application to the second series of images

The post-processing procedures presented in this chapter are applied to the second series
of images for the tubes of three different braiding angles.

2.6.1

Microstructure analysis

Macro- and micro- pores are analyzed using the methods presented in section 2.2. All
parameters used previously for the 45◦ tube are kept, except the angle ranges of γz for
micropore classification: they are [−45◦ , −25◦ ] ∪ [25◦ , 45◦ ] and [−80◦ , −40◦ ] ∪ [40◦ , 80◦ ] for
the 30◦ and 60◦ tubes respectively.
The measured inner/outer diameters are given in Table 2.8, and compared to the
measurements of micrometers. Overall, the image processing measurements overestimate
the inner diameters and underestimate the outer diameters, compared to the micrometer
measurements. This leads to an underestimated cross-section area of the tube.
Sample
45◦
30◦
45◦∗ 1
60◦

Φtomo
(mm)
i
3.61
3.59
3.52
3.52

Φmicrometer
(mm)
i
3.47
3.47
3.47
3.47

Φtomo
(mm)
e
4.92
4.66
4.81
5.17

Φmicrometer
(mm)
e
4.90
4.79
4.88
5.25

Table 2.8: Diameters of all the tested tubes measured by image processing (Φtomo
, Φtomo
)
i
e
micrometer
micrometer
and by micrometers (Φi
, Φe
).
The porosity fractions in all the tested tubes are given in Table 2.9, and compared to
the measurements from the density method. The porosity fractions measured from tomographic images are obviously smaller than those measured by density method, which could
be attributed to the underestimation of cross-section areas (Table 2.8). In order to eliminate this influence, the porosity fractions are re-evaluated by defining the tube geometry
using the inner/outer diameters measured by micrometers. The pores are identified using
the same image processing procedure (simple gray-level threshold). The results given in
Table 2.9 exhibit a much better agreement. This suggests that the image resolutions (2.6
and 2.85 µm/voxel) should be sufficient to evaluate the overall porosity volume fractions
of the composites using a simple gray-level threshold.

the 45◦ tube of the second series of tests is marked as 45◦∗ to distinguish with the tube of the first
test.
1
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Sample
45◦
30◦
45◦∗
60◦

Vptomo
13.0%
12.1%
13.6%
13.1%

Vpmicrometer
17.6%
19.7%
16.1%
16.8%

Vptomo2
18.9%
18.6%
16.9%
16.1%

Table 2.9: Porosity fractions of all the tested tubes measured by different methods: Vptomo ,
both porosity volume and cross-section area are measured by image processing; Vptomo2 ,
porosity volume is measured by image processing but cross-section area is measured by
micrometers; Vpmicrometer , porosity volume is measured by material densities and sectional
surface area is measured by micrometers.

2.6.2

Strain evaluation

Strains are evaluated using DVC technique (section 2.3). As the braiding angle may
influence the patterns (distribution and morphology of pores) for image correlation, the
correlation domains are adjusted for each tube (Table 2.10).
Sample
45◦
30◦
45◦∗
60◦

Correlation domain (voxels)
303 → 503
603 → 1003
303 → 503
703 → 903

Table 2.10: Correlation domains used in DVC for all the tested tubes. The symbol →
means that if the first calculation does not lead to satisfactory correlation coefficient
(C < 0.3), the correlation domain is increased to a larger one.
The discretization of correlation grid is also adapted to the diameters of each tube:
6×150×30, 8×160×30 and 10×160×30 in rθz directions for the 30◦ , 45◦∗ and 60◦ tubes
respectively. The spacing between correlation points is still about 30 voxels.
Using the method proposed in section 2.3.2, radial profiles of strains are measured
for each tube and the strains evaluated at the outer radius are compared to the DIC
surface measurements (performed on different tubes with a different tensile test machine)
in Fig 2.39.
Surprisingly, the DVC-measured strains for the 30◦ tube exhibit a constant offset to the
reference curves since the second loading step. This seems to be a consequence of image
magnification change, which could be produced by the slight difference in the focal length
of the optics between the scans of the two first states (reference and step 1) and the others,
as shown in Fig 2.40a. To correct this, we add this constant offset to the strains after the
first loading step. Fig 2.40 shows that the DVC measurements after correction are in good
agreement with the DIC measurements for both εθθ and εzz . Note that this magnification
change is included in the mesoscale transformation Φ(X g ) evaluated by DVC, so the image
subtraction is not dramatically influenced. The crack detection is still efficient, which has
been verified by a direct observation within a subvolume.
For the 45◦∗ and 60◦ tubes, the gap between DVC and DIC measurements increases over
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(b)

(c)

Figure 2.39: Strains of the (a) 30◦ , (b) 45◦∗ and (c) 60◦ tubes measured for the outer
radial position by DVC-based method during the in situ tests, compared to the surface
measurements by DIC during classical macroscopic tests. See Fig 2.40b for the DVC
measurements of the 30◦ tube after correction.
the loading level (Fig 2.39b-c). This might be attributed to an error in the measurement
of tube diameters, due to the roughness of outer surfaces. Indeed, a small variation of the
outer diameter is sufficient to superimpose the curves from two measurements: 2% and
2.5% for the 45◦∗ and the 60◦ tubes respectively.
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(a)

(b)

Figure 2.40: (a) Details of cross-sectional slices of recontructed tomographic images of the
30◦ tube at the reference and loaded states. (b) Strains of the 30◦ tube measured for the
external radial position by DVC-based method, compared to the surface measurements by
DIC; the DVC-measured strains after the first loading step are corrected by a constant
offset.

2.6.3

Crack detection

The cracks are detected using slightly modified definition of subtracted image (compared
to Eq 2.17):
r(X) = [g(Φ(X)) − f (X) + rm ]
(2.33)
where rm is the offset to adjust the gray-level range of the subtracted image, it equals
128 for the 8-bit unsigned integer format in our case. The gray levels are rounded to the
nearest integer and those outside the range [0, 255] are truncated. Note that this image
subtraction procedure, with either the first or the second definition (Eq 2.17 or Eq 2.33),
should not significantly change the SNRs of the subtracted images. Actually, the graylevel modification can be considered as linear, even if the gray-level rounding may produce
slight biases. Considering this gray-level rounding, the second definition should be slightly
more beneficial for either crack detection and quantification, but this effect should be very
limited in our case.
For artifact processing, the radial fluctuation of brightness is reduced using a formula
different from Eq 2.18:
r(X i ) 7→ r(X i ) − rav + rm
(2.34)
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where rm = 128 is the same offset as in Eq 2.33. The gray levels are rounded to the nearest
integers, and those outside the range [0, 255] are truncated. Then the subtracted images
are binarized by a global gray-level threshold of 113, 120 and 116 for the 30◦ , 45◦∗ and
60◦ tubes respectively. Other processing parameters are kept identical to the first analysis
(section 2.4). Note that ring artifacts are barely observed in the second series of images,
the ring removal procedure is not applied to them.
The limit of crack detection for each test is assessed. By adapting to the definition of
subtracted image (Eq 2.33), the smallest crack to be detected should be in the range:
2 · ST D
ST D
< emin <
vSiC − vvoid
vSiC − vvoid

(2.35)

The value of vvoid is chosen to be 75 that is deduced from the gray levels of micropores,
and that of vSiC is measured in reference image (Table 2.5, section 2.1.4.2). The standard
deviations (ST D) of each subtracted images and the detection limit are given in Table 2.11.
The two quantities are similar for the images of all the tested tubes. The smallest crack
to be detected has an opening of 0.1 ∼ 0.2 voxel.
Sample
45◦
30◦
45◦∗
60◦

ST D
7.1
7.5
7.5
6.9

emin (voxel)
[0.09, 0.17]
[0.08, 0.16]
[0.08, 0.16]
[0.08, 0.16]

Table 2.11: Detection limit by the image subtraction method for tomographic images of
each tested tube.

2.6.4

Crack quantification

Crack quantification is conducted using the method proposed in section 2.5. To be consistent with the modification in image subtraction, the formula for evaluating the damage
parameter d(X c ) (Eq 2.21) is also modified to:
d(X c ) =

128 − r(X c )
f (X c ) − vvoid

(2.36)

The parameter vvoid is set to 75, according to the gray levels of micropores, and other
parameters remain the same as those used for the first series of images.
The quantification results of tubes with different braiding angles will be presented in
Chapter IV to investigate the braiding angle effect on damage development.
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Summary
In situ tensile tests have been performed under synchrotron XRCT to characterize the
damage mechanisms of SiC/SiC composite tubes. In order to tackle the challenge of
extracting and characterizing microcracks from reconstructed tomographic images, various
techniques have been used and developed in this chapter. The post processing has been
automated in the form of MatLab routines and consists of the following points:
- The two vertically-adjacent reference images are stitched and are used for analyzing
the braiding microstructure, in terms of porosity distribution and braid periodicity.
The micro- and macro- pores are identified and classified according to their geometrical characteristics. Their spatial distributions are analyzed and can be used to
characterize the braid architecture.
- Radial profiles of strains are evaluated through a kinematic model fitted to the
displacement field measured by DVC.
- Using a DVC-based image subtraction technique and various algorithms for reducing
image artifacts, 3D microcracks, whose openings are larger than 0.1∼0.2 voxels, are
extracted from heterogeneous microstructures.
- A quantification method is proposed to measure the orientation, opening and surface
area of the detected cracks. The gray levels in subtracted images are used for this
procedure.
Though cracks have been detected and quantified with a subvoxel precision, the experimental observation still suffers from some limitations. This will make it necessary to
interpret with caution the further qualitative observation and quantitative measurements,
especially for crack initiation due to the poor temporal resolution of tomographic images.
The analysis on crack initiation will be complemented by numerical simulations that will
be presented in Chapter III.

Chapter 3
FFT simulation for investigation of
damage initiation
The tomographic images provide 3D descriptions of the microstructures of the braided
SiC/SiC composite tubes, as well as their evolution over the applied load. Numerical
simulations on the real microstructures complement the characterization developed in the
previous chapter. Damage initiation can be investigated by simulating the mechanical
response of the microstructure in its reference state, and the effects induced by cracks
may be potentially probed by simulating the damaged microstructures. However, the
limited image resolutions (2 ∼ 3 µm/voxel) make the fiber/matrix interphase undetectable,
and the low gray level contrast between fibers and matrix makes them impossible to be
distinguished.
After the generation of the unit cell, several validation tests will be performed in order
to check the ability of the FFT method (see Chapter I) to simulate tubular microstructures.
The effect of periodic boundary conditions on the real pseudo-periodic microstructure will
be quantified. Some specific post-processing procedures of the simulation results will
be introduced, together with preliminary analyses on damage initiation in the 45◦ tube.
Lastly, a first attempt will be made to take into account the experimentally detected cracks
in the simulation, in order to study the stress redistribution induced by these cracks. The
45◦ tube is still used in this chapter as a support to introduce the various investigation
procedures, which will be further applied to the different tubes in Chapter IV.
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Generation of unit cell for FFT simulation: Use
of real microstructure

The simulations will serve to evaluate the stress fields of real microstructures in order to
complement the information directly available from experiment. The microstructures from
tomographic images will be used, which allows for further one-to-one comparisons between
experimental observations and numerical stress fields. A representative unit cell must be
large enough to cover all the characteristic dimensions of microstructural heterogeneities.
Therefore, the unit cell is chosen to contain the whole circumference of the tube with the
maximum number of axial periodic patterns.

3.1.1

Image segmentation and local properties

To study damage initiation, the tomographic images at the reference (unloaded) state are
used for generating the input unit cells of the simulations. The stitched reference image
(section 2.2.1, Chapter II) is used to obtain a larger axial length. It is first segmented into
binary format using Otsu’s method, as presented in section 2.2.2, Chapter II. Since SiC
fibers and SiC matrix have similar chemical compositions and density, and fiber-matrix interphase is about a hundred times smaller than the voxel size, the elementary constituents
cannot be distinguished in the tomographic images. Only two phases are identified in the
resulting segmented images: SiC solid phase and void phase (Fig 3.1). Note that denoising
procedures have been employed during the image segmentation (section 2.2.2): (i) a slight
Gaussian filter has been applied to the gray-level images before segmentation; (ii) the solid
phase is considered to be inter-connected, so after a connected-component labeling, only
the largest connected solid region is retained, and others are considered as void voxels.

(a)

(b)

Figure 3.1: Image segmentation result illustrated in a part of a cross-section of the 45◦
tube: (a) initial reference image (b) segmented image: black - SiC solid, white - void.
The braided microstructure discretized according to the regular voxelized grid is thus
obtained, over which the materials properties must be defined, i.e. each voxel should be
associated with a set of elastic properties. The multiscale nature of SiC/SiC composites
makes the numerical simulations over one single scale impossible to be exhaustively representative of every length scale. The local properties used at the voxel length scale should be
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the effective properties deduced from a homogenization processing at the sub-voxel length
scale. Such processing has been avoided here because: (i) the mechanical contrast between
fibers and matrix is much weaker than that between SiC and void (Young’s modulus of
∼ 375 GPa for fibers and ∼ 400 GPa for matrix); (ii) the thickness of the fiber/matrix
interphase is so small (30 nm) that its effect on the effective elastic properties is negligible
at the voxel scale; (iii) as damage initiation is essentially due to matrix cracking, prior
to the interfacial degradation, the interphase-induced heterogeneity can be omitted for
these undamaged simulations. The solid phase is considered as a homogeneous isotropic
medium with elastic properties similar to those of the SiC matrix: Young’s modulus of
400 GPa and Poisson’s ratio of 0.2 (values similar to those used in [Chateau et al., 2015]).
Since fibers, matrix and interphases are not considered as separate phases, the anisotropy
of the effective properties will be induced only by the orientation and the morphology of
the macro- and micro- pores, the main features of which are captured in the tomographic
images. Note that very small and narrow pores are not captured, but their effects are
assumed to be much smaller than the detected large ones. Moreover, it must be kept in
mind that as soon as damage propagates, interfacial degradation occurs, which must be
taken into account in the simulation, as demonstrated later in section 3.5.2.
Another strategy of simulation would be to establish at first the apparent homogeneous
properties at the mesoscale (the scale of tows), and then to apply the homogenized constitutive laws to a simplified braiding microstructure where all details (micropores, fibers,
interphases) inside tows are not considered. This may work well for textile fibrous reinforcements (fibrous preforms without matrix) (see, e.g. [Badel et al., 2008; Naouar et al.,
2014]). However, the multiscale nature of SiC/SiC composites, and especially the distribution and shape of micropores, make the scale separation impossible [Chateau et al., 2015]:
the size of the RVE of the minicomposite microstructure is larger than the size of the tow.
As a result, it is believed that the approach followed here, directly taking into account
the micropores and neglecting the fiber/matrix elastic contrast and the undetected narrow
pores, is a better way to simulate their heterogeneities within the composite.

3.1.2

Unit cell volume

3.1.2.1

Tube axis alignment

The tube axis may be very slightly misaligned with the image Z-axis (see section 2.2.1,
chapter II). However, the mechanical loading will be implemented by a macroscopic tensile
stress tensor over the image coordinates. In addition, as periodic boundary conditions are
used in FFT simulations, this misalignment must be corrected in order to obtain a better
agreement between the Z upper and Z lower end slices. Therefore, a procedure has been
implemented to align the tube axis to the image Z-axis. For numerical efficiency issue, this
is done in 2D: in each cross-sectional slice, the gray-level map f (X) is translated according
to the relative position between the image center and the tube center (Fig 3.2). Note that
this slice-translating procedure is an approximation of aligning the tube axis by a rigorous
rigid body rotation. Nevertheless, the inclination of tube axis is so small (less than 0.5◦ )
that the related error is negligible.
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Figure 3.2: Illustration of the tube axis alignment to the image center in each slice.

Once the tube axis is aligned along the image Z-axis, the useless image margins in
the transverse planes are removed (Fig 3.2) to minimize the computation cost. The tube
external free surface is, however, still isolated from the image borders by void voxels whose
properties are defined to be exactly zero. Therefore, the unit cell is perfectly periodic in X
and Y directions. Conversely, the periodicity in Z direction (along the tube axis) cannot
be perfectly satisfied, as the real braiding is only pseudo-periodic.

3.1.2.2

Boundary and loading conditions

In FFT simulations, periodic boundary conditions are intrinsically prescribed: the fluctue (so that u(x) = E · x + u
e (x), with E the average strain) is
ation displacement field u
periodic while the traction σ · n is anti-periodic to meet the equilibrium condition on the
boundary between two neighboring cells.
The efficiency of numerical simulations relies not only on the description of microstructures, but also on boundary conditions. Relevant boundary conditions for unit-cell simulations must fulfill the Hill condition, and the commonly used ones are KUBC, SUBC and
PBC, denoting kinematic uniform boundary conditions, static uniform boundary conditions and periodic boundary conditions, respectively. KUBC and SUBC provide the upper
and lower bounds of the effective properties of the simulated heterogeneous medium [Huet,
1990], while PBC are usually known as an appropriate alternative to achieve a better estimation for arbitrary microstructures [Kanit et al., 2003] and provide exact solutions for
periodic microstructures. In our case, the unit cell is perfectly periodic in X and Y directions, and quasi-periodic in Z direction. Thus, PBC are believed to provide relevant
estimations for both the effective properties and the local stress fields. Nevertheless, the
imperfection of periodicity generates artifacts, especially close to the two ends of the tube
where the geometry is not continuous. To achieve a reliable interpretation of the resulting stress field, the effects due to boundary conditions need to be quantified (see later,
section 3.2.3).
In order to compare with the experimental observations, uniaxial tensile load is applied
in the simulation. The unit cell is subjected to an average strain of 1% in Z direction, and
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null average stress for the components other than σzz :
< εzz >= 1%

< σij >= 0, if ij 6= zz

(3.1)

Note that this nominal value of 1% does not have any physical meaning.
Another kind of boundary conditions may be interesting for full-field simulations, which
is based on the experimentally (DVC) determined displacement field on the boundaries
of the unit cell (e.g. [Shakoor et al., 2017; Mazars et al., 2017]). This kind of boundary
conditions makes the simulation closer to the real loading condition subjected to the unit
cell in the experiment, and hence makes the simulation-experiment comparison more efficient. However, for FFT methods, implementing such boundary conditions is not possible
because FFT-based methods intrinsically assume PBC on the unit cell. Moreover, the
precision of the DVC procedure is not sufficient for evaluating the very small fluctuations
of the displacement field due to elastic strain heterogeneity.
3.1.2.3

Determination of axial periodic height

Whilst the axial periodicity is not perfect, an optimal similarity between the two ends of
the tube can still reduce the boundary effects. On the other hand, the boundary effects
can be minimized by analyzing only the central part of the simulated tube (St-Venant’s
principle). Thus, the unit cell should contain as many axial periodic patterns as possible.
Recall that the stitched reference images (section 2.2.3, chapter II) contain several axial
periodic patterns (two for the 30◦ tube, and three for all other tubes).
The optimal similarity between the two ends of the tube, delimiting the unit cell, is
determined using the method introduced in section 2.2.3 (chapter II), i.e. the similarity is
quantified by the correlation coefficient between different Z-slices (cross-sectional slices).
For example, in the 45◦ tube, we need to simultaneously determine two parameters defining
the axial segment to be simulated (Fig 3.3): the position of the starting slice (Z0 ) and the
height of the three axial patterns (H). For each starting slice Z0 , the 3-period pattern
H(Z0 ) is determined, as well as the corresponding correlation coefficient C(Z0 ), with the
latter being the optimal correlation coefficient between the slice Z0 and the other slices.
Their evolutions are given in Fig 3.3. Accordingly, the optimal similarity corresponds
to the optimal (highest) correlation coefficient, i.e. is found at the starting position of
85 voxels, corresponding to a 3-period height of 1685 voxels for the considered example.
Resulting from this optimization procedure, the best fitting upper and lower slices are
shown in Fig 3.4. The overall positions of tows and macropores are similar. However, the
optimal correlation coefficient is only 0.27, which indicates that the axial periodicity is far
from being perfect (a perfect periodicity would correspond to a correlation coefficient of
1). As a consequence, the artifact due to the use of PBC on the pseudo-periodic unit cell
will not be negligible and will have to be quantified.
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Figure 3.3: Determination of axial periodic height: the 3-period height H and the corresponding correlation coefficient C for each starting position Z0 (Example of the 45◦ tube).

(a)

(b)

Figure 3.4: Cross-section at the two ends of the tube in the unit cell used in the FFT
simulations (45◦ tube).
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Validation tests

This section is devoted to the presentation of three preliminary tests to validate the simulations of SiC/SiC composite tubes using FFT methods. First, unit cells with tubular
microstructures are not typical inputs for FFT simulations. The efficiency of such simulations will be checked. Secondly, the local heterogeneity and effective anisotropy of
the SiC/SiC composite tubes are expected to be essentially induced by the micro- and
macro-pores, while their identification strongly depends on the image resolution. Hence,
the sensitivity of the simulations to the image resolution will be examined. Finally, the
artifacts induced by boundary conditions will be quantified, in order to ensure that the
local stress/strain fields are not strongly influenced.

3.2.1

Application of FFT method to tubular microstructures

Since FFT methods are usually employed for cuboid simulation cells, such as polycrystals
and matrix/inclusion composites, with the region of interest occupying the whole unit-cell
volume. In the case of composite tubes, the simulation is still performed over a cuboid
unit cell, but voxels inside and outside the tube are given null elastic properties so that
the free traction condition is applied to the inner and outer tube surfaces. As a result,
almost one half of the voxels are useless in such simulations.
A future prospect could be to solve this problem in the cylindrical coordinate system,
in order to reduce the number of useless voxels. This requires to deeply modify the FFTbased algorithm: the basic problem has to be reformulated within the tube cylindrical
coordinates, and the PBC in the radial direction are not straightforward to be taken into
consideration.
In order to check the applicability of FFT simulations on such unit cells (with tubular
microstructure), two numerical tests are performed over a virtual homogeneous SiC tube
(constant thickness without pores): a first very simple one is a uniaxial tensile test and a
second less standard one is an internal pressure test. In practice, the elastic parameters of
the SiC matrix (E = 400 GPa, ν = 0.2) are assigned to the tube, and the parameters of the
void voxels are set to zero. The tube inner and outer diameters are proportional to those
of the real 45◦ tube. The two transverse dimensions of the unit cells (perpendicular to the
tube axis) are identical and fixed to be 2 times larger than the Z (axial) dimension. The
image resolution will be quantified by the number of voxels along one transverse dimension
in further analyses.

Tensile test The tensile test uses the same loading condition as Eq 3.1. The computed
stress field is uniform, which is in agreement with the use of a homogeneous tube, and
suggests that the stress field is not disturbed by the tubular geometry of the microstructure.

Internal pressure test Regarding the internal pressure test, a specific loading condition
is required. Three regions can be defined for such unit cells: the tube volume, the inner
and the outer regions (Fig 3.6). As the tube in this study is homogeneous without pores,
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Figure 3.5: Result of the numerical tensile test on homogeneous tubes: cross-section of
the axial stress field σzz for the unit cell with 50 voxels in one transverse dimension.
the internal pressure condition can be achieved by applying a constant stress tensor to the
voxels of the inner region:

P, with ij = xx, or ij = yy
σij =
(3.2)
0, otherwise
where P is a negative value representing the pressure level and in practice we take a
nominal value P = −1 MPa. The voxels of the outer region are subjected to null stresses.
In practice, this loading condition is realized by modifying the local constitutive laws of
the inner and outer voxels (Eq 1.4 in Chapter I).
The theoretical solutions of the problem for radial and circumferential stresses read:



2
 σrr (r) = 2Ri 2 1 − R2e2 · P
r
Re −Ri 

(3.3)
2
R
R
 σθθ (r) = 2 i 2 1 + 2e2 · P
r
R −R
e

i

where Ri and Re denote the inner and the outer radii of the tube, r is the radial position
under consideration.

Figure 3.6: Illustration of internal pressure loading, the unit cell used in the simulation is
discretized into 210 voxels along its transverse dimension.
The FFT simulation is performed over Cartesian coordinates, and the computed stress
tensor is a posteriori transformed into the tube cylindrical coordinates. The profiles of the
two main components (σrr and σθθ ) are plotted in Fig 3.7 and compared to those of the
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exact theoretical solution. Obvious errors appear mainly on the circumferential stresses
near the free surfaces of the tube, which is attributed to the discretization effect. Overall,
good agreements are found in this comparison for both components.
The mappings of the two stresses are shown in Fig 3.8. The stresses change smoothly in
the radial direction and remain constant in the circumferential direction. This evolution
is consistent with the theoretical solutions, i.e. the two stresses depend on the radial
position only. Limited fluctuations can be observed on the voxels of free surfaces, whose
amplitudes change according to the circumferential positions, and they seem to be more
severe for radial stress than for circumferential stress.

Figure 3.7: Radial profiles of the axial and the radial stresses in a homogeneous tube
subjected to internal pressure. Simulation results are obtained by averaging along the
tube circumference at different radii, and are presented by symbols of circles and triangles;
theoretical solutions are plotted in solid lines.

Figure 3.8: Mapping of the radial (left) and the circumferential (right) stresses. For
reducing the computation time, only the stresses for the voxels in and close to the tube
volume have been transformed into cylindrical coordinates, the non-transformed voxels
are given zero values.
To summarize, through these two validation tests on homogeneous tubes, the FFT
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method is demonstrated to be able to correctly simulate tubular microstructures described
in cuboid unit cells. It is worth noting that the internal pressure test reveals that the FFT
methods may also be used for some structural analyses under simple loading conditions.

3.2.2

Sensitivity to image resolution

Damage initiation corresponds to matrix cracking, which is thought to be initiated by the
stress concentration around residual pores. In this context, the accuracy of the stress field
must be checked, especially as a function of image resolution. Unlike FE methods in which
the mesh can be adapted to the local geometry, the FFT method works on digital images.
Thus, decreasing the spatial resolution will make the description of both the stress field and
the local geometry itself less accurate. In the following, the effect of image resolution will
be evaluated on average stresses, radial stress profiles and stress distributions (probability
densities).

Figure 3.9: Parts of 2D sections of the three unit cells of different image resolutions: full
(2.6 µm/voxel), half (5.2 µm/voxel), quarter (10.4 µm/voxel).
Three different image resolutions are tested for the same real microstructure of the
45 tube. Only one image resolution is experimentally available (2.6 µm/voxel, called
full resolution). Two lower resolutions are numerically generated by reducing thisfull
resolution. In practice, the unit cell of the full resolution is resized by averaging a cubic
neighboring zone of 23 or 43 voxels, the new voxel is attributed to the solid or the void
according to the number of each phase, phases are randomly attributed for the voxels
having equal numbers of the two phases. Two lower resolutions are thus obtained and
called the half and the quarter resolutions respectively.
◦

The resulting microstructures are shown in Fig 3.9. The volume fractions of porosity
for the three resolutions are 13.7%, 13.5% and 9.6% respectively. Note that the volume
fraction of porosity measured by tomographic image has been checked to be consistent
with the measurement by the density method (section 2.6.1 Chapter II). The porosity
volume fraction is preserved at half resolution, but is significantly decreased at quarter
resolution, which means that the microstructure is significantly modified by the image
resolution decrease from full to quarter.
Simulations on these three unit cells are performed using the tensile loading condition
defined by Eq 3.1. The sensitivity of the stress field to image resolution is examined.
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First, some
macroscopic quantities are calculated. For each resolution, the axial tensile
R
force F = σzz dS on every cross-sectional surface is calculated, and is constant along axial
positions as expected. The apparent Young’s modulus of each resolution is computed as
app
app
E app = σzz
/εzz , where σzz
denotes the apparent axial stress deduced from the tensile force
app
by σzz
= F/S, with S measured from the real 45◦ tube by laser micrometer (section 1.1.4,
Chapter I). The results are plotted versus image resolution in Fig 3.10, which shows a
convergence of E app for the full resolution. Note the discrepancy of the result for the
quarter resolution could be attributed the significant modification of the microstructure
that influences the porosity volume fraction.
However, E app calculated from the full resolution is still higher than the experimentally
measured value (193 GPa). This quite important difference could be attributed to a too
high Young’s modulus (400 GPa) used in the simulations, as well as to the undetected
details of pores. In order to obtain an E app of 193 GPa, the Young’s modulus of the solid
phase should be 290 GPa (proportionality law), which is too low compared to those of
pure SiC matrix (400 GPa) and HNS SiC fibers (375 GPa). Some possible explanations
could be proposed: (i) the full resolution is not sufficient to distinguish very narrow pores,
especially at the intersecting positions of tows; (ii) the threshold procedure to identify pores
is unable to capture precisely the sharp edges of pores, resulting from the CVI process. As
demonstrated in [Chateau et al., 2015], the morphology of pores can dramatically influence
the effective properties of the simulated medium: a maximum difference of about 20% in
the apparent modulus can been reached between the minicomposites containing pores with
narrow edges and those with smooth edges.

Figure 3.10: Apparent Young’s modulus versus the image resolution used in the simulation.

In addition to the macroscopic values, two other quantities are also calculated to investigate the effects of image resolution on statistical and spatial distributions of the resulting
stress fields. The probability distributions of the axial stresses σzz in the solid phase are
plotted in Fig 3.11a, together with their changes through the tube thickness in Fig 3.11b.
Both figures show that the difference between the full and the half resolutions are much
smaller than that between the half and the quarter resolutions. This suggests that the
simulation accuracy is almost converged for the full resolution, i.e. decreasing the image
resolution will not significantly degrade the simulation results, if the global volume fraction
of porosity is preserved.
However, increasing the image resolution could not be tested, because of the limitation
on the size of samples and the configuration of the imaging system (camera resolution,
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(b)

Figure 3.11: (a) Probability density function of axial stress values in solid phase; (b)
Radial profile of average axial stresses in solid phase.
optics magnification). The result obtained on the apparent Young’s modulus suggests that
the image resolution and/or the precision of the threshold procedure might be insufficient.
Nevertheless, despite the undetected micropores and sharp edges of large pores, the largest
part of the most serious stress concentrations, induced by the largest pores, should be
captured by the simulations. The simulation results can provide useful information about
the heterogeneity of the stress field induced by the microstructure.

3.2.3

Boundary effect

As mentioned earlier in section 3.1.2, the use of PBC generates artifacts close to the upper
and lower boundaries owing to the pseudo-periodicity in the axial direction. Note that this
boundary effect is inherent to the fact that the real boundary conditions are unknown and
inapplicable in FFT methods. Considering the pseudo-periodic microstructure, PBC are
thought to be a less bad choice, compared to KUBC or SUBC. According to Saint-Venant’s
principle, the related artifacts should decrease with the distance to the boundaries. So we
choose to conduct the simulation over a long tube and to analyze only the central part
of it (far from the discontinuous microstructure associated with the imperfectly matching
end sections). Therefore, in order to efficiently select the central part, it is necessary to
quantify this boundary effect.
For this purpose, simulations are conducted over three unit cells containing two or three
axial periods. From the largest unit cell that contains three axial periods, two shorter unit
cells containing two axial periods are extracted. Each shorter unit cell has a common
boundary with the largest unit cell as illustrated in Fig 3.12. The numerical tests are
performed using the loading conditions of Eq 3.1. Comparisons are done slice by slice
between the 3-period unit cell and each of the two 2-period unit cells.
The gap between two simulations is calculated according to:
∆σ =

3p
2p
||σzz
− σzz
||2
σ

(3.4)

2p
3p
where σzz
and σzz
represent the local axial stresses in the solid voxels of each Z-slice,
computed in the 2-period and the 3-period unit cells respectively. σ the average axial
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Figure 3.12: Illustration of relative positions of the three unit cells for studying the boundary effect
stress in the solid voxels of the 3-period unit cell. The symbol || · ||2 stands for the L2
norm.
This gap is plotted as a function of the axial position in Fig 3.13 for the two comparisons. The boundary effect can thus be quantified. Sharp decreases are observed near the
boundaries of the two 2-period unit cells. As expected from Saint-Venant’s principle, the
strong boundary effects are proven to be very limited in the zones close to boundaries.

(a)

(b)

Figure 3.13: Profiles (a) and their zooms (b) of the boundary effect in the axial direction
of the 45◦ tube: the gap between the axial stresses of the 3-period volume and those of
the 2-period volume, as defined by Eq 3.4. The arrows and lines highlight the distance to
boundary of 250 voxels in each comparison.
A criterion on this gap allows us to quantify the length affected by the boundary effect (Fig 3.13). In practice, we choose a distance to boundary of 250 voxels (0.65 mm),
corresponding to stress gaps of 4% and 6% for the two comparisons respectively. Nevertheless, it can be noticed that the stress gap is always less than 50% even at the boundaries
(Fig 3.13). Hence, these boundary-affected zones (within 250 voxels to the upper and lower
tube ends) will not be removed in qualitative observations, but they will be excluded for
quantitative analyses.
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Computation using the code AMITEX

The unit cells created from the tomographic images contain several billion voxels. Simulating such volumes requires a robust and efficient code. AMITEX is implemented in a
massively parallel way, which makes it possible to complete these huge simulations within
a short time. Taking the example of the 45◦ tube, an undamaged simulation over the
3-period unit cell of about 6.7 billion voxels has been completed within about 20 minutes
(including the time of file writing). The computation has been efficiently parallelized over
1848 processors of the super-calculator TGCC-Cobalt available at CEA.
A so-called hexahedral filtered Green operator is used. The basic idea of this modified
discrete Green operator in AMITEX is to replace the derivation operators by averaged
values within a small hexahedral neighborhood. Note that this modified discrete Green
operator turns out to be identical to the one proposed by [Willot, 2015] (the so-called
rotated scheme), and it is also equivalent to the use of linear hexahedral finite element
with 1-point reduced integration [Schneider et al., 2017]. This operator helps to reduce
the potential spurious oscillations on the stress/strain fields, as well as the sensitivity
of the convergence to the mechanical contrast of different constituents. In our case, the
mechanical contrast between the solid phase and pores is infinite, which makes it necessary
to use such a modified Green operator.
A convergence acceleration is employed in AMITEX, which is the same algorithm
readily implemented in the FE code Cast3M (ACT3 procedure). The basic idea is to
propose an accelerated solution for the current iteration, by considering the results of the
four previous iterations. This acceleration procedure helps to reduce the sensitivities to
the mechanical contrast and to the choice of the reference material. The counterpart is
the memory cost due to the storage of previous results.
For the choice of the reference material, whose Lamé coefficients are denoted by λ0 and
µ0 , we follow the suggestion of [Moulinec and Suquet, 1998], i.e.



1
0


inf λ(x) + sup λ(x)
 λ = 2 x∈V
x∈V


(3.5)

1

0
µ =
inf µ(x) + sup µ(x)
2 x∈V
x∈V
where λ(x) and µ(x) stand for the Lamé coefficients of the constituents. Though the
convergence acceleration algorithm reduces the sensitivity to the reference material, such
a choice leads to a faster convergence.
The convergence criterion is given by an equilibrium condition (i.e. div(σ) = 0), together with an average condition on the applied load.
An example of the simulation results is given in Fig 3.14, showing the maximum principal stresses in the 45◦ tube under tension. A strong heterogeneity of the stress field is
observed, which is clearly linked to the braided microstructure. Note that the nominal
value (1%) of the applied tensile strain has not any physical meaning, so does the resulting
stress values.
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Figure 3.14: 3D rendering of the field of the maximum principal stress for the 45◦ tube
under tension
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Post-processing of the simulation results

The 3D stress field is not easy to interpret because of the complex microstructure and the
tubular shape. Post-processing the simulations requires to develop specific procedures. As
the microstructures are described in image-type unit cells, extracting information from
the stress/strain fields is also an image processing issue. In this section, the simulation for
the 45◦ tube is used to illustrate different post-processing procedures of simulation results
and possible combinations with experimental observations.

3.4.1

Definitions of characteristic regions in braid architecture

First, we need to define some specific regions within the braided composite, in order to
analyze the simulated stress fields and experimentally detected cracks with respect to the
braided microstructures (Fig 3.15):
- Peripheral-matrix (PM): this region is located at the periphery of tows, and consists
of a thick layer of CVI-deposited SiC. The PM region of the 45◦ tube has been
approximately identified in section 2.2.2 from the tomographic image, and its volume
fraction is about 14.4%.
- Tow-core (TC): this region is defined as the non-peripheral-matrix region of the solid
phase. The TC region can be systematically obtained as the complementary part
of the PM region in the solid phase, and its volume fraction is about 72.2%. Both
matrix and fibers can be found in this region. The global volume fraction of SiC
matrix is 50% (measured by micrometer and material densities), so there should be
∼ 36% of SiC matrix in the TC region. Note that this value is a rough estimation,
but its order of magnitude relative to the PM fraction should be good, i.e. there is
more matrix in the TC region than in the PM region in terms of absolute volume;
nevertheless, the volume fraction of matrix is much higher in PM region than in TC
region (100% versus 50%).
- Tow border: by distinguishing the two principal dimensions of the cross section of a
tow, the tow borders are defined as the boundaries of the tow in its width dimension
(see Fig 3.15a for illustration). Tow borders belong to PM region.
- Tow interface: there exist two types of tow interfaces (Fig 3.15b): (i) interface
between two parallel tows, called parallel interface; (ii) interface between two crossover tows, called cross-over interface. The former is actually the connection of the
borders of two parallel tows, while the latter is more complex in 3D, since one tow
is going below (or above) another.
- Triple point: the position where three tows are adjacent to each other. However,
in the real microstructure, if two parallel tows are not perfectly connected, the
corresponding triple point is then decomposed into two V-points (see Fig 3.15c).
In addition, we add another region to this list: experimental cracks that are defined
as the crack voxels detected from the tomographic images during the in situ tests. These
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(a)

(b)

(c)

Figure 3.15: Schematic illustrating characteristic regions of braid architecture: (a) description of one single tow; (b) tow interfaces; (c) triple point.
regions will be used to perform one-to-one comparisons between the experimental observations and the numerical simulations. As the latter is conducted in the elastic regime,
only the crack voxels detected at the first damage stage (109 MPa) will be used for this
analysis.

3.4.2

Stress distribution

Crack initiation in brittle materials is usually studied by statistical models, such as the
Weibull model, using the maximum principal stresses. The Weibull model is also used
for the modeling of damage behavior of unidirectional SiC/SiC composites (e.g. [Chateau
et al., 2014]) to take into account the brittle failure of the matrix. In unidirectional composites under axial tension, the stress state is uniaxial and initially almost homogeneous
in the matrix. On the contrary, the stress state in textile composites is multiaxial and
heterogeneous even before damage initiation. Hence, the statistical and spatial distributions of the maximum principal stresses will be investigated with respect to the braid
architecture. By calculating the maximum eigenvalue and the corresponding eigenvector
of the stress tensor for each voxel, both the value σ max and the direction of the maximum
principal stress are obtained.
Unwrapping To facilitate the visualization and the manipulation of the stress field,
we first unwrap the value and the direction of the maximum principal stress from the
tubular configuration into cuboid configuration (as presented in section 2.2.3, Chapter II).
One orientation vector can be unwrapped by projecting its scalar components. However,
the vector is expressed within the Cartesian coordinates of the input unit cell for the
simulation. So their components need to be first transformed into the tube cylindrical
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coordinates before the unwrapping procedure.
3.4.2.1

Rescaling of the stress field

app
As an elastic response to the axial strain of 1%, the apparent axial stress σzz
in the
simulation is 2.65 GPa. This stress value has no physical meaning, because the elastic
limit (σ Y ) is only 93 MPa for the 45◦ tube (section 1.1.4, Chapter I). In order to make
it physically meaningful, the stress values should be brought back into the elastic regime.
Therefore, the stress values in further analyses will be multiplied by a factor of αE =
app
σ Y /σzz
. This rescaling at the onset of damage allows us to discuss quantitatively the
stress field at the origin of crack initiation. Note that another rescaling procedure can also
be conducted by normalizing the stress field by its overall average value. The obtained
value can be interpreted as a local stress concentration factor. This will help to compare the
stress heterogeneities between the tubes of different braiding angles (see later in section 4.2,
Chapter IV).

3.4.2.2

Average values and probability densities

Once the stress field is rescaled to the elastic limit, some average quantities are calculated
to have a global idea about the stress heterogeneity with respect to the different regions
of the solid phase. Table 3.1 provides the spatial averages σ max of σ max in the PM, TC
and crack regions. The average stresses are similar in PM and TC regions. However, the
average stress is clearly higher in the experimental cracks, which confirms that the cracks
are mostly initiated in stress concentration regions.

σ max

(MPa)

solid
104

PM TC Exp. cracks
100 105
139

Table 3.1: Average maximum principal stress σ max in different regions of the solid phase
The probability density of the stress field is a good indicator for statistically analyzing
the stress distribution in a solid region. The distributions in three different regions are
shown in Fig 3.16 and compared to the distribution in the whole solid phase. The curve of
TC region is similar to that of the whole solid phase, with a slightly narrower distribution.
The PM region and the crack region exhibit wider distributions, which indicates that the
stress fields in these regions are more heterogeneous. In particular, high stresses are found
within the PM region, and even higher ones in the experimental cracks. The peaks around
0 MPa suggest that some zones are unloaded in both the PM and the crack regions.
3.4.2.3

Radial profile

In order to examine the heterogeneity through the tube thickness, average values of maximum principal stresses are evaluated for every radial position. As the PM region is the
most sensitive to crack initiation, the radial profiles of several quantities in this region are
studied in Fig 3.17: the average and standard deviation of maximum principal stresses are
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Figure 3.16: Probability density function of maximum principal stresses in different solid
regions. The boundary-affected zones have been excluded from this analysis.
compared to the volume of PM at different radial positions, and to the surface density of
the experimental cracks (section 2.5, Chapter II).

(a)

(b)

Figure 3.17: (a) Upper: Radial profiles of the average maximum principal stress σ max
(solid blue curve) and its standard deviation std(σ max ) (dashed blue curve), compared to
the radial profile of macroporosity; Lower: Radial profiles of surface density of the cracks
detected at the first damage stage (tension of 109 MPa), compared to the radial profile of
the volume of peripheral matrix. (b) Illustration of the relative positions within the tube
thickness, the green lines correspond to those in (a).
The radial evolution of σ max is quite similar to that of the std(σ max ), which reveals
that the highly-stressed zones are always accompanied with a high stress heterogeneity.
Four peaks of the stress profiles are located at the positions where the volume fraction
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of macropores is small. Note that the peak 3 is much lower than the three other peaks.
According to the radial profile of macropores, the tube thickness can be cut into four
sublayers (L1, L2, L3, L4), and each of them represents a half of a braided layer (halfbraided layer). This allows us to schematically locate the four peaks within the braid
architecture (green lines in the Fig 3.17b). These peak locations should correspond to the
mid-part of each half-braided layer, where the tow interfaces are located.
When compared to the experimental cracks, the peaks 1 and 4 can be associated with
the two peaks of the crack profile near the inner and the outer tube surfaces; while for the
peaks 2 and 3, no corresponding peak is shown in the crack profile. Moreover, the two
peaks of the crack profile do not coincide with the two peaks of the stress profile in terms
of radial position (highlighted by arrows in Fig 3.17a).
In conclusion, the stress heterogeneity through the tube thickness is not well correlated with the surface density of the cracks detected at the first damage stage (tension
of 109 MPa). Some possible explanations can be proposed: (i) Due to the limitations of
the crack detection procedure, the cracks with small openings or surfaces might not be
detected. These hard-to-detect cracks might mostly appear within the TC region far from
tube surfaces, corresponding to the radial positions of peaks 2 and 3 on the stress profile.
(ii) The experimental cracks detected at 109 MPa are likely to have propagated after their
initiation. (iii) According to the Weibull model, stress is not the only criterion for crack
onset, but also the volume under consideration. The greater the volume, the higher the
probability of failure. There is more peripheral matrix at the inner and the outer tube
surfaces than inside the tube thickness (see the radial profile of PM volume in Fig 3.17a),
inducing a higher probability for crack onset in sublayers 1 and 4.

3.4.2.4

Stress field: sectional views

The spatial distribution of stresses is qualitatively observed through two sectional views
in Rθ − Z plane and RZ plane (Fig 3.19a and b respectively). We choose to visualize the
Rθ − Z cross-section at the radial position of the peak 4 of Fig 3.17a. Both value and
direction of the maximum principal stresses are analyzed. In order to emphasize a potential
effect of the tow orientations, the principal direction N is expressed by the characteristic
angle γθ defined between the direction Rθ and the projection of N in Rθ − Z plane, as
illustrated in Fig 3.18.

Figure 3.18: Definition of the orientation angle γθ for the maximum principal stresses.
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Stresses are mostly concentrated at tow interfaces, and three principal zones can be
distinguished: (1) cross-over interfaces, (2) separated parallel interfaces, and (3) connected parallel interfaces (highlighted by the different shapes of circles in Fig 3.19a). Note
that both stress concentrations and stress unloading can be observed at the V-points of
separated parallel interfaces (marked by the black arrows). One same point of stress concentration is marked by red arrows in both Rθ − Z and RZ planes, and the RZ slice of
stress field confirms the radial positions of stress concentrations proposed previously in
Fig 3.17b, i.e. the peak 4 of the radial stress profile (Fig 3.17a) corresponds to the radial
position of tow interfaces of the outer braided layer.
The direction of the maximum principal stress exhibits an obvious heterogeneity seemingly linked to the tow orientations. Overall, the orientation angles γθ are slightly smaller
than π/2 in the −45◦ tows, while they are slightly larger than π/2 in the +45◦ tows. These
stress orientations reveal that stresses are locally re-oriented to be closer to the tow orientation. This heterogeneity is more obvious at the tow borders of two separated parallel
tows, which suggests that macropores should significantly contribute to this heterogeneity.
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(a)

(b)

Figure 3.19: Sectional views of the maximum principal stress (σmax ) and of its orientation
angles (γθ ): (a) in Rθ − Z plane, (b) in RZ plane. Three principal zones of stress concentration are circled differently: 1 - cross-over interfaces, 2 - separated parallel interfaces, 3
- connected parallel interfaces. The pore voxels are colored in white. The tow boundaries
are outlined by black lines. The traces of the two slices are marked in each other by
black dashed lines. White dashed lines in Rθ − Z slices separate the central part from the
boundary-affected zones.
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Stress field: radial projections

The sectional views displayed at a given position in the volume do not allow us to confirm
whether the conclusion is true through the whole tow thickness. 3D visualization is not
relevant for this question due to the complexity of the microstructure. Therefore, in order
to achieve a more statistical characterization and to accommodate the visualization, 3D
stress fields are projected onto 2D images.
The principal stress fields (both values and orientations) are first unwrapped into a
plane configuration. The radial projection is made within each of the four sublayers
(L1, L2, L3, L4) over the plane configuration. The projection is obtained by averaging
the information along the coordinate R. In order to eliminate the influence of the spatial
evolution of porosity, the average is performed on solid phase voxels only. Such a projection
is justified by the observation in Fig 3.19b that the stress gradient along R is small within
a sublayer of the tube thickness.

(a)

(b)

Figure 3.20: (a) Radial projection of the maximum principal stresses in the external
sublayer (L4) of the 45◦ tube. Dashed lines separate the central part from the boundaryaffected zones. The pixels, having no solid phases in their projection paths, are colored
in white. (b) The same stress projection, superimposed with the projections of the cracks
detected at the first damage stage (tension of 109 MPa) within the sublayer L4.
The radial projections of maximum principal stresses in the external sublayer (L4) are
shown in Fig 3.20. The three principal zones of stress concentrations are confirmed by
this radial projection, as highlighted by circles of different forms and colors in Fig 3.20a:
(1) cross-over interfaces, (2) separated parallel interfaces, (3) connected parallel interfaces.
These interfaces undergo higher stresses in the zones close to macropores. However, some
of tightly connected parallel interfaces seem to produce lower stress concentrations than
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slightly connected ones (examples circled in black). Overall, these stress concentration
zones are adjacent to the singular geometries of macropores, where the peripheral matrix
is rich or even is the only solid phase. Therefore, according to Weibull approach, damage
initiation should be critical in these regions. Similar conclusions can be obtained for the
three other sublayers (Appendix F).
Furthermore, the cracks detected at the first damage stage (tension of 109 MPa) within
the sublayer L4 are superimposed onto the stress projection. They are mostly connected to
the stress concentration zones, as pointed out by the arrows in Fig 3.20b. This one-to-one
comparison further confirms that the cracks initiate from the tow interfaces, where matrix
is rich and singular geometries of macropores are located. This suggests that if one wants
to limit crack initiation in practical application, two parameters should be well controlled:
(i) the tows must be stacked as regularly as possible to make them well connected at
their borders; (ii) if the macropores between tows are unavoidable in fibrous preforms, the
matrix should be deposited in sufficient quantity so that the local singular geometries are
reduced.
This one-to-one comparison between simulation and experiment (Fig 3.20) suggests
that crack initiation should be located at the stress-concentration zones of PM region that
are adjacent to macropores. On the other hand, according to a Weibull approach, the
larger the considered volume, the higher the probability of failure. The volume fraction
of matrix is much higher in PM region than in TC region, which provides an additional
argument for crack initiation at tow interfaces.
Finally, in order to examine the influence of the braided microstructure on the stress
orientation, the angle γθ is also projected along the radial direction within each sublayer.
Fig 3.21a shows the projection of the external sublayer L4. The same effect of tow orientation as introduced in the sectional views (Fig 3.19) can be observed: the angles larger than
π/2 are mostly located in the +45◦ tows, and those smaller than π/2 in the −45◦ tows.
This can also be confirmed by the probability densities of γθ in either the +45◦ tows or the
-45◦ tows (Fig 3.21b). The +/-45◦ tows have been distinguished using a specific procedure
based on the two groups of micropores defined in section 2.2.3.3 (Chapter II). These statistical distributions highlight the difference in stress orientations between the two groups
of tows. Nevertheless, this difference is very small (4.4◦ between the peak positions), so
that the local stresses are still mainly oriented in the direction of the macroscopic load.
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(a)

(b)

Figure 3.21: (a) Radial projection of the orientation angle γθ in the external sublayer (L4)
of the 45◦ tube. Dashed lines separate the central part from the boundary-affected zones.
The pixels, having no solid phases in their projection paths, are colored in white. The
tow boundaries are depicted with black lines. (b) Probability densities of angle γθ in +45◦
tows and -45◦ tows. All solid phase of the whole tube volume have been accounted for,
except the boundary-affected zones.
3.4.2.6

Influence of micropores on the stress field

In order to check the influence of micropores on the stress field, another simulation is
realized using a unit cell without micropores, i.e. the micropores are considered as solid
phase. The parameters same as those presented in section 3.3 are used in this simulation.
The stress field is compared with that obtained from the reference simulation (unit cell
with micropores included).
The apparent modulus without micropores is slightly higher than that of the reference
simulation (283 GPa versus 277 GPa). In addition, the maximum principal stress value
and orientation are compared to those from the reference simulation (Fig 3.22). Both
quantities are very similar for the simulations with and without micropores. The micropores essentially add local small fluctuations to the heterogeneous stress field induced by the
macropores. The amplitude of these fluctuations does not change the stress distribution
at the scale of braid architecture. This observation suggests that the stress field is mainly
governed by macropores, and micropores are much less critical for crack initiation.
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(a)

(b)

Figure 3.22: Stress field in Rθ − Z plane: comparison between two simulations with and
without the micropores in the microstructure: (a) maximum principal stress σ max ; (b)
orientation angle γθ .
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Stress redistribution induced by cracks

The in situ test provides a possibility for numerical simulations to study the stress redistribution induced by cracks. The cracks have been detected in the reference configuration
(section 2.4, Chapter II). Therefore, the reference microstructure will be used, together
with the cracks detected at a given loading level during the in situ test. The projection of
crack voxels onto their median surfaces (section 2.5 Chapter II) will be used as an input
of FFT simulations.
Unlike the FE methods that could directly mesh the cracks, the FFT method needs to
describe the cracks by voxels with null elastic properties. If the discretization is sufficiently
fine, the local response should be considered as representative. As a second option, the socalled composite voxel technique, recently introduced into the FFT framework ([Gélébart
and Ouaki, 2015; Kabel et al., 2015]), allows for taking into account a homogeneous behavior for the voxels crossed by an interface. In this section, some preliminary tests will
be presented to check the efficiency of this technique in the case of cracks. The simulation
of the damaged microstructure will be conducted and the resulting stress field will be
analyzed.

3.5.1

Preliminary test

3.5.1.1

Composite voxel technique (CV technique)

If one voxel physically contains more than one phase, it is called a composite voxel. In
our case, the composite voxels are the fractured voxels, where the projected elementary
fpc , see section 2.5, Chapter II) are located and made of solid phase crossed by
positions (Λ
a crack surface with some orientation. The CV technique consists in locally homogenizing
the properties of these composite voxels. The CV technique has been proven to be able
to improve the simulation performance by decreasing the so-called spurious oscillations
in a numerical test simulating the interphase of two solid phases [Gélébart and Ouaki,
2015]. However, the use of composite voxels for describing cracks has never been tested.
In AMITEX, three different mixture rules are implemented: Reuss model, Voigt model
and laminate model. Note that Reuss and Voigt models are not appropriate in the case of
cracks, because they could lead to isotropic properties with either null properties (Reuss)
or properties identical to the solid phase (Voigt), as the volume fraction of the crack is
zero. Therefore, focus is put on the CV technique with the laminate model.

Figure 3.23: Illustration of the laminate model for a composite voxel
Let us consider a composite voxel that is traversed by a thin crack (Fig 3.23). The
crack is locally approximated by a plane described by its normal vector n. In the laminate
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model, stresses and strains are constant per phase, and the composite voxel is subjected
to two continuity conditions: a traction that is continuous in the normal direction (σ · n),
and a strain that is continuous in the plane of interfaces (t · ε · t). Thus, the stiffness of the
composite voxel is released only in the normal direction n. The homogeneous property of
the composite voxel is obtained by considering the two continuity conditions, as well as
the volume fractions of the different phases. In practice, the volume fraction of crack in
the composite voxel is set to be very small (10−3 ), instead of exactly zero, for the issue of
numerical implementation.
3.5.1.2

Validation test of the CV technique

An artificial penny-shaped crack within a homogeneous medium is generated to compare
the results with and without the CV technique. If the CV technique is not used, the
cracked voxels are considered as totally fractured and their stiffness is released to zero in
all directions. Note that this approach can also be regarded as a CV technique with a
Reuss model. The penny-shaped crack is centered in the unit cell and rotated by 30◦ with
respect to the Y-axis (Fig 3.24a). Its diameter is 0.4 times the side length of the solid
cube.
Two numerical tests have been performed over this a cracked medium (Fig 3.24b),
both with and without the CV technique: tension in the normal direction of the crack
(fracture mode I) and shear along the plane of the crack (fracture mode II and III). Two
stress tensors (σij = 0 for i, j = 1, 2, 3, except σ33 = 2 MPa for tension and σ13 = 2 MPa
for shear) are transformed into the image coordinates from the crack local coordinates,
using a rotation matrix (relative angle of 30◦ ). These tensors define the applied average
stresses over the cracked medium.

(a)

(b)

Figure 3.24: (a) Illustration of a penny-shaped crack inside a cubic unit cell; (b) Tests of
two loading conditions: tension (in red) and shear (in blue).
For the tension test (Fig 3.25a), the stress fields resulting from the two simulations
exhibit no obvious difference. The CV technique seems to slightly reduce the spurious
oscillations.
However, the shear test results in considerably different stress fields between the two
simulations (Fig 3.25b). The CV technique leads to very strong oscillations around the
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composite voxels. The reason for these strong oscillations is not clear yet, but they are
believed to be related to the fact that the non-null transverse stiffness within the composite voxels may enhance the discretization effect under shear load. In addition, the
concentrated stresses at the crack tip also differ between the results with and without the
CV technique.

(a) tension

(b) shear

Figure 3.25: Simulation results with and without the composite voxel technique.
In the absence of an analytical solution on such periodic penny-shaped cracks, it is
common to consider that a relevant simulation should converge when the discretization
of the microstructure becomes sufficiently fine. Therefore, we check the efficiency of the
two simulations of shear tests through their convergences over image resolution. The
latter is expressed as the number of voxels in one side of the cubic unit cell. In order to
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quantitatively examine the stress field, the profiles of shear stresses (σ13 ) are plotted in
Fig 3.26 along three orthogonal straight lines (LtX , LtY and Ln ) in the principal axes (tX ,
tY and n, respectively in Fig 3.25b) around a chosen crack border. The profiles obtained
without the CV technique converge rapidly over the increasing image resolution. On the
contrary, the profiles obtained with the CV technique do not exhibit a clear convergence,
even with a quite high resolution (∼ 4003 voxels). The reason for this resolution-dependent
property of the CV technique for shear loading is unclear.
To summarize, the efficiency of the CV technique, in the case of cracks, strongly
depends on the loading direction: it helps to slightly reduce the spurious oscillations for
tensile load; nevertheless, for shear load, the CV technique results in strong oscillations
around the crack surface and it makes the stress field dependent on the image resolution.
Therefore, the CV technique will not be used in further simulations. The cracks will be
represented by homogeneous voxels, with their stiffness equal to zeros in all directions. As
a future work, it could be interesting to pursue this investigation with crack regularization
approaches, as proposed by [Miehe et al., 2010].
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(a)

(b)

(c)

Figure 3.26: Profiles of σ13 in the unit cell under shear for different image resolutions: (a)
along Ln ; (b) along LtX ; (c) along LtY .

3.5.2

Simulation on a damaged microstructure

Now we discuss the effect of the detected cracks on the stress redistribution in the microstructure. As a first step, only the experimentally detected cracks are accounted for in
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the simulation, without the interfacial degradation (debonding, sliding). The simulation
will be conducted in the reference configuration, using the cracks detected at the last loading level (tension of 204 MPa). The objective is to examine the influence of the detected
cracks on the degradation of macroscopic properties.

3.5.2.1

Computation

A unit cell is generated from the tomographic image of the 45◦ tube using the procedure
presented in section 3.1. Crack voxels have been detected and their positions are projected
onto the median surface (see section 2.5, Chapter II). We choose to use the voxels confpc ) detected at the last loading step. The stiffness of these
taining the projected points (Λ
voxels vanishes (null elastic properties). The simulation of such a damaged microstructure
is conducted by AMITEX using the same parameters as presented in section 3.3.
As shown in section 2.5, two types of cracks have been distinguished during the experimental characterization: circumferential cracks and in-plane cracks. In order to examine
the respective influences of these two types of cracks, three simulations are conducted by
taking into account either one of them or both of them.

3.5.2.2

Results

First, macroscopic apparent Young’s moduli are evaluated for the three cases, and compared to the values from the undamaged simulation and to the experimental measurements
(Table 3.2). Note that the experimental modulus in the damaged state is evaluated as
the stress-strain ratio at the corresponding point in the stress-strain curve (Fig 1.7, section 1.1.4, Chapter I). The simulated Young’s moduli for the damaged microstructures
only slightly decrease with respect to the reference value (265 GPa). This decrease should
be mainly due to circumferential cracks, because adding in-plane cracks into the simulation almost does not change the macroscopic modulus. The modulus of the simulation
without damage is larger than the experimental one, as discussed in section 3.2.2. Moreover, the decrease of the simulated modulus is much smaller than that measured from the
experimental stress-strain curves.

simu

E
(GPa)
E exp (GPa)

reference
265
183

circum. cracks
256
-

in-plane cracks
263
-

both
255
21

Table 3.2: Macroscopic apparent Young’s moduli evaluated from the simulations, compared with the experimental values.
Note that the experimental secant modulus (stress-strain ratio) is not a measurement
of the elastic modulus of a readily damaged material. Hysteresis stress-strain curves could
help to measure the latter [Burr et al., 1995; Steen and Valles, 1997]. According to a cyclic
tensile test in [Bernachy-Barbe, 2014], the slope of the top portion of the hysteresis loop
(beginning of unloading stage) provides a modulus that is nearly twice higher than the
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secant one. However, even if this factor of 2 is taken into account, the simulated modulus
of the damaged microstructure is still much higher than the experimental one.
If the discrepancy for the initial apparent Young’s modulus can be attributed to the bad
geometric description of the pore edges, as discussed in section 3.2.2, the large discrepancy
observed for the last step should be mostly attributed to the undetected fractures along
the interfaces (PyC layer between fibers and matrix) that is well-known to govern the
damage behavior in CMCs (e.g. [Naslain, 1998; Sauder et al., 2010]).
In addition, we examine the effect of the circumferential cracks on the local stress
distribution. Sectional views of the damaged stress fields are shown in Fig 3.27, in comparison with the result of the undamaged simulation. The cracks locally reduce the stress
concentrations around the tow interfaces (examples highlighted by circles), but the overall
distribution of stresses is not significantly changed.

Figure 3.27: Sectional views in the Rθ − Z plane of stress fields: comparison between the
simulations on undamaged and damaged microstructures. Examples of stress redistribution due to cracks are circled.
These results demonstrate that the detected cracks are clearly insufficient to explain
the degradation of the elastic modulus. Interfacial fractures must be accounted for in the
simulation. Nonlinear local constitutive laws can be introduced to model the damage evolution at different scales. This requires dedicated developments on the multiscale modeling
of the damage behavior of the material, which is not included in the present work.
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Simulations on the 30◦ and 60◦ tubes

Undamaged simulations have also been performed over the 30◦ and 60◦ tubes. The unit
cells have been generated from the tomographic images using the same procedure as that
presented in section 3.1. The boundary-affected zone (section 3.2.3) has been quantified
for the two unit cells. A distance of 250 voxels to the boundaries results in boundary
effects of 5% and 4% for the 30◦ and 60◦ tubes, respectively. The stress fields from the
two simulations are post-processed using the procedures presented in section 3.4, and the
results will be analyzed in Chapter IV to investigate the braiding angle effect on damage
initiation.
The macroscopic apparent elastic moduli of the three simulated tubes are given in
Table 3.3 and compared to the experimental values.

E simu (GPa)
E exp (GPa)

30◦ tube
276
264

45◦ tube
265
193

60◦ tube
230
156

Table 3.3: Macroscopic apparent Young’s modulus evaluated from the simulations, compared with the experimental values
The simulations reproduce the order of magnitude of the apparent Young’s moduli
of the three tube. However, the smaller the braiding angle, the smaller the discrepancy
between simulation and experimental results. This could be explained by following the
discussion in section 3.2.2. In fact, the stress state is more sensitive to the morphology
of pores, when the loading axis is in the transverse direction of pores than when it is
in the axial direction, as demonstrated by the numerical simulations on minicomposites
[Chateau et al., 2015]. The narrow pores should follow the spatial evolution of fiber tows,
so they should be more parallel to the loading axis in the tube with a smaller braiding
angle, which leads to a smaller discrepancy between the simulated apparent modulus and
the experimental measurement.
Though the angular edges of pores may not be sufficiently described, the main heterogeneities, induced by the detected large pores, should be well reproduced in the numerical
simulations, so that the resulting stress fields can be used for studying damage initiation
in all three tubes.

3.6. Simulations on the 30◦ and 60◦ tubes

124

Summary
In this chapter, FFT simulations were applied to the studied composite tubes. Unit cells
of real microstructures were generated from the tomographic images obtained from the in
situ tensile tests. In order to examine the efficiency of the FFT method on the tubular
microstructure, several validation tests were conducted:
- FFT methods usually take cuboid unit cells (regularly discretized) as inputs for the
geometry of studied microstructure, and apply periodic boundary conditions, which
is not, at first glance, suitable for simulating a tubular microstructure. Here, the
tube was immersed in the cuboid unit cell and null elastic properties were attributed
to the regions outside the tube volume. For validating this approach, numerical
experiments under tension and internal pressure were performed over homogeneous
tubes. The simulation results were in good agreement with the theoretical solutions,
and hence proved that the FFT simulation over cuboid unit cells is able to reproduce
the stress field within tubular microstructures. This result demonstrates, to some
extent, the potential use of FFT methods for structural analysis, at least on simple
structures under simple loading conditions.
- The image resolution is an important parameter influencing the simulation quality.
Different reduced image resolutions were created using the initial one from the tomographic image. It appeared that slightly reducing the image resolution did not
significantly affect the results as long as the overall porosity is preserved. However,
it must be kept in mind that the tomographic image resolution (2.6 µm/voxel) might
be insufficient to precisely describe the angular edges of pores, which could have nonnegligible effects on the macroscopic behavior and explain the discrepancy between
computed moduli and experimental ones. This is in particular true in the 45◦ and
60◦ tubes, where the load is locally transferred along a direction perpendicular to
the micopores.
- Thanks to the (pseudo-) periodic microstructure, using periodic boundary conditions, as required by FFT methods, appears to be the most appropriate choice to
reduce the boundary effect. However, the boundary effect cannot be completely
eliminated due to the imperfection of axial periodicity leading to non-matching extremities. To achieve a reliable interpretation on the simulation results, the length
of the zone affected by boundary conditions was quantified: a distance of 250 voxels to the non-matching extremities ensures an accuracy on local fields better than
about 6% for the three tubes. Note that the boundary effect was slight even for
the close-to-boundary zones, so the affected zones are removed only for quantitative
analyses, and they are kept for qualitative observations.
The tensile test on the undamaged microstructure of the 45◦ tube was simulated in
the linear elastic regime. The 3D stress field was analyzed using specific procedures,
coupled with the cracks experimentally detected at the first damaged state (109 MPa).
Statistically speaking, the peripheral matrix (PM) region undertook higher stresses than
the tow-core (TC) region. Also, the stress field showed that macropores were more critical
than micropores for stress concentration. We can conclude that crack initiation appears to
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preferentially occur in the peripheral matrix close to the tow interfaces where the singular
geometries of macropores are mostly located.
It was attempted to take into account the experimentally detected cracks in the numerical simulation. The recently developed CV (composite voxel) technique was tested for
the application of cracks. Preliminary tests showed that this technique was not adequate
to deal with the voxels containing crack phases. Consequently, the composite voxels were
considered as totally fractured, with null elastic properties. Neglecting the interfacial
fractures (debonding, sliding), which cannot be detected from the tomographic images,
the effect of the detected cracks (both circumferential and in-plane cracks) was very low,
compared to the experimental measurement of the secant Young’s modulus. The result
confirmed the importance of the interphases to the overall damage-tolerant behavior of
SiC/SiC composites, and the necessity to use nonlinear computations to model the stress
distribution effects.
Undamaged simulations over the 30◦ and 60◦ tubes were conducted using the same
method as for the 45◦ tube. Comparisons and interpretations of the results will be conducted in the next chapter to investigate the braiding angle effect on damage initiation.

Chapter 4
Braiding angle effects on damage
mechanisms
It has been shown in Chapter I that the braiding angle is an important parameter that
significantly influences the macroscopic behavior of the material in terms of both elastic
limit and ultimate failure. In order to investigate the braiding angle effects on damage
mechanisms, three tubes of different braiding angles (30◦ , 45◦ and 60◦ ) have been tested
under XRCT. Technical details about the experimental approach using XRCT (Chapter II)
and the numerical approach using FFT simulations (Chapter III) have been presented
previously, together with some preliminary results on the 45◦ tube. In this chapter, the
results of all the three tubes will be presented to study the braiding angle effects on
microstructure, damage initiation and damage evolution. Tomography observations will
be used as the main approach, and will be complemented by FFT simulations in the the
elastic regime for investigating damage initiation.
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Microstructural characterization

Macro- and micro- pores have been identified and classified (section 2.2, Chapter II) using
the tomographic images obtained at the undamaged states during the in situ tensile tests.
In this section, various parameters of the pores will be measured, such as volume fraction,
dimension, location and orientation. Using the information on the micropores, the orientation, the periodicity and the undulation of tows will be quantified. This microstructural
characterization will help to understand the damage-microstructure relationships.

4.1.1

Porosity analyses

The detected pores inside the microstructures are classified into three groups: the macropores and the +/- micropores (where the superscript symbols +/- denote their positive or
negative orientations respectively).
4.1.1.1

Overall porosity

The volume fractions of pores in the three tubes, measured by image processing (section 2.2.2 Chapter II), are listed in Table 4.1. The volume fractions of + micropores and
- micropores are quasi-identical and are much smaller than that of macropores in each
tube. Comparing the three tubes, the fractions of each group of pores are similar, only the
30◦ tube exhibits slightly fewer micropores, but this slight difference could be neglected
considering the measurement precision on porosity.
Braiding angle
30◦
45◦
60◦

Vmacropore
10.5%
10.6%
10.7%

Vmicropore+
0.8%
1.2%
1.2%

Vmicropore−
0.8%
1.2%
1.2%

Vp
12.1%
13.0%
13.1%

Table 4.1: Volume fractions of different pores in the three composite tubes.

4.1.1.2

Pore distribution

Profiles along the three main directions Even though the global porosities of the
three classes of tubes are similar, the pore distribution may differ between them. Evolutions of the volume fractions along the three main directions are plotted in Fig 4.1 for
macropores and micropores. Note that only an integer multiple number of axial periods
are used in this analysis (2 for the 30◦ and 3 for the two other tubes). These porosity
profiles can be described as follows:
- The radial profiles (Fig 4.1a and b) exhibit the same number of peaks for the three
tubes at similar relative radial positions. The fluctuation amplitude of macropores
is slightly smaller in the 30◦ tube. For micropores, the 30◦ tube exhibits a clear
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.1: Profiles of volume fraction of pores for macropores (a, c, e) and micropores (b,
d, f), along three main directions; radial direction - (a, b); circumferential direction - (c,
d); axial direction - (e, f). Radial positions are defined relatively to the interface between
braided layers and their values are normalized by the tube thickness. The axial positions
are normalized by the axial period length of each tube.

difference with the two other tubes: its radial fluctuation amplitude is relatively
smaller with a smaller average level, and only two peaks are identified.
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- In the circumferential direction (Fig 4.1c and d), straight lines separate the four
braiding periods along the tube circumference. The fluctuation amplitudes of macropores are similar for the three tubes. If the braiding periodicity is more or less reflected by the evolution of macropores for the 30◦ and 45◦ tubes (same number of
peaks in each period), it is not so clear for the 60◦ tube. For the micropores, the 30◦
tube exhibits again a clear difference with the other tubes: its fluctuation amplitude
is smaller.
- In the axial direction (Fig 4.1e and f), no obvious correlation can be identified for
the evolution of macropores. For the micropores, the 30◦ tube exhibits still a lower
fluctuation amplitude with a lower average level than the other tubes.
In summary, the braiding angle seems to have little effect on the porosity level and distribution. Moreover, comparing the pore distributions in the three main directions, the
axial direction exhibits fluctuations much smaller than the two other directions for both
macro- and micro- pores. This reveals that the braid architectures are less heterogeneous
in the axial direction than the other two. The main apparent difference between the
tubes is related to the microporosity in the 30◦ tube, which is lower and more regularly
distributed.
4.1.1.3

Pore morphology

The 3D visualization of macropores, detailed in Appendix B, shows that they are mostly
interconnected and connected to the inner and outer regions for all the three tubes. Besides
proving the poor leak tightness, this prevents the individual characterization of macropores. On the contrary, micropores are embedded within individual tows, and they are
mostly isolated from each other, so they can be identified individually.
Size of micropores The probability density functions (in number of micropores) of the
characteristic dimensions of micropores are plotted in Fig 4.2. They are deduced from the
inertia tensors calculated for every micropore. The size of a micropore is described by the
maximum distances along the three principal directions, which are called length, width and
thickness according to the descending order of the distances. The statistical distributions
of these parameters are very similar for the three tubes. This suggests that the braiding
angle has no obvious effect on the size of micropores, nor on their morphology. In addition,
it is worth noticing that the peak values of the micropore dimensions are about 30 µm,
7 µm and 4 µm for the length, width and thickness respectively. These values may be
useful for establishing virtual textile microstructures.
Orientation of micropores The orientations of a micropore is calculated from its
inertia tensor, and is defined as the angle between the pore elongation direction and the
tube axis. The average orientation is plotted as a function of their radial position in
Fig 4.3. Note that the radial position of a micropore is defined as the position of its mass
center, and that the elongation directions of micropores are mostly perpendicular to the
radial direction of the tube.
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(a)

(b)

(c)

Figure 4.2: Statistical distribution of the dimensions of the micropores in the three tubes:
(a) length, (b) width, (c) thickness.
The orientation evolution is similar in each braided layer of the three tubes: the angles of
the pores located inside braided layers are slightly higher than those of pores at the layer
boundaries and near the free surfaces. This might be related to the out-of-plane undulation
of tows due to the textile nature. In addition, the average levels of these angles are larger
than the announced values for each of the three tubes (30◦ , 45◦ , 60◦ ). Assuming the tow
orientation can be reflected by the average orientation of micropores, the real braiding
angles of the three tubes can be thus measured, and are given in Table 4.2. This reveals
that the manufacture error has been controlled to within 4◦ .
Tube name
Real braiding angle

30◦
34◦

45◦
49◦

60◦
63◦

Table 4.2: Real braiding angles of the three tubes
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Figure 4.3: Radial evolution of orientation angles (computed as the average of angles
over all the micropores whose mass center is at the same radius) of micropores in the
three tubes: the two curves for each tube represent the two classes of micropores (+/-).
Radial positions are defined relatively to the interface between layers and their values are
normalized by the tube thickness.

4.1.2

Braiding characterization

Axial periodicity As presented in section 2.2.3, Chapter II, on the one hand, the axial
periodicity can be calculated with an ideal braiding model (Eq 2.3) using the measured
braiding angle as given in Table 4.2. On the other hand, the axial periodicity can also be
determined by image correlation between different cross-sectional slices. The two values
are compared in Table 4.3 for the three tubes. The good agreement between the two
groups of values confirms the real braiding angles measured from micropore orientations,
and suggests that at least in the axial direction, the real braid architecture is close to the
ideal one, in which the tows are perfectly uniformly arranged (i.e. the tow spacing is zero).
Tube name
Taxi by an ideal model
Taxi by image correlation

30◦
2.40 mm
2.30 mm

45◦
1.46 mm
1.44 mm

60◦
0.87 mm
0.88 mm

Table 4.3: Axial pattern periods for the three tubes, estimated from an ideal braiding
model or by image correlation.

Tow undulation parameter Furthermore, the out-of-plane undulations of tows might
influence stress distributions and hence crack initiation and growth within the braided microstructure. We choose to quantify the tow undulation as the ratio between the thickness
e of the braided layer and the periodic length P in the tow axis (as illustrated in Fig 4.4):
κ=

e
P

with

P = 2 · Taxi / cos θ∗

(4.1)

where θ∗ denotes the braiding angle. The thickness of braided layer e is estimated from
the radial profiles of porosity (Fig 4.1a). The smaller this quantity is, the straighter the
tow is, and vice-versa. Note that inner and outer layers have similar thicknesses for each
tube, so the tow undulation is calculated using the average layer thickness.
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(a)

(b)

Figure 4.4: Schematic illustrating the thickness of braided layer e and the periodic length
P in the tow axis: (a) view in rθ-plane; (b) view along the tow axis T 1.
The results are given in Table 4.4. The tow undulation is clearly influenced by the braiding
angle: the larger the braiding angle, the higher the undulation, hence the more tortuous the
spatial evolution of tows. This morphological effect of braiding angle should be accounted
for when studying the damage mechanisms in braided composites.
Tube name
κ

30◦
0.08

45◦
0.18

60◦
0.50

Table 4.4: Out-of-plane undulation of tows for each tube.
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Braiding angle effects on damage initiation

In order to study damage initiation, the cracks detected at the first damage states of the
samples during the in situ tests are analyzed in this section. However, due to the poor
temporal resolution, the in situ tomographic images can barely capture the crack onset.
To complement this, the stress fields of numerical simulations are employed.
Unwrapping and radial projection Both the microstructures and the cracks have
complex 3D geometries. Visualizing and interpreting them is not trivial in 3D, especially
in the cylindrical coordinates. Therefore, we choose to firstly unwrap the information
(cracks and microstructure) from the tubular configuration into a cuboid configuration.
The unwrapping method is the same as that used for the periodicity analysis (section 2.2.3
Chapter II). Recall that four thickness sublayers have been precisely defined according to
the radial profiles of macro- and micro- pores. In the unwrapped cuboid configuration, the
information is projected (by either summing for microstructure and cracks or averaging
for stress field) along the radial direction within each of the four sublayers of the tube
thickness. These radial projections within each sublayer allow us to investigate the damage mechanisms with respect to the braid architecture, as demonstrated in section 3.4.1,
Chapter III. In further analyses, only the projections in the external sublayer (L4) of each
tube will be used for presenting the damage mechanisms. Projections for the three other
sublayers can be found in Appendices F and H, where similar conclusions can be extracted.

4.2.1

Experimental observation of crack onset

The detected cracks within the external sublayer (L4) are projected along the radial directions and superimposed onto the projection of the braid architectures (Fig 4.5a). It
is reasonable to assume that the small cracks (highlighted in green) provide information
about crack initiation.
For all the three tubes, small cracks seem to appear close to the tow interfaces. However, it is difficult to exactly capture crack initiation from the experimental approach due to
the poor temporal resolution of the tomographic images. Though the loading levels under
observations are only slightly larger than the elastic limits for the three tubes (Fig 4.5b),
most of the cracks have already significantly grown with respect to their initiation states.
Therefore, the numerical simulations are employed to provide complementary information
for discussing crack initiation.
In addition, we observe in Fig 4.5b that the elastic limit is higher for the tube with a
smaller braiding angle for a similar level of axial strain. The porosity is, however, similar
for the three tubes (Table 4.1). Therefore, such a difference should be mainly due to the
braiding angle effect that generates a significant difference in stress distribution between
the three tubes.
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(a)

(b)

Figure 4.5: (a) Radial projections of cracks within the external sublayer (L4) detected at
the first damaged state of each tube: the small cracks have been manually highlighted by
green lines, and the white lines mark the axial period length of each tube. (b) The loading
levels at which the cracks in (a) are detected.

4.2.2

Elastic stress field

FFT simulations over the same microstructures (at undamaged states) provide the elastic responses of the three tubes under axial strain of 1%. The values of the maximum
principal stresses are calculated, and averaged in the solid phase along radial direction
within each sublayer. To compare the stress heterogeneity of the three tubes, the stresses
in the projections are normalized by the average axial stresses in each tube (map of stress
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concentration factor).

(a)

(b)

Figure 4.6: (a) Radial projections of the values of maximum principal stresses in the three
tubes: the values have been normalized by the average axial stresses (σzz ) in each tube;
cracks detected at the first damaged states are superimposed, and their tips connecting
to stress concentration zones are indicated by circles; dashed lines frame the central parts
where boundary effects of numerical simulations are negligible. (b) Probability density
functions of maximum stresses in three different solid regions (solid - all solid region, PM
- peripheral matrix, cracks - the cracks detected at the first damage state during in situ
test) for the 30◦ , 45◦ and 60◦ tubes.
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Fig 4.6a shows the radial projections of stresses in the external sublayer (L4) of each
tube. A common point for the three tubes is that the highest stresses are localized near
tow interfaces: cross-over interfaces, separated parallel interfaces and connected interfaces,
as illustrated in section 3.4.2.4 of Chapter III. The experimentally-detected cracks have
been superimposed onto these stress projections. Most of crack tips are connected to stress
concentration zones, which suggests that cracks have been initiated at these tow interfaces
for all braiding angles. Comparing the three tubes, the larger the braiding angle, the higher
the stress heterogeneity. In addition to localized high stresses, some unloaded zones can
also be observed around the triple points (see section 3.4.1, Chapter III for definition) of
the braid architectures. The stress state is highly contrasted in these particular regions.
Once more, this effect increases when the braiding angle becomes larger.
Probability density functions of the stresses in different solid regions are given in
Fig 4.6b. A larger braiding angle produces a wider stress distribution in all the three
solid regions, which confirms the direct observations from the radial projections (Fig 4.6a).
Compared to the overall distributions (in the whole solid phase), stresses are more contrasted (containing both higher and lower stresses) in PM regions, and they are even more
contrasted in the experimentally-detected cracks in the 45◦ and 60◦ tubes. The crack region in the 30◦ tube exhibits a slightly lower stress contrast, but it undergoes also higher
stresses like in the two other tubes. This suggests that the crack would mostly initiate in
the PM regions.
Furthermore, we study the distribution of actual stresses (not normalized) in experimentally detected cracks for the three tubes (Fig 4.7). The stress field of each tube is
rescaled to the macroscopic elastic limit to make the stress values physically meaningful
(see section 3.4.2.1 Chapter II): these stress fields are representative of the actual stresses
in the composite tubes when the first damage events occur. It is remarkable to observe
that, despite the very different stress distribution functions in the three tubes (narrow
distribution in the 30◦ tube and very wide one in the 60◦ tube), the right tails of these
distributions do coincide. This provides strong credits to the idea that the crack onset
is controlled by critical stresses at local scale ant that this critical stress is very similar
in the three tubes. The precise determination of this critical stress would require a more
sophisticated statistical analysis of the stress field near the cracks. We can nevertheless
reasonably guess that the critical value would be of the order of 350 MPa, and certainly
less than 500 MPa.
To summarize, on the one hand, braiding angle seems to have no effect on the location
of crack onset, i.e. for all the three tested braiding angles, the cracks seem to initiate
from the tow interfaces, where the peripheral matrix is rich and the stresses are localized.
Similar conclusion on the crack onset location has also been suspected from the strain field
of a triaxial braided SiC/SiC tube under internal pressure [Croom et al., 2017]. On the
other hand, the difference in stress distribution, induced by braiding angle, could explain
the difference in elastic limit of macroscopic behavior: a larger braiding angle leads to
higher concentrated stresses at tow interfaces, hence promotes early crack initiation in a
tube under axial tensile load.

Additional observation: stress orientation The braiding angle influences not only
the values of maximum principal stresses, but also their orientations. However, this ef-
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Figure 4.7: Probability density functions of maximum stresses in the cracked zones detected at the first damage state during in situ test for the three tubes.
fect is not useful for investigating crack initiation, so the related results are moved into
Appendix G.
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Braiding angle effects on damage growth: qualitative observations

In this section, we study different crack characteristics with respect to the braid architectures, in order to analyze the effect of braiding angle on crack propagation. The cracks
detected in the three tubes will be visualized in 3D to have a first qualitative view of the
crack networks. To facilitate the interpretation of the complex crack networks embedded
in the complex microstructures, projections and 2D slices in different directions will be
analyzed. The 45◦ tube will be presented as the reference material, then the two other
tubes will be analyzed.

4.3.1

Two crack families

In order to illustrate the 3D geometries of cracks, a certain number of cracks detected
in each tube are depicted in 3D in Fig 4.8. The local orientation of each crack voxel is
calculated through inertia tensor, and it is displayed using the angle γr between the normal
direction and the radial axis er .
As presented in section 2.5.1, Chapter II, the cracks can be classified into two families:
(i) circumferential cracks, which mainly grow along the tube circumference, and whose
normal direction is parallel to the axial direction in overall; (ii) in-plane cracks that grow
along the tube wall, and whose normal direction is mainly in the radial direction.
A simple threshold on the orientation angle γr is sufficient to separate the circumferential and in-plane cracks in the 30◦ and 45◦ tubes: the voxels with γr > π/4 belong to the
circumferential cracks, and those with γr < π/4 belong to the in-plane cracks. However,
in the 60◦ tube, there are only very few in-plane cracks and their extension is small (depicted in blue in Fig 4.8), which makes the crack classification by angle thresholding very
sensitive to the singular geometries of the in-plane cracks. Therefore, the cracks detected
in the 60◦ tubes will not be classified in further quantitative analyses. Nevertheless, the
relationship between the two crack families will be qualitatively discussed in section 4.3.4,
similarly to the two other tubes.
The 3D views (Fig 4.8) suggest that these two families of cracks are seemingly connected
to each other, and one in-plane crack may be connected to at least one circumferential
crack in the 30◦ and 45◦ tubes. Waviness can be observed on the circumferential cracks in
the three tubes, but the waviness amplitude clearly increases with braiding angle.
Note also the cracks in the 60◦ tube might have not fully propagated (comparatively
to the two other tubes), since the strain of the last loading step is well below the expected
strain to failure (the DVC-measured value is even smaller than the announced one on the
reference stress-strain curves, see section 2.6 Chapter II). In fact, loading the 60◦ tubes
close to the ultimate strain level is more difficult than the two other tubes. This is because
once the 60◦ tubes start to damage, their mechanical strength does not significantly increase, and their ultimate strains are not reproducible, as observed from the two reference
tests (see section 1.1.4, Chapter I). The in situ test has been stopped at the last loading
step, without continuing up to sample failure.
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Figure 4.8: 3D visualization of the 500 largest cracks detected at the last loading step in
each tube; the color map represents the angle γr between the normal direction of cracks
and the radial axis er ; the green cylinder represents the boundary surface between the two
braided layers; the macroscopic strains are marked on the macroscopic curves (red points).

4.3.2

Damage mechanisms in the 45◦ tube

The radial projections of circumferential and in-plane cracks in the external sublayer of the
45◦ tube are shown in Fig 4.9. The tube microstructure is also projected and superimposed.
To illustrate a typical damage propagation scenario with respect to the 45◦ braid
architecture, we focus on one crack from the first loading step (circled in white). A
circumferential crack appears and grows in the circumferential direction. Then an inplane crack appears and seems to be connected to the circumferential cracks. It develops
inside the tow. The development of the in-plane crack seems to be guided by the adjacent
fibers.
More generally, circumferential cracks are detected prior to in-plane cracks. After
being initiated near tow interfaces, they grow in the circumferential direction and may
cross interfaces to neighboring tows. Their normal direction is generally perpendicular to
the loading direction (tube axis), but some fluctuations of this orientation (waviness) can
be observed, especially near the tow interfaces. An example is marked in Fig 4.9 by the
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three white arrows showing the local normal directions of the considered crack.
As for in-plane cracks, they seem to appear after circumferential cracks have grown.
Their propagation is mostly stopped at the parallel interfaces of tows (see section 3.4.1,
Chapter III for definition). In order to check how in-plane cracks propagate in tows farther
than the considered sublayer (L4), the projection of the underneath part (L3) is also shown
in Fig 4.9. It suggests that in-plane cracks are also stopped by cross-over interfaces, i.e.
they do not propagate between the two adjacent sublayers L3 and L4, which is highlighted
by the blue arrows in Fig4.9. The dotted light blue line represents a cross-over interface
that can be seen in both L3 and L4. In L4, there is clearly an in-plane crack (circled in
light blue) that is not visible in L3. This suggests that there is no inter-tow damage (cracks
in-between tows) in the 45◦ tube. Note that the real braid architecture exhibits spatial
fluctuations, leading to small biases in the sublayers (illustrated in Fig 2.17 in Chapter II).
This effect is more severe for the inside sublayers (L2 and L3) than the outside ones (L1
and L4), which can explain some spurious in-plane cracks observed in L3 (an example is
pointed out by the black arrow in L3).
To check the connection between in-plane and circumferential cracks suggested by the
radial projections, one longitudinal slice in rz-plane is shown in Fig 4.10 for each loading
step. A circumferential crack appears first in the peripheral matrix of the outer free surface
of the tube, and starts to deviate at the third loading step. The crack then becomes an
in-plane crack. Such a scenario is observed for most in-plane cracks. This suggests that
in-plane cracks are the result of the deviation of circumferential cracks within tows.
Combining the observations of radial projections and the longitudinal slices of these inplane cracks (Fig 4.9), we can conclude that the in-plane cracks propagate inside tows, but
not in-between tows. Their intra-tow location is also confirmed by observing 2D crosssectional slices (Fig 4.11). The in-plane cracks seem to propagate from one micropore
to another inside the tow. Moreover, this intra-tow growth path likely separates the PM
region from the TC region for some in-plane cracks (white arrows in Fig 4.11)), and appears
in the center of tows for others (light blue arrow). These in-plane cracks are suspected to
be related to a fiber reorientation effect that has been evidenced from surface observations
in [Bernachy-Barbe et al., 2015b].
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Figure 4.9: Radial projections of the circumferential (red) and in-plane (blue) cracks
detected in the sublayer L4 (for the five loading steps) and the sublayer L3 (for the fifth
loading step) of the 45◦ tube. The corresponding braid architectures are also projected
and superimposed. The three white arrows address the variation of crack orientation; the
blue arrows mark out one same tow in the two adjacent sublayers L3 and L4; The circled
crack is discussed in the main text, and it will be further observed from the longitudinal
slices along the segment A.
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Figure 4.10: Longitudinal slices (rz-plane) along the segment A (shown in Fig 4.9), showing
the circumferential (red) and in-plane (blue) cracks for every loading step of the 45◦ tube.
The micropores are colored differently according to their orientation (+/- 45◦ , light blue
and green respectively), so that the braid architecture can be recognized.

Figure 4.11: Cross-sectional slice showing in-plane cracks appearing at different radial
positions (pointed by arrows). Tow boundaries are marked by red lines.
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Furthermore, it seems that the circumferential cracks cannot deeply penetrate into the
tow thickness. To confirm this, we visualize the whole circumferential crack that is circled
in Fig 4.9. The projections of this selected crack along the axial direction are shown
in Fig 4.12 for different loading levels. In addition, assuming the micropores are mostly
embedded among fibers inside tows, this projection of micropores helps to distinguish the
tow-core region from the peripheral matrix.
The crack propagation scenario mentioned above is confirmed by these axial projections
as well: first a circumferential crack appears in the peripheral matrix, then it growths
mainly in the circumferential direction. It propagates very slightly in the radial direction,
and then is deflected into the in-plane crack (blue) along a single tow (with the orientation
in green). The whole crack cannot penetrate through the tow-core regions. It must
however be kept in mind that very slightly opening cracks inside the tows may probably
not be captured by the detection procedure. Nevertheless, this experimental observation
demonstrates at least that the fibers in the 45◦ tube can efficiently prevent the opening
of matrix cracks in tow-core regions. The fibers likely deflect the matrix cracking into
the plane of the composite, resulting in in-plane cracks, and hence preventing transverse
damage from growing into the tow thickness.

Figure 4.12: Axial projections of a chosen region in the 45◦ tube, with circumferential and
in-plane cracks colored in red and blue respectively. The location of the projected volume
is indicated in the radial projection at the top left of the figure. The braid architecture is
also projected and superimposed, and the micropores are colored differently according to
their orientation (+/- 45◦ , light blue and green respectively) so that the braid architecture
can be recognized.
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Damage mechanisms in the 30◦ tube

In the 30◦ tube, circumferential and in-plane cracks can also be identified, and their
propagation scenario is similar to that in the 45◦ tube. Their projections along the radial
direction within the external sublayer (L4) are shown in Fig 4.13. The circumferential
cracks propagate along the tube circumference since the first loading step that is at the
very beginning of the nonlinear regime. They can also cross interfaces from one tow to
the neighboring ones, but their growth paths are straighter than those in the 45◦ tube.

Figure 4.13: Radial projections of the circumferential (red) and in-plane (blue) cracks
detected in the sublayer L4 (for the six loading steps) and the sublayer L3 (for the sixth
loading step) of the 30◦ tube. The corresponding braid architectures are also projected
and superimposed.
The in-plane cracks are detected much later (∼ 0.55% of axial strain, i.e. ∼ 80% of the
ultimate strain). In addition, the in-plane cracks are localized in only three tows. They
also mostly stop to propagate at the parallel and cross-over interfaces of tows, as shown
by the radial projection in the underneath sublayer L3 (see Fig 4.13). Though a small
in-plane crack observed in L3 (circled in the figure) seems to have originated from the
propagation of that in L4, its growth is very limited even for the last loading step.
In order to observe crack growth in the radial direction, the longitudinal slices in rz-
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plane along two segments A and B (shown in Fig 4.13) are shown in Fig 4.14. In the
slices along the segment A, the deflection of circumferential cracks into in-plane cracks is
observed, similarly to what was observed in the 45◦ tube. The in-plane cracks can connect
several neighboring circumferential cracks. Once more, the propagation path of the inplane cracks is inside the tows, but not in-between the tows. In particular, the intra-tow
growth path of in-plane cracks in the 30◦ tube seems to separate the peripheral matrix
from the tow-core region.
In the slices along the segment B, the circumferential cracks exhibit a relatively uniform
distribution in the axial direction, especially on the outer free surface of the tube. In
addition, many of them can be associated with another crack that is located on the other
side of the tow at the same axial position. These cracks in pairs are marked by the triangles
in Fig 4.14, and it looks like as if they grow into the tow-core region, even though they
are not exactly detected in this region.

Figure 4.14: Longitudinal slices along the two segments A and B (see Fig 4.13) in the 30◦
tube at different loading steps. The micropores are colored differently according to their
orientation for visualizing the braid architecture. The triangles point out the cracks in
pairs discussed in the main text, and one of them (circled) will be further observed from
axial projection in Fig 4.15.
To check whether circumferential cracks penetrate into the tow-core regions in the 30◦
tube, the cracks circled in Fig 4.14 are projected along the axial direction, together with
the surrounding braid architecture (Fig 4.15). Two circumferential cracks are detected
independently on the two sides of the tow. Then they both grow in radial and circumferential directions. Unlike in the 45◦ tube, the tow-core region seems to be cracked (pointed
out by black arrows), when the damage is sufficiently developed (step 4, ∼ 0.5% of axial
strain). This could be compared to the damage evolution scenario observed in minicomposites [Chateau et al., 2011]: without being deflected, the circumferential cracks may
propagate from peripheral matrix into tow-core region.
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Figure 4.15: Axial projections of a chosen region in the 30◦ tube, with circumferential and
in-plane cracks colored in red and blue respectively. The location of the projected volume
is indicated in the radial projection at the top left of the figure. The braid architecture is
also projected and superimposed, and the micropores are colored differently according to
their orientation (+/- 30◦ , light blue and green respectively) so that the braid architecture
can be recognized.

4.3.4

Damage mechanisms in the 60◦ tube

Zig-zag crack pattern In the 60◦ tube, another crack propagation path is observed.
Fig 4.16 shows the radial projections of the cracks detected in the external sublayer L4 of
the 60◦ tube at different loading steps. After being initiated at tow interfaces, cracks in the
60◦ tube grow only along the tow interfaces, which is clearly different from the propagation
paths in the two other tubes. These inter-tow cracks change their propagation direction at
triple points, e.g. if a crack propagates initially along a parallel interface, its propagation
direction will change to follow the neighboring cross-over interface. At the last loading
step, almost all the tow interfaces (parallel and cross-over) are cracked. Moreover, some
inter-tow cracks tend to grow inside the tows, especially those propagating along the crossover interfaces (an example is pointed out by arrows in Fig 4.16). This zig-zag growth
path of the inter-tow cracks explains the strong waviness observed in the 3D visualization
(Fig 4.8).
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Figure 4.16: Radial projections of the cracks (red) detected in the sublayer L4 of the 60◦
tube at various loading steps. The corresponding braid architectures are also projected
and superimposed. A typical zig-zag propagation path is circled. Arrows outline a crack
that tends to grow inside a tow after its inter-tow propagation. Further longitudinal slices
will be observed (in Fig 4.17) along the two segments A and B.
Radial propagation For investigating how these zig-zag cracks propagate through the
tube thickness, longitudinal slices in rz-plane along the two segments A and B (defined in
Fig 4.16) are shown in Fig 4.17 for three loading steps. The two series of slices show crack
propagation in the parallel and cross-over interfaces of tows, respectively. Both cracks
significantly grow through the tube thickness along the parallel or cross-over interfaces.

150

4.3. Braiding angle effects on damage growth: qualitative observations

The propagation along cross-over interfaces leads to a crack orientation different from
that of the circumferential cracks in the two other tubes (30◦ and 45◦ ), which explains
the small population of in-plane cracks observed in the 3D visualization of the 60◦ tube
(Fig 4.8). However, unlike the two other tubes, the cracks in the 60◦ tube cannot be
separated into two groups (circumferential and in-plane cracks). In fact, these cracks,
whose normal direction is not parallel to the tube axis, are only the radial propagation of
inter-tow damage, rather than the deflection as observed in the two other tubes. Note that
the inter-tow propagation (Crack 1) shown in segment B tends to slightly change the path
to penetrate the adjacent tow, and another inter-tow crack (Crack 2) seems to appear on
the other side of the tow.

Figure 4.17: Longitudinal slices along the two segments A and B (defined in Fig 4.16) in
the 60◦ tube at different loading steps. The micropores are colored differently according
to their orientation to visualize the braid architecture.
The axial projections of around the cracks circled in Fig4.16 are given in Fig 4.18
for several loading steps. Three zones are distinguished according to the interface type:
zone 1 and zone 3 are cross-over interfaces, and zone 2 is a parallel interface. The crack
seemingly appears first along the parallel interface. Then, when it crosses a triple point, the
crack propagates along the neighboring cross-over interface. In zone 2, the inter-tow crack
totally penetrates the tow interface, but it is arrested by the underneath intersecting tow
(no crack deflection as shown in Fig 4.17 for segment A). In zone 1, the radial projection
(Fig 4.18a) shows that the crack is off the interface path, i.e. it propagates inside the tow.
The axial projection of this zone (Fig 4.18b) shows that this intra-tow cracking is limited
to the peripheral matrix. Lastly, in zone 3, the crack radially propagates through the tube
thickness. From Fig 4.17 (segment B), we can conclude that this radial growth is due to
the propagation along the cross-over interface and into the underneath tow.
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Figure 4.18: (a) A part of the radial projection of the 60◦ tube, showing the location (white
rectangle) of the axial projection in (b). (b) Axial projections of cracks (red) within the
chosen zone indicated in (a), with the micropores also colored differently according to their
orientation (+/- 60◦ , light blue and green respectively).

4.3.5

Summary and discussion of qualitative observations

Matrix cracking has been qualitatively observed at mesoscale in three braided composite
tubes (30◦ , 45◦ and 60◦ ). The qualitative observation shows that the orientation and
growth path of matrix cracks are controlled by both the loading direction and the braid
architecture. A comparative overview of the three crack patterns is presented in Fig 4.19.
Crack growth paths may be intra-tow or inter-tow depending on the braiding angles.
Intra-tow cracking in the 30◦ and 45◦ tubes
In the 30◦ and 45◦ tubes, the matrix cracks follow intra-tow propagation paths, which
are affected by the braiding angle. The peripheral matrix breaks to create circumferential
cracks, which are mainly oriented by the loading direction. They are straighter (perpendicular to the loading direction) and more regularly distributed in the 30◦ tube than in
the 45◦ tube. This may be explained by the difference in stress heterogeneity induced by
macropores, as well as the out-of-plane undulation of tows, which is higher in the 30◦ braid
than in the 45◦ braid, as presented in section 4.1.2. The undamaged simulations (Fig 4.6)
showed that a smaller braiding angle produced a more homogeneous stress field. If we
assume that this effect is not significantly changed after damage nucleates, the stress field
would be more heterogeneous in the 45◦ tube than in the 30◦ tube, especially at singular
geometries, such as tow interfaces. Consequently, the propagation path of circumferential
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Figure 4.19: Radial projections of the cracks detected at the last loading step in the
external sublayer of each tube. Circumferential and in-plane cracks are respectively colored
in red and blue for the 30◦ and 45◦ tubes. Cracks are unclassified in the 60◦ tube and all
are colored in red.

cracks could be more influenced by the textile microstructure in the 45◦ tube than in the
30◦ tube. However, the undamaged simulations cannot prove this assumption, further
analyses are required.
Then, the intra-tow cracks can be deflected by adjacent fibers when they attempt to
grow into the tow-core region, leading to the observed in-plane cracks. Such cracks are
strongly influenced by the braiding angle in terms of population: they are much more
numerous in the 45◦ tube than in the 30◦ tube. This may be related to the influence
of morphology of micropores. As reported in [Chateau et al., 2015], the macroscopic
behavior of a minicomposite is strongly influenced by the relative orientation between the
loading axis and the elongation direction of micropores. If the loading direction is parallel
to micropores (fiber direction), local stress concentration should be minimum, and it is
maximum when they are perpendicular. In the case of braided composite tubes under
axial tension, the +/-45◦ micropores should result in higher stress concentrations than the
+/-30◦ ones. As a result, once circumferential cracks arrive inside tows (near micropores),
they should be more easy to be deflected in the 45◦ tube.
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Inter-tow cracking in the 60◦ tube
In the 60◦ tube another damage mechanism is activated under tensile load. Crack growth
path is more influenced by the microstructure than the two other tubes (30◦ and 45◦ ).
The cracks propagate along tow interfaces, which exhibit a zig-zag crack pattern, i.e.
their propagation direction changes at triple points. This zig-zag crack pattern has also
been recently reported for carbon/epoxy triaxial braided composites [Wehrkamp-Richter
et al., 2017]. However, unlike the carbon/epoxy composites, where other cracks were also
observed (through-thickness cracks inside tows and braided layer delamination), the intertow cracks are the main observed damage mechanism in the +/-60◦ SiC/SiC composite
tube. It seems that the inter-tow cracks at parallel interfaces cross these interfaces and
are stopped by the adjacent intersecting tows, and those at cross-over interfaces tend to
propagate inside tows at the last loading step. Last, it could be presumed that these
inter-tow cracks could release the interface connections between tows, and hence promote
their realignment to the loading direction.
Unobserved damage events
It is necessary to address other critical damage mechanisms that have not been observed
from the in situ tensile tests of the three braided composite tubes. Firstly, no delamination
between two braided layers was observed. In-plane cracks were detected in the 30◦ and
45◦ tubes, but they were inside tows, hence no delamination between two braided layers.
In the 60◦ tube, the dominant cracks were inter-tow cracks, whose propagation seemed to
be limited and no delamination cracks were observed at the boundary of the two braided
layers neither.
Secondly, fiber breakages were not observed in the three tubes, even at the last loading
steps. Note that if a fiber is fractured producing a large enough opening (> 1 voxel)
between the two broken fiber ends, it should be detectable by the current image resolution
(2.6 or 2.85 µm), because the fiber section area (∼150 µm2 , i.e. ∼20 voxel2 or diameter of
∼4 voxels) occupies a non-negligible number of voxels. The observation on minicomposites
[Chateau et al., 2011] showed that the distance between the two broken fiber ends could
vary from 7 µm (∼2.5 voxels) up to 50 µm (∼18 voxels), and that fiber breaking seemed
to occur after matrix cracking with a rather low density and a uniform distribution near
matrix cracks. Therefore, despite the limitation of the crack detection procedure, the
observation on fiber breakages should be reliable, i.e. no obvious fiber breakages are
detected in the three tested tubes until the last loading step.
Lastly, fiber-matrix interfacial degradations cannot be observed by the current image
resolution and contrast, but they must exist to produce the nonlinear macroscopic behavior
of the material.
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Braiding angle effects on damage evolution: quantitative investigations

In this section, we provide quantitative measurements on the damage evolution in space
and time for the three tubes. These quantitative studies will help to analyze the braiding
angle effect in a more precise way, and additionally they may serve as relevant arguments
for establishing damage models based on micromechanics.

4.4.1

Overall description of damage growth

4.4.1.1

AE cumulative energy and crack surface density

AE acquisition has been performed for the three in situ tests. The cumulative AE energy
is analyzed here. Fig 4.20 shows the evolutions of AE energies for the three classes of
tubes tested under different loading machines and different AE acquisition systems. The
curves recorded from macroscopic tests (section 1.1.4, Chapter I) are quite reproducible
(for the 30◦ and 60◦ tubes), but that of in situ test exhibits more scatter, which could be
related to the step by step loading procedure. Nevertheless, the overall evolution tendency
is similar for each class of tubes. Note that the AE curve recorded during in situ test for
the 60◦ tube exhibits a second inflection point, such a scatter is believed to be related
to the noises emitted by the loading machine. In fact, AE monitoring should be more
sensitive to environmental noises in the 60◦ tube than in the two other tubes, because the
loading force is much lower for the 60◦ tube, making the damage events in the composite
tube occur when the components of the loading machine are still not perfectly in contact,
hence AE signals might be polluted by noises due to contact or friction between machine
components.

Figure 4.20: Evolution of cumulative AE energy for three classes of tubes, recorded during
the reference and in situ tests.
The braiding angle clearly influences the damage evolution within the composite tubes.
For all tubes, they exhibit a first fast increasing stage, then their rate decreases. After

Chapter 4. Braiding angle effects on damage mechanisms

155

the first stage, saturation of cumulative AE energy can be observed for the 30◦ and 45◦
tubes. Moreover, the saturation tendency is more pronounced for the 30◦ tube than for
the 45◦ tube. However, the cumulative AE energy in the 60◦ tube does not saturate, only
its increasing rate decreases slightly. This difference could be due to the two different
networks of microcracks activated in different tubes: intra-tow cracking in the 30◦ and 45◦
tubes and inter-tow cracking in the 60◦ tubes. However, it is difficult to further reliably
interpret such AE curves, because different damage mechanisms are not distinguished from
AE energies.
The crack surface density (see Fig 4.21) has been evaluated in the three tubes from
the tomographic images using the image processing presented in section 2.5. For the 30◦
and 45◦ tubes, the circumferential and in-plane cracks are separately analyzed, while all
detected cracks are globally taken into account in the 60◦ tube.

(a)

(b)

Figure 4.21: (a) Evolution of crack density ρ in the three tubes. The circumferential and
in-plane cracks in the 30◦ and 45◦ tubes are measured separately (solid and dashed lines
resp.), cracks in the 60◦ tube are not classified. (b) a zoom of (a).
All the crack surface densities in the three tubes increase without saturation. The
surface densities of circumferential cracks in the 30◦ and 45◦ tubes and cracks in the 60◦
tubes exhibit a first slow increasing stage from very low strain levels, then they continue
increasing with faster rates. The surface density of in-plane cracks is much smaller than
that of circumferential cracks in the 30◦ and 45◦ tubes. They are detected after the
circumferential cracks have significantly grown; especially for the 30◦ tube, their surface
density increases only at the last loading steps. Comparing the three tubes, for a same
strain level, the crack surface density is smaller in the tube with a larger braiding angle.
Remark The limitation of the experimental methodology for crack detection can be
highlighted when comparing Fig 4.20 and Fig 4.21. The AE-monitored damage initiations
are different from those captured by the surface density measurement (∼0.05% versus
∼0.1%). In fact, the crack detection limit has been approximately evaluated to ∼0.5 µm
(section 2.5.3, Chapter II). Cracks with openings smaller than this value or closed cracks
are not accounted for in this analysis. Due to this limitation, another possible scenario
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cannot be excluded: the actual crack surface density does reach saturation at a certain
loading level, but the measured one continues increasing as long as the crack openings
increase, making them more and more detectable. Further investigations are necessary to
eliminate this ambiguity.
However, an indirect argument may support the reliability of the crack detection procedure. In the work of [Bernachy-Barbe et al., 2015a], seven cracks within one braid pattern
were observed from the tube surface through optical images of 1.37 µm/pixel. This crack
number observed before ultimate failure is consistent with our measurement for the 45◦
tube at the last loading step (7.3 cracks per period, measured manually from the radial
projection of sublayer L4 in Fig 4.9). Note that the tube diameter in [Bernachy-Barbe
et al., 2015a] was twice larger than the samples in the present work and the tube was
composed of three composite layers (one inner filament winding and two +/-45◦ braided
layers), but the elementary constituents and the manufacturing procedure for braided
layers were the same as those used for the present samples.
Finally, it is worth mentioning that the AE and tomography measurements collect different
information about damage development: the former provides a global damage monitoring of all the damage events emitting elastic energies (including fiber-matrix interfacial
fractures); the latter may omit some of them (especially the fiber-matrix fractures), but
makes it possible to explicitly distinguish different damage modes (circumferential or inplane cracks) and to assess their respective evolutions.

4.4.1.2

Evolution of crack average opening

In order to have an insight into the overall growth of detected cracks, the crack opening
is averaged over all the detected cracks at each loading step. The evolutions over the
axial strains in the three tubes are shown in Fig 4.22. As the detected crack surface is
quite small at first loading steps, the average crack opening is quite sensitive to individual
cracks, so the measurements are not representative of the global damage state. Therefore,
the corresponding measurements are not shown in Fig 4.22 (i.e. step 1 for circumferential
cracks of the 30◦ tube, steps 1-4 for in-plane cracks of the 30◦ tube, steps 1-2 for in-plane
cracks of the 45◦ tube and steps 1-2 for cracks of the 60◦ tube).
The average crack opening increases constantly in all the three tubes. In the 30◦ and
45◦ tubes, the in-plane cracks reach similar opening levels as the circumferential cracks.
The increasing rate of circumferential crack opening is quasi-linear above εzz ∼ 0.3 in
the three tubes. The average opening values are similar in the three tubes, varying from
0.8 µm to 1.8 µm. This increasing magnitude is small, only about 1 µm. Indeed, all the
detected cracks are accounted for, including newly-detected cracks due to initiation or
propagation, whose openings are generally quite small.
Furthermore, the average crack opening within the PM and TC regions are given in
Fig 4.23. Overall, the evolution tendency for either PM or TC region is similar to the
global evolution (i.e. quasi-linear increase, Fig 4.22). For each tube, the average opening
of cracks in PM region is larger than that in TC region. Also, the crack surface density
(indicated by the size of symbol in Fig 4.23) is much larger in PM region than in TC
region, as expected from qualitative observations: circumferential cracks and inter-tow
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Figure 4.22: Evolution of the average crack opening Λ in the three tubes. The circumferential and in-plane cracks are measured separately in the 30◦ and 45◦ tubes (solid and
dashed lines respectively), while the cracks are not classified in the 60◦ tube.
cracks initiate within PM region and their growth is mostly within PM region as well.
Note that the difference in average opening between PM and TC regions becomes larger
as the strain increases for the three tubes. The smaller increase rate of the TC-region cracks
might be related to the intact fibers in this region that share loads with the surrounding
matrix.

Figure 4.23: Evolution of the average opening Λ in PM and TC regions of circumferenial
cracks in the 30◦ and 45◦ tubes and of all cracks in the 60◦ tube. The error bars are not
shown for clarity, but they are provided in Fig 4.22. The size of symbol corresponds to
the crack surface density in PM/TC region at a loading step.

4.4.2

Through-thickness heterogeneity of damage growth

Fig 4.24 shows the radial distributions of the surface density and the average opening
of circumferential cracks in the 30◦ and 45◦ tubes and all cracks in the 60◦ tube. The
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radial positions relative to the boundary between the two braided layers in each tube are
normalized by the tube thickness, and the radial profiles of macroporosity are overlaid
to locate the braid architecture. The measurement in each radial position is evaluated
within a thin circumferential cylinder with a thickness of 2 voxels, so that there are about
200∼300 independent measurements through the thickness of the tube.

(a)

(c)

(b)

(d)

Figure 4.24: Radial profile of circumferential cracks in the 30◦ and 45◦ tubes and all
cracks in the 60◦ tube: (a) surface density ρ, the three populations discussed in the main
text are marked by numbers; (b) average opening Λ. The dashed red line shows the radial
profile of macropore volume fraction in each tube. (c-d) Schematics illustrating the typical
locations of circumferential cracks and inter-tow cracks, respectively, with respect to the
braid architecture.
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The surface densities are not uniform through the tube thickness (Fig 4.24a). Three
populations (the three peak positions) can be identified for circumferential cracks in the
30◦ and 45◦ tubes: the two populations near the inner and outer free surfaces of the tubes
appear first before the third population near the boundary of the two braided layers. The
locations of these three crack populations are consistent with those of macropores, i.e.
the cracks appear preferably in the zones rich in peripheral matrix and macropores (see
Fig 4.24c). Note that the third crack population in the 30◦ tube is not well represented,
This may be related to the smaller out-of-plane undulation in the 30◦ braid, leading to
less stress concentrations at the boundary of the braided layers.
For the inter-tow cracks in the 60◦ tube, three crack populations are found where the
macropores are minimum, and at the inner free surface. This is consistent with the intertow propagation paths, i.e. the radial positions of tow interfaces coincide with the zones
of minimum macropores, due to the out-of-plane undulations of tows (Fig 4.24d). The
location of the second population (close to the inner free surface) may be explained by the
fact that the inner free surface has been polished, and the corresponding tow-interfaces are
very close to the inner free surface. This quantitative analyses performed over the whole
tube thickness confirm the qualitative observations in the previous section.
The radial profiles of average crack openings (Fig 4.24b) also exhibit three peaks that
are consistent with the three crack-rich positions for each tube. At low loading levels, there
are some singular positions where very high average openings (5 ∼ 8µm) are observed. This
is related to the low crack densities at these positions, making the average measurements
sensitive to individual cracks with large openings. When damage develops, the crack
density becomes larger, new cracks are created with small openings, so that the average
opening in these positions decreases to the levels similar to those in adjacent positions.
Overall, the cracks at tube surfaces are more open than those in the bulk. The average
opening at the outer surface is about 1.4 times larger than that of the whole tube thickness
(2.5 µm versus 1.7 µm in the 45◦ tube at the last loading step, for example).
Furthermore, the in-plane cracks in the 30◦ and 45◦ tubes are also studied as a function
of radial position (Fig 4.25). In the 45◦ tube, each of the two braided layers exhibits one
in-plane crack population, more or less at the same position in the respective layer. In
the 30◦ tube, only one population is clearly distinguished in the outer braided layer. Note
that qualitative observations showed that only a few in-plane cracks appeared in the 30◦
tube and they were localized in three tows (Fig 4.13).
The radial positions of all the crack-rich regions in the two tubes are consistent with
the qualitative observations (as illustrated in Fig 4.25b). This proves that the observations
of a few individual cracks discussed in the previous section are in fact representative of the
general trends in the composites. Moreover, it is observed that the peaks of the in-plane
cracks are slightly at the left of those of circumferential cracks, and their intensities are
essentially proportional. In particular, there is no in-plane crack peak in the inner braided
layer in the 30◦ tube, where there are also very few circumferential cracks. This proves
once again, in a more quantitative way, that in-plane cracks originate from the deviation
of circumferential cracks inside tows.
Because of their localized radial positions, we choose to measure the average opening
of in-plane cracks around each peak position. The measurement gauges and results for the
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(a)

(b)

Figure 4.25: (a) Radial profile of the surface density ρ of in-plane cracks in the 30◦ and
45◦ tubes; the two populations discussed in the main text are pointed out by numbers,
and their respective average opening is calculated over the marked gauges, the dashed red
line shows the radial profile of macropore volume fraction in each tube; (b) Schematic
illustrating the typical locations of in-plane cracks with respect to the braid architecture.
last loading step are given in Fig 4.25a. Similar average openings (1.8 µm) are reached
for the in-plane cracks in the outer braided layers of the two tubes. In the 45◦ tube, the
average opening of in-plane cracks is smaller in the outer braided layer than in the inner
one (2.9 µm versus 1.8 µm). This could be explained by the fact that the in-plane cracks
increase faster in the outer layer, leading to more cracks with smaller openings in this
region.

4.4.2.1

Radial profiles of strains

Matrix cracking is usually considered as the main deformation mechanism of CMCs. Three
principal strains (εrr , εθθ , εzz ) have been measured for different radial positions of each
tube using the kinematics optimization method based on DVC (section 2.3, Chapter II).
Their radial profiles are shown in Fig 4.26.
The three strains exhibit similar radial profiles for the three tubes: (i) the axial strains
are quasi-uniform through the tube thicknesses; (ii) the hoop strains exhibit a decreasing
tendency (in absolute value) from the inner side to the outer side of tube, and this tendency
is more pronounced as the load increases; (iii) the radial strains are all positive, and exhibit
fluctuations along the tube thickness, with essentially two ”waves”.
The decrease of hoop strains from the inner to the outer surfaces is closely related to the
positive radial strains. In fact, the hoop strain is calculated from the radial displacement
ur as εθθ (r) = ur (r)/r, with r being the radius of the considered radial position. Also, the
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Figure 4.26: Radial profiles of strains measured by kinematics optimization of DVCdisplacement fields for the three tubes. For the sake of clarity, the measurements of
the first two loading steps for the 60◦ tube are not shown, but they are close to zero for
all the three strain components.
radial strain is defined as εrr (r) = dur (r)/dr. Combining these two expressions leads to:
Rr
ur (Ri ) + Ri εrr (r)dr
εθθ (r) =
(4.2)
r
where Ri denotes the inner radius of the tube thickness, and the radial displacement
ur (Ri ) at this position should be negative due to Poisson’s effect under axial tension,
which has been proved by the strain measurement procedure. If the radial strains are
positive through the tube thickness, as measured from DVC (Fig 4.26), their integration
should also be positive. As a result, the hoop strains decrease in absolute value through
the tube thickness. However, they remain negative at the outer surface, but less than
what they would have been if radial strain had been closer to zero or negative, as in a
tube made of homogeneous linear elastic isotropic material, where εθθ = εrr = −νεzz .
Therefore, the positive radial strains and the decreasing hoop strains can be attributed
to the same mechanism(s). This mechanism is believed to be the in-plane cracks for the
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30◦ and 45◦ tubes, and the inter-tow cracks for the 60◦ tube. For the inter-tow cracks
in the 60◦ tube, on the one hand, their openings themselves contribute to the positive
radial strain. On the other hand, they promote the realignment of tows into the loading
direction, which could generate positive out-of-plane displacement of tows (as illustrated
in Fig 4.27), hence positive radial strain.

(a)

(b)

Figure 4.27: Schematics illustrating the positive out-of-plane displacement induced by
tow realignment: (a) view in θz-plane; (b) view in rT1 -plane along the axis of a tow, solid
lines represent the initial position to tows and dashed lines represent the positions after
realignment of tows.

Remark From the surface observation in [Bernachy-Barbe et al., 2015b], for a uniaxial
tensile test, the inelastic part of axial strain could be mainly attributed to the cumulative
opening of circumferential cracks along the tube length. A similar comparison can be
performed here. In the case of the 30◦ tube, the circumferential cracks are mostly perpendicular to the tube axis, so the cumulative opening per unit length can be approximately
evaluated as ρ · Λ. However, as shown in Fig 4.28, this contribution of circumferential
cracks is much smaller than the inelastic axial strain deduced from the measured stressstrain curve. This contribution also varies along the tube thickness. ρ · λ corresponds
to about 1/3 of εin
zz at the outer surface. This discrepancy could be explained by several
reasons: (i) the quantification procedure is not accurate enough to conduct such a precise
comparison; (ii) other deformation mechanisms exist to contribute to the axial strain (e.g.
tow realignment), and these unknown deformation mechanisms should be more dominant
inside tube thickness to compensate the lower contribution of circumferential cracks, which
proves again that surface observations cannot be sufficient to characterize the bulk damage
mechanisms of the material.
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Figure 4.28: Radial profiles of the inelastic axial strain εin
zz and the contribution of circum◦
ferential cracks for the 30 tube.
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Summary
The braiding angle effects on damage mechanisms in braided composite tubes have been
studied in this chapter. Tomographic observations and numerical simulations provided
relevant 3D information of the microstructures and microcracks inside the 30◦ , 45◦ and
60◦ tubes. The braiding angle effects can be summarized as follows.
No obvious braiding angle effect is shown on the location of crack onset. Cracks
preferentially initiate at the tow interface regions, where the stresses are localized due the
to singular geometries of macropores and where the peripheral matrix is massively located.
However, the braiding angle clearly influences the macroscopic elastic limit, which can be
explained by the degree of stress heterogeneity: the larger the braiding angle, the higher
the stress heterogeneity and concentration.
Different damage modes are activated according to the braiding angle of the tube:
intra-tow cracking for the 30◦ and 45◦ tube, and inter-tow cracking for the 60◦ tube. The
intra-tow cracking is initiated in stress concentration zones near macropores, grow in the
circumferential direction (circumferential cracks), then is deflected into the plane of the
composite (in-plane cracks). The braiding angle slightly influences the orientation of circumferential cracks, and strongly influences the in-plane cracks in terms of population:
they are much more numerous in the 45◦ tube than in the 30◦ tube. The circumferential
cracks seem to be able to grow into the tow core regions in the 30◦ tube as in minicomposites loaded axially, but they are mostly limited in the peripheral matrix for the 45◦
tube. In fact, the through-thickness growth of the circumferential cracks in the 45◦ tube
seems to be prevented by the deflection into the plane of the composite. On the other
hand, the inter-tow cracking in the 60◦ tube appears in either parallel interfaces or crossover interfaces of tows. The cracks at parallel interfaces can cross these interfaces but
are stopped by the underneath intersecting tows, and those at cross-over interfaces grow
along the interfaces and may penetrate into the neighboring tows. These inter-tow cracks
may promote the realignment of tows to the loading axis, which may lead to positive
out-of-plane displacement of tows.
Contrary to what is intuitively expected, the radial strains for all the tested tubes are
positive. In addition, the hoop strains decrease (in absolute value) from the inner surface
to the outer surface. These two deformation behavior can be considered to originate from
a same damage mechanism: in-plane cracks for the 30◦ and 45◦ tubes, and inter-tow cracks
for the 60◦ tubes.
The global surface densities and average openings of cracks increase without saturation. Moreover, they are not uniform along the tube thickness, which may be related to
their respective initiation location and propagation path. As a result, there is a strong
heterogeneity through the tube thickness, with matrix cracks mainly located near the free
surfaces of the tube.
The crack detection precision is limited, i.e. only the cracks with openings larger
than ∼0.5 µm could be detected. The quantitative analyses could be influenced by this
limitation. It is clear that damage mechanisms at a smaller scale (such as fiber-matrix
interfacial fractures) cannot be seen and may explain the difference between XRCT and
AE analyses. However, from a qualitative point of view, the crack spacing at the outer
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tube surface measured by the 3D observation seems to be consistent with that from the
former 2D surface observation [Bernachy-Barbe, 2014].
The 3D analysis, and in particular the strong gradient of damage between the surfaces and the bulk of the tube shows that a damage analysis performed with 2D surface
observation is not sufficient.

Conclusions and future work
Conclusions
SiC/SiC composite tubes were studied in the context of the development of advanced
nuclear fuel cladding. The present work focused on the mechanical behavior of braided
composite tubes involved in recent cladding concepts. The complex multiscale microstructure of the composite makes 3D characterizations necessary to investigate the relationships
between microstructure, damage and macroscopic behavior.
X-ray computed tomography, coupled with digital volume correlation, was applied to
characterize the damage mechanisms in the braided composite tubes. An in situ mechanical testing device was modified to perform tensile tests on SiC/SiC composite tubes with
adapted diameters on the XRCT setup of the PSICHE beamline of SOLEIL synchrotron.
Two series of in situ tests were conducted using pink beams. Various post-processing
procedures of tomographic images were proposed for the tubular microstructures:
- As the image contrast was not sufficient to distinguish SiC fibers and SiC matrix,
macro- and micro- pores were used as indicators of the braided microstructure. Pores
were classified into macropores and two groups of micropores with different elongation directions. Accordingly, the braid architecture was identified (peripheral matrix
and the two groups of tows). These microstructural analyses were useful to assess
the manufacture quality, and also to generate real or virtual microstructures for
numerical simulations.
- DVC was applied to the tomographic images to measure the strains throughout
the tube thickness. The local displacement field evaluated by DVC was noisy, so a
transformation fitting method was proposed to evaluate the radial profiles of overall
strains.
- DVC-based image subtraction was used to detect the 3D cracks in the studied composite tubes. The image artifacts were carefully processed. Cracks with subvoxel
opening were detected. This procedure highlighted a potential application to automatically detecting complex crack networks in heterogeneous materials.
- A crack quantification method was also proposed to measure orientation, surface area
and opening of the detected cracks, making use of image gray levels of crack voxels.
Even though the quantification accuracy was still limited by several conditions, such
as detection limit and phase contrast effect, the proposed method provides a quanti167
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tative estimate more accurate than standard methods based on image thresholding
and voxel counting.

The elastic behaviors of the braided composite tubes were simulated by the FFT
method, using 3D microstructures directly extracted from the XRCT images. This permitted a relevant combination of experiment and simulation. In addition, some preliminary
tests were performed:
- Numerical tests were undertaken to validate the FFT method for tubular microstructures and also to assess the effects of image resolution and boundary conditions on
the simulation results.
- The so-called composite voxel technique was tested to take into account cracks in the
simulation. A penny-shaped crack subjected to tension or shear was simulated, and
the results showed that this technique seemed not suitable for dealing with voxels
containing fractured phases.
- A simulation was tested taking into account the experimentally detected cracks by
vanishing the stiffness of the crack voxels. The simulated macroscopic modulus was
much higher than the expected one, which suggested that the sole detected matrix
cracks were not sufficient for the simulation of the degradation of elastic properties.
Other mechanisms, especially the fiber-matrix interfacial degradation, were required
for simulating the nonlinear behavior of the material.
These experimental and numerical approaches were applied to three tubes of different
braiding angles (30◦ , 45◦ and 60◦ ):
- Braided microstructures were pseudo-periodic in axial and circumferential directions.
Image processing indicated that the braiding process of the samples had been well
controlled, because a relatively uniform and periodic arrangement of fiber tows was
observed. Out-of-plane undulations of tows were influenced by the braiding angle:
the higher the braiding angle, the higher the undulation. However, the dimensions
of micropores were independent on the braiding angle. The statistical distributions
of micropore dimensions, obtained from tomographic images, could be useful for
generating virtual microstructures.
- Damage initiation was studied by combining the tomographic observations and FFT
simulations. Stress concentrations were mostly induced by macropores, and located
in the peripheral matrix close to tow interfaces. The location of the cracks detected
at the first damaged state appeared to be well connected to these stress concentration zones. Comparing the three braiding angles, a larger braiding angle produced
a higher stress concentration, which was consistent with a lower macroscopic elastic limit observed experimentally. Some consistency between the three tube, of the
computed stress probability distributions at the elastic limit near the experimentally detected cracks, suggests that crack initiation might be controlled by the same
criterion in all composites.
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- Different types of matrix cracks and propagation scenarios were observed for the different braiding angles. On the one hand, in the 30◦ and 45◦ tubes, two types of cracks
were distinguished: circumferential and in-plane cracks. The circumferential cracks
propagated across tows perpendicularly to the loading axis. The in-plane cracks
propagated along the tube wall inside tows, seemingly to follow the tow elongations.
The in-plane cracks were highly suspected to be the deviation of the circumferential
cracks, and their population was considerably influenced by the braiding angle: there
were much more in-plane cracks in the 45◦ tube than in the 30◦ tube. One the other
hand, in the 60◦ tube, only inter-tow cracks were observed. The in-plane cracks in
the 30◦ and 45◦ tubes and the inter-tow cracks in the 60◦ tube were considered as
the mechanism that promoted the textile effect (tow realignment) evidenced from
the tube surface observation in [Bernachy-Barbe, 2014].
- Similar radial evolutions of strains were observed through the thickness of the three
tubes: quasi-uniform axial strain, positive fluctuating radial strain and decreasing
hoop strain from the inner to the outer radii. Such radial and hoop strains were
explained by the in-plane cracks for the 30◦ and 45◦ tubes, and by the inter-tow
cracks and the potential tow reorientation for the 60◦ tube.

Future work
Many perspectives can be raised in the directions of either improving the experimental
and numerical methodologies, or of refining the understanding of the damage mechanisms
in SiC/SiC composite tubes.
In the present work, the DVC-based image subtraction enables the detection of subvoxel cracks opening larger than about 0.2 voxel (0.5 µm). Even if this detection limit
is quite promising, there are still a number of undetected cracks. Moreover, the interfacial fractures, like fiber/matrix sliding and debonding, cannot be observed from the
tomographic images. These omitted damage events play an important role on both the
macroscopic behavior and local damage evolutions. Multiscale characterizations are necessary to overcome this shortcoming. A possible approach is multiscale tomography, which
requires to locate the region of interest (damage positions) during the in situ test. In
[Scott et al., 2014], acoustic emission was used for locating damage positions. However,
the AE monitoring can hardly reach a resolution good enough to locate a region of interest
inside the tow scale, especially for tubular samples.
A more direct method is to locate the cracks in the reconstructed tomographic images,
as presented in the present work. However, this crack detection procedure is quite timeconsuming, hence usually not suitable for in situ observations, especially for experiments
at synchrotron facility. Therefore, the crack detection procedure needs to be accelerated
and even implemented in an automatic routine without many user interactions. The most
time-consuming step is the DVC related computations that rely on two reconstructed 3D
images (reference and deformed). Projection-based DVC could be helpful to considerably
reduce the computation time, as proposed in [Taillandier-Thomas et al., 2016] and [Khalili
et al., 2017].
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The quantification procedure proposed for measuring the opening and surface area of
cracks still suffers from limitations. A fundamental issue is the phase contrast effect that
could invalidate the assumption of linear relationship between the crack opening and the
gray level. An improved analysis of this phase contrast in view of using it quantitatively
might provide a possible improvement. Another quantification method could be based on
the DVC-evaluated displacement field. The crack opening displacement can be evaluated
by the difference between the displacements on either side of a crack, as conducted in
[Mostafavi et al., 2013]. However, the challenge of such an approach is the accuracy and
spatial resolution of the displacement field that can be achieved by DVC, which strongly
depend on image contrast on both sides of the cracks that was limited in the current
tomographic images. It would be interesting to compare these two quantification methods.
When taking into account the experimental cracks in the numerical simulation, the
effect of interfacial fractures was neglected, which was demonstrated to be not relevant. A
possible approach to tackle this problem is to use a local damage model in the neighborhood
of the detected cracks. As the tow orientations have been identified by processing the
tomographic images, the local damage model could account for the anisotropy induced by
fiber orientations. Some local parameters, such as the distance affected by cracks, should
be adjusted through either the macroscopic behavior or the local measurements of crack
opening.
Furthermore, if the multiscale tomography is available, a more precise description of local
microstructural features could be achieved and used to feed the simulation. Nevertheless,
since the damages (cracks) hierarchically cascade across all the length scales in the studied
material, multiscale modeling is necessary. One main challenge of such a modeling strategy
is the computation cost, when all details are considered in the simulation for a relatively
large unit cell. A technique overcoming this difficulty is to insert the microstructural details
gradually according to the local stress/strain state calculated from the simulation over a
coarse description (e.g.[Saucedo-Mora and Marrow, 2015; Saucedo-Mora et al., 2016b]).
The diameters of the investigated tubes were twice smaller than the final product (5 mm
versus 10 mm). Even if the free-surface effect has been avoided, the effect of tube curvature
should be considered in the future. Studies should be performed to check whether the same
damage mechanisms / macroscopic behavior are also observed in 10 mm tubes. Moreover,
the final concept of fuel cladding is composed of filament winding and metallic liner in
addition to braided composites. Their interactions should be non-negligible, especially
under internal pressure or other complex loading conditions. A thorough understanding
of the mechanical behavior of the sandwich tube requires further investigations considering
other loading conditions.

Appendices
Contents
A

Image stitching . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

B

3D rendering of macropores . . . . . . . . . . . . . . . . . . . . 173

C

Strain measurement: from the kinematic parameters to strain
tensor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174

D

Error estimation of strain measurement . . . . . . . . . . . . . 176

E

Limit of crack detection

F

Radial projections of stress fields . . . . . . . . . . . . . . . . . 179

G

Orientation of stresses

H

Radial projections of experimentally detected cracks . . . . . 184

. . . . . . . . . . . . . . . . . . . . . . 178
. . . . . . . . . . . . . . . . . . . . . . . 182

171

172

A

A. Image stitching

Image stitching

First, the axial correspondence between two overlapping images is roughly evaluated by
omitting the misalignment in the transverse plane. This procedure is completed by finding
the best correlation coefficient between a chosen reference Z-slice in one image and the
Z-slices in the other image. This operation has been repeated on three reference slices
(Fig A.1), leading to a same axial correspondence of 278 voxels (0.72 mm), for the considered example. Note that a perfect similarity corresponds to a correlation coefficient of
1 (Matlab function corr2 ).

Figure A.1: Profiles of image correlation coefficients between a reference slice in one image
and the slices in the other image: three reference slices have been examined, and axial
positions relative to the reference slice are used for facilitating the comparison of the three
profiles.
Then, the transverse (XY plane) misalignment is checked around this axial position.
This is done by evaluating the correlation coefficients for different positions over a small
neighboring zone in the XY plane. The resulting correlation mapping (Fig. A.2) shows
an optimal coefficient on the central position, which indicates that there is no transverse
misalignment larger than one voxel between the two adjacent images.

Figure A.2: Mapping of correlation coefficients over a small neighboring zone (3D) for
each change of image center position
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3D rendering of macropores

Fig B.1 shows the 3D rendering of the macropores identified in one axial period of the 45◦
tube. Macropores are all inter-connected.

Figure B.1: 3D rendering of macropores (example of the 45◦ tube). Axis grid is shown
and the numbers are in voxel. Colors shows Z position of each point to enhance the
visualization.
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Strain measurement: from the kinematic parameters to strain tensor

The kinematic parameters involved in the uniform deformation of a cylindrical layer depend on the radial position, so are the simulated positions:
 

 

r0
r(r0 )
r0 + ur (r0 )
θ0 
θ(r0 , z0 ) =  θ0 + λ(r0 ) · z0 + βz (r0 ) 
→
(C.1)
z0
z(r0 , z0 )
(1 + εzz (r0 )) · z0 + Tz (r0 )
Let x0 and x denote the position vectors in the initial and deformed configurations,
respectively: x0 = [r0 , θ0 , z0 ]t , x = [r, θ, z]t . Their derivatives are:
(
dx0 = dr0 e0r + r0 dθ0 e0θ + dz0 e0z
(C.2)
dx = drer + rdθeθ + dzez
Substituting Eq C.1 to Eq C.2, we obtain:
dx =(1 + ur,r0 )dr0 er
+(r0 + ur ) · (λ,r0 z0 dr0 + βz,r0 dr0 + dθ0 + λdz0 ) eθ
+[(εzz,r0 )dr0 + Tz,r0 dr0 + (1 + εzz )dz0 )] ez

(C.3)

where the symbol ∗,r0 represents the partial derivative ∂∗/r0 . Then the deformation gradient is calculated (F = dx/dx0 ):
F =[1 + ur,u0 ] er ⊗ e0r
r0 + rr
] eθ ⊗ e0θ + [λ(r0 + ur )] eθ ⊗ e0z
ur
+[(εzz,r0 z0 + Tz,r0 )] ez ⊗ e0r + [1 + εzz ] ez ⊗ e0z
+[(r0 + ur )(λ,r0 z0 + βz,r0 )] eθ ⊗ e0r + [

Accordingly, the right Cauchy-Green deformation

Crr Crθ
C = Crθ Cθθ
Crz Cθz

tensor is (C = Ft · F):

Crz
Cθz 
Czz

with its six components:

Crr = (1 + ur,r0 )2 + (r0 + ur )2 (λ,r0 z0 + βz,r0 )2 + (εzz,r0 z0 + Tz,r0 )2





(r0 + ur )2


Cθθ =


r02





 Czz = (1 + εzz )2 + λ2 (r0 + ur )2
(r0 + ur )2

C
=
(λ,r0 z0 + βz,r0 )

rθ


r0




Crz = λ(r0 + ur )2 (λ,r0 z0 + βz,r0 ) + (1 + εzz )(εzz,r0 z0 + Tz,r0 )





λ

 Cθz = (r0 + ur )2
r0

(C.4)

(C.5)

(C.6)
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Then the Green-Lagrange strain tensor (E = 12 (C − I)) can be expressed by the kinematic parameters. In the present work, we follow the assumption of infinitesimal strain,
which simplifies the strain tensor into


1
r (λ z + βz,r0 ) 21 (εzz,r0 z0 + Tz,r0 )
ur,r0
2 0 ,r0 0
ur
1

λr0
ε =  12 r0 (λ,r0 z0 + βz,r0 )
(C.7)
r0
2
1
1
(ε
z + Tz,r0 )
λr0
εzz
2 zz,r0 0
2
where the second order terms of the kinematic parameters and their radial derivatives are
neglected.
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Error estimation of strain measurement

In section 2.3.2, Chapter II, a kinematic optimization (or transformation fitting) method
has been proposed to measure the radial profiles of strains. Here, we estimate the measurement error of this method. For this purpose, three steps have been followed:
1. DVC is performed over the overlapping zone of the two vertically-adjacent images
at reference state. A correlation grid is generated with respect to the same tube
cylindrical coordinates that have been used for the reference grid in strain measurement, and the discretizations in radial and circumferential directions are the same
as those of the reference grid. The resulting displacement field can be decomposed
into a rigid body motion and a fluctuating displacement field. The latter provides
a statistical distribution of fluctuations of the displacements for each radial layer,
which provide a quantification of the statistics of the displacement measurement
errors of the DVC procedure applied to our specific images and their local contrast
that varies throughout the tube thickness.
2. An artificial displacement field (e.g. rigid body translation) is created over the
reference grid that is used for strain measurement. Then this artificial displacement
field at each radial layer is noised, using the radius dependent statistical distributions
of the fluctuations obtained previously.
3. Kinematic optimization procedure is conducted over such an artificial displacement
field. The resulting strain values are considered as measurement errors.
Fig D.1 shows the measurement errors for each radial position in the 30◦ and 45◦ tubes.
Overall, the errors for all measurements are smaller than 0.05%. Measurements of radial
strains exhibit larger errors than the two others, which is not surprising because of the
shorter gauge length in this direction. Regarding the 60◦ tube, the measurement errors
cannot be estimated in this way, because only one image has been taken at the reference
state. Yet they are believed to be of the similar amplitudes as those for the 30◦ and 45◦
tubes.
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(a)

(b)

Figure D.1: Typical strain measurement errors for the 30◦ (a) and 45◦ (b) tubes, obtained
by one numerical realization of experimental DVC noise.
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Limit of crack detection

The discussion in [Nguyen, 2015] about the detection limit of the image subtraction technique is re-described here to assess the detection accuracy in our case.
Let us consider a voxel containing a crack with subvoxel opening, located at xc in the
deformed image. Its gray level gc should vary between that of void (vvoid ) and that of
SiC (vSiC ). We assume that the tomographic gray level of a voxel linearly depends on the
volume fractions of phases present in the considered voxel:
gc = (1 − Ψ) · vSiC + Ψ · vvoid

(E.1)

where Ψ denotes the volume fraction of void, which is assumed to be equal to crack opening
e in the considered voxel and it leads to:
e=

vSiC − gc
vSiC − vvoid

(E.2)

Cracks are detected within subtracted images by overall image segmentation (section 2.4.2). We suppose that a crack voxel can be detected only when the gap between its
gray level and its surrounding average gray level (rm /2 = 128 in our case) is large enough
(SNR larger than 1). In other words, this gray-level gap, denoted as Jg , must be greater
than the standard deviation of the gray levels of the undamaged phase in the subtracted
image (denoted as ST D).
Jg > ST D
(E.3)
For a crack voxel located at X c in the reference configuration, such as Φ(X c ) is the
position the closest to the crack voxel in the deformed image (xc ) with the gray level gc .
According to Eq 2.17, the gray-level gap Jg can be expressed by
Jg =

1
[vSiC − g(Φ(X c ))]
2

(E.4)

If Φ(X c ) is an integer position, g(Φ(X c )) = gc . If Φ(X c ) is not an integer position,
g(Φ(X c )) is calculated using a tricubic interpolation (section 2.4.1). Note that for a
trilinear interpolation, the worst interpolation condition leads to g(Φ(X c )) = (vSiC + gc )/2
(see [Nguyen, 2015]). It is, however, more complicated to find such an upper limit for a
tricubic interpolation, but the order of magnitude should be the same. Therefore, we have
1
1
(vSiC − gc ) ≤ Jg ≤ (vSiC − gc )
4
2

(E.5)

Combining expressions (E.2), (E.3) and (E.5), the minimum crack opening that may
be detected varies in:
2 · ST D
4 · ST D
< emin <
(E.6)
vSiC − vvoid
vSiC − vvoid
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Radial projections of stress fields

In section 3.4.2.5 of Chapter III, only the radial projection of maximum principal stress
in the external sublayer L4 is shown for illustrating the damage mechanisms. Similar
conclusions can be obtained within the three other sublayers as well. The radial projections
in the all the four sublayers are shown in this appendix for each tube.

(a) 30◦ tube
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F. Radial projections of stress fields

(b) 45◦ tube
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(c) 60◦ tube

Figure F.1: Radial projections of maximum principal stresses within the four sublayers
L1, L2, L3, L4 of each tube (30◦ , 45◦ , 60◦ ).
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G. Orientation of stresses

Orientation of stresses

In addition to the values of the maximum principal stresses, their orientations are also
projected along radial direction. The orientation is described by the characteristic angle
γθ (see Fig 3.18 in Chapter III for definition). The projection is then completed by
averaging these angles within solid phase for each sublayer. The projection result for the
external sublayer is shown in Fig G.1a.

(a)

(b)

Figure G.1: (a) Radial projections of the orientation angle γθ in the external sublayer (L4)
for the three tubes: the pixels having no solid phase in their projection path have been
colored in white; the dashed lines frame the central part where the boundary effects are
slight for numerical simulations. (b) Probability densities of orientation angles γθ in two
groups of tows of the three tubes.
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A braiding angle effect is observed on stress orientation: for a tube with a smaller braiding
angle, its field of stress orientation is more regular, i.e. its local stresses are more oriented
along the tow elongation directions. This is also confirmed by the probability densities
of γθ in each group of tows (+/-) for the three tubes (Fig G.1b): the two peaks of the
probability distributions are closer for a larger braiding angle.
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H. Radial projections of experimentally detected cracks

Radial projections of experimentally detected cracks

In the main text, only the projections within the external sublayer L4 have been shown
for each tube. Here we give those for the three other sublayers. The sublayers have been
divided according to the radial profile of macropores in each tube. Note that the tows
of real braids exhibit out-of-plane undulations, which produce discrepancies in sublayers.
Interpretations of these sublayers must take into account this undulation effect.

(a) 30◦ tube - sublayer L1
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H. Radial projections of experimentally detected cracks

(b) 30◦ tube - sublayer L2
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187

(c) 30◦ tube - sublayer L3
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Figure H.1: Radial projections of cracks detected within the three inner sublayers L1 (a),
L2 (b), L3 (c) of the 30◦ tube for every loading step.
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H. Radial projections of experimentally detected cracks

(a) 45◦ tube - sublayer L1
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(b) 45◦ tube - sublayer L2
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H. Radial projections of experimentally detected cracks

(c) 45◦ tube - sublayer L3

Figure H.2: Radial projections of cracks detected within the sublayers L1 (a), L2 (b), L3
(c) of the 45◦ tube for every loading step.
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(a) 60◦ tube - sublayer L1
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H. Radial projections of experimentally detected cracks

(b) 60◦ tube - sublayer L2
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(c) 60◦ tube - sublayer L3

Figure H.3: Radial projections of cracks detected within the sublayers L1 (a), L2 (b), L3
(c) of the 60◦ tube for every loading step.
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