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Abstract

Carbon fiber-reinforced silicon carbide matrix (€@p composite is a ceramic matrix
composite (CMC) that has considerable promise fee in high-temperature structural
applications. In this thesis, systematic numerstallies including the prediction of elastic
and thermal properties, analysis and optimizatioh stresses and simulation of

high-temperature oxidations are presented forrthiestigation of C/SiC composites.

A strain energy method is firstly proposed for ghediction of the effective elastic constants
and coefficients of thermal expansion (CTEs) of &fhotropic composite materials. This

method derives the effective elastic tensors anBCdy analyzing the relationship between
the strain energy of the microstructure and thahefhomogenized equivalent model under
specific thermo-elastic boundary conditions. D#fer kinds of composites are tested to

validate the model.

Geometrical configurations of the representativeime cell (RVC) of 2-D woven and 3-D
braided C/SiC composites are analyzed in detahe. finite element models of 2-D woven
and 3-D braided C/SiC composites are then estaaisind combined with the stain energy
method to evaluate the effective elastic constants CTEs of these composites. Numerical
results obtained by the proposed model are thenpawed with the results measured

experimentally.

A global/local analysis strategy is developed fur tetermination of the detailed stresses in
the 2-D woven C/SiC composite structures. On thasbaf the finite element analysis, the
procedure is carried out sequentially from the hgemzed composite structure of the
macro-scale (global model) to the parameterizedileet fiber tow model of the micro-scale
(local model). The bridge between two scales idized by mapping the global analysis
result as the boundary conditions of the local taadel. The stress results by global/local

method are finally compared to those by conventibnge element analyses.

Optimal design for minimizing thermal residual s8gTRS) in 1-D unidirectional C/SiC
composites is studied. The finite element modelsR¥fC of 1-D unidirectional C/SiC



composites with multi-layer interfaces are genetated finite element analysis is realized to
determine the TRS distributions. An optimizatiorhesme which combines a modified
Particle Swarm Optimization (PSO) algorithm and fimte element analysis is used to

reduce the TRS in the C/SiC composites by contilihe multi-layer interfaces thicknesses.

A numerical model is finally developed to study th&rostructure oxidation process and the
degradation of elastic properties of 2-D woven C/8omposites exposed to air oxidizing
environments at intermediate temperature (T<900T@Gg oxidized RVC microstructure is

modeled based on the oxidation kinetics analydig. Strain energy method is then combined
with the finite element model of oxidized RVC taegict the elastic properties of composites.
The environmental parameters, i.e., temperature @edsure are studied to show their

influences upon the oxidation behavior of C/SiC posites.

Keywords: C/SiC composites; Finite element method; Stragrgy method; Microstructure

modelling; Stress analysis; Optimization (Partlgarm Optimization); Oxidation



Résumeé

hY

Les matériaux composites a matrice de carbure lig@usi renforcée par des fibres de
carbone (C/SiC) sont des composites a matrice ¢guanfCMC), tres prometteurs pour des
applications a haute température, comme le secéronautique. Dans cette thése, sont
menées des études particulieres concernant lesigiéspde ces matériaux : prédiction des
propriétés mécanique (élastiques), analyses thaamig(optimisation des contraintes

thermiques), simulation de I'oxydation a haute térafure.

Une méthode basée sur I'énergie de déformationpegposée pour la prédiction des
constantes élastiques et des coefficients de tidataghermiques de matériaux composites
orthotropes 3D. Dans cette méthode, les constatdastiques et les coefficients de dilatation
thermique sont obtenus en analysant la relatiomeebénergie de déformation de la
microstructure et celle du modele homogénéisé étprv sous certaines conditions aux
limites thermiques et élastiques. Différents typdesmatériaux composites sont testés pour

valider le modéle.

Différentes configurations géométriques du volungenéntaire représentatif des composites
C/SIiC (2D tissés et 3D tressés) sont analyséesgtail.dPour ce faire, la méthode énergétique
a été couplée a une analyse éléments finis. De®lew@&F des composites C/SiC ont été
développés et liés a cette méthode énergétique p@luer les constantes élastiques et les
coefficients de dilatation thermique. Pour validar modélisation proposeée, les résultats

numérigues sont ensuite comparés a des résulfadsimentaux.

Pour poursuivre cette analyse, une nouvelle simtédjanalyse « globale/locale »
(multi-échelle) est développée pour la détermimatdtétaillée des contraintes dans les
structures composites 2D tissés C/SIC. Sur la loesd'analyse par éléments finis, la
procédure effectue un passage de la structure ctapbomogénéisée (Echelle macro :
modele global) au modele détaillé de la fibre (Hehmicro : modeéle local). Ce passage entre
les deux échelles est réalisé a partir des résulati'analyse globale et des conditions aux
limites du modele local. Les contraintes obtenuasgtte approche sont ensuite comparées a

celles obtenues a 'aide d’'une analyse EF classique
1



La prise des contraintes résiduelles thermiquesti@mtes d’origine thermique dans les
fibres et la matrice) joue un réle majeur dansdengortement des composites a matrices
céramiques. Leurs valeurs influencent fortementdatrainte de microfissuration de la
matrice. Dans cette thése, on cherche donc a nsernsette contrainte résiduelle thermique
(TRS) par une méthode d’optimisation de type métabque: Particle Swarm Optimization

(PSO), Optimisation par essaims particulaires.

Des modeles éléments finis du volume élémentaigrésentatif de composites 1-D
unidirectionnels C/SiC avec des interfaces multietes sont générés et une analyse par
éléments finis est réalisée afin de déterminerclastraintes résiduelles thermiques. Un
schéma d'optimisation couple l'algorithme PSO aeeMEF pour réduire les contraintes
résiduelles thermiques dans les composites C/Si@ptmisant les épaisseurs des interfaces

multi-couches.

Un modéle numérique est développé pour étudierdegssus d'oxydation de microstructure
et la dégradation des propriétés élastiques de asitep 2-D tissés C/SIiC oxydant a
température intermédiaire (T<900°C). La microsttetdu volume élémentaire représentatif
de composite oxydé est modélisée sur la base dmdéique d'oxydation. La méthode de
I'énergie de déformation est ensuite appliguée madele éléments finis de la microstructure
oxydé pour prédire les propriétés élastiques degosites. Les parameétres d'environnement,
a savoir, la température et la pression, sont égdipour voir leurs influences sur le

comportement d'oxydation de composites C/SiC.

Mots clés: Composites C/SiC; Modélisation éléments finis; héle de I'énergie de
déformation; Modélisation de la microstructure; Bsa des contraintes; Optimisation

(Particle Swarm Optimization); Oxydation
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Introduction

Chapter 1: Introduction

1.1 C/SiC composite

Carbon fiber reinforced silicon carbide matrix ({@% composite is a ceramic matrix
composite (CMC) material that has considerable wenfor use in high-temperature
structural applications. The applications proposethis report are concerned primarily in
aerospace and include nozzles, nozzle ramps, kpagtiges, thermal protection systems,
thrusters, turbines, and body flaps [1-7]. Someliegions not specific to aerospace
technologies include brakes, heat shields, ousgsflof turbojet engines, and hot gas path
components [8-10]. The main interest of C/SiC cosites compared to super alloy concern
their material properties. Indeed, the beneficiatenal properties of C/SiC composites,
compared with those of super alloys, include higttength to density ratio, lighter weight,
higher temperature capability, and improved therstadck resistance. Besides, compared
with carbon fiber reinforced carbon matrix (C/C)ngmosites, the oxidation resistance of
C/SiC composites is greatly improved due to theqmtoon of the non-oxide silicon carbide
(SiC) matrix.

Typically, a C/SiC composite consists of followinqulti-phase material constitutes: carbon
fiber, pyrolytic carbon (PyC) interface and SiC matEspecially as the interface or the
matrix is composed of multi-layered alternate Py@ &IiC phases, a distinct multi-phase
materials distribution can be observed within C/$m@nposites. The multi-layered spatial
architectures and the multi-phase materials digiob in the interface and matrix have
several key functions including crack deflectiomad transfer and stress relaxation [11-12],
which could partially prevent the crack propagatiorthe interface and matrix and hence
improve the toughness of C/SIiC composites. Figuk ghows the scanning electron
microscope (SEM) photograph of a C/SiC compositd wiulti-layered interfaces [13]. It
can be observed that multi-layered alternate PyWC 36 interfaces are distributed between
the fiber and matrix. Figure 1.2 shows the SEM pbaph of a C/SIiC composite with

multi-layered interfaces and matrices [14]. Theiface and matrix of the composite are both
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composed of alternate SiC (white color) and Py@dklcolor) phases. As shown in Figure
1.2, the multi-layered matrices are distributeduarb the tows. Within the tows, the

multi-layered interfaces are distributed aroundfibers.
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Figure 1.1 SEM photograph of a C/SiCFigure 1.2 SEM photograph of a C/SiC composite with
composite with multi-layer interfaces multi-layer interfaces and matrices

1.2 Numerical modelling of the properties of compositenaterials

Complicated spatial architecture and material logiemneity are basic characteristics of
composite materials constituting the challenge ndeustand their physical and mechanical
behaviors. Discovery of the intrinsic relations viee¢n the effective properties and the
complex materials microstructure is thus the keypi@actical applications of composites and
development of advanced materials. With rapidlyagng computational modeling capability,
the numerical analysis has become an important snedmunderstanding the behavior of
composite materials. An appropriately introducepre@sentative volume cell (RVC) or unit
cell that captures the major features of the ugdeylcomposite microstructure is usually the
first step into such an analysis.

The two most popularly employed fiber reinforcedmpmsites in modern engineering
applications are 2-D woven and 3-D braided compssiSuch composites have received a

great amount of consideration in the literature] aruch exists in the way of modelling the
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complicated woven/braided composites microstruciomredicting the elastic moduli, strength,
thermal properties, and stress analysis technigdesvever, these studies are generally
applied for the traditional polymer and metal matcomposites and do not capture the
unique characteristics of C/SiC composites, suclthasmulti-layered spatial architectures
and the multi-phase materials distribution in théSiC composites with multi-layered
interfaces or matrices.

Numerical methods currently available in the litara for predicting the effective properties
of 2-D woven and 3-D braided composites may be idensd as belonging to two groups:

closed-form analytical methods and finite elemeagdal methods.

1.2.1Closed-form analytical methods

Closed-form analytical methods are based on thsedidorm solution of mathematical
models applied to very simplified RVC models. Thasethods are computationally efficient
but not readily applicable to obtain an accurateitksl stress/strain field of the composite
due to their inherent limitation in accurately mitidg the composite microstructure. The
representative closed-form analytical methods @& ®oven composites include mainly the
laminate theory-based model and the cells methiber fnclination model, fabric geometry
model and volume averaging model are the typiaaded-form analytical methods used for
3-D braided composites.

In the 1980s, Ishikawa and Chou [15-19] firstly qmeted three analytical models for the
stiffness and strength investigation of 2-D wovemposites based on the classical laminate
theory: mosaic model, fiber undulation model andding model. Mosaic model treated the
woven composite as an assemblage of asymmetris-pipslaminates. Fiber undulation
model was developed based on the mosaic model andidered the undulation and
continuity characteristics of the fibers in wovemposites which were omitted in the mosaic
model. However, fiber undulation model took inta@ant fiber continuity and undulation
only in the fill direction but ignored the warp éation. Bridging model broke up the RVC
model into interlaced regions, whose in-plane rsdi$s was predicted by fiber undulation

model, and non-interlaced regions, which were nmemtlals cross-ply laminates. Based on the
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fiber undulation model, Scida et al. [20] proposetaminate theory-based analytical model
which considered the fiber continuity and undulatio both the fill and warp directions to
predict the elastic and failure properties of wogemposites.

Tabiei and Jiang [21-23], Tanov and Tabiei [24-88)eloped cells method to predict the
properties of 2-D woven composites. Within the mpderepresentative volume cell was
assumed. Using the iso-stress and iso-strain assmumapthe constitutive equations were
averaged along the thickness direction. The cedl than divided into many subcells and an
averaging was performed again by assuming unifdress distribution in each subcell to
obtain the effective stress-strain relations ofghbcell. Then these relations were combined
to get the effective stresses and strains in thaentell.

Yang et al. [26] proposed the fiber inclination rebdased on a modified laminate theory to
predict the elastic properties of 3-D braided cosijes. The unit cell used for the analysis
was assumed to be composed of an assemblage ofethalnidirectional laminate. The
idealized unit cell was described as fiber bundlieented in four body diagonal directions.
All the yarns in one direction were assumed to fommlined laminate after matrix
impregnation. The rest of the analysis was expthis® an extension of the fiber undulation
model developed by Ishikawa and Chou [16]. In #mslysis, contributions of pure matrix
regions to the stiffness matrices were neglected. &d Qiao [27] developed and extended
this fiber inclination model to analyze the strédngtoperties of 3-D braided composites.
Whyte [28] proposed the fabric geometry model baseda modified laminate theory to
predict the properties of 3-D braided compositdss Todel considered the fibers and matrix
as a group of rectilinear bars with various spair&ntations. Once the whole group of bars
had been characterized, the composite global esfnmatrix, therefore all the elastic
constants, were obtained by adding the contribatioh single bars that should have
transverse isotropy. In the calculation of axidffreéss, some errors were found for small
braiding angle values.

The volume averaging model [29-30] used a weiglateetage of the results obtained with
the fabric geometry model. After the group of blaasl been characterized, according to the
fabric geometry model, the stiffness matrix wasaoted as a weighted average of the single

beam contributions to global stiffness, where tleghts used were the volume fractions of
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every beam. The weights might appropriately be neefi to take into account tow

cross-sectional characteristics. They were comiglegaored in the fabric geometry model.

1.2.2Finite element based methods

Finite element based methods involve the use o8ibefinite element method to analyze the
mechanical and thermal behavior and determine ffectwe properties of woven and
braided composites. In general, finite element thasethods require the development of a
detailed RVC model that truly takes into accourg thicrostructural architecture of the
composite. Since a detailed RVC finite element mhadaally involves thousands of elements,
finite element based methods are computationalycosimpared with closed-form analytical
methods. The advantage of finite element based adstis their ability in predicting the
detailed stress/strain fields of composites espgcithe woven/braided composites with
complex microstructures. Two types of finite elemneased methods are mainly used in
literature: direct finite element analysis undex ipecified displacement boundary conditions,
and homogenization method combined with finite eletranalysis.

The direct finite element analysis has been extehsiused to determine the mechanical
properties of woven and braided composites [31-B6uch an approach, a finite model of
the RVC which took into account the periodical rogtructure of the composite and truly
simulated the spatial configuration of the tows andtrix was firstly established. The
periodical displacement boundary conditions wesntimposed on the finite element model
in order to satisfy forces continuity and displaests compatibility on the opposite faces of
the RVC. The specified displacement boundary camtt such as the tensile and shear
displacements, were imposed in the finite elemendeh The properties of the composites
were finally determined by the finite element asayresults of the stresses and strains of the
RVC model. Based on the direct finite element asialySrirengan and Whitcomb [37-38]
proposed a global/local technique to determine détiled stress field of a 2-D woven
composite. The analysis was carried out in twoestag global analysis was performed using
only a few elements to discretize an entire mdteibbmogenized material properties

obtained via the direct finite element analysisevesed which macroscopically account for
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the heterogeneity in the material. To obtain dethsdtress distribution, a local analysis was
performed which accounts for the tows and the maliscretely.

Homogenization method is based on the mathematiwdry of two-scale asymptotic
expansion [39]. Concerning the composite with pdanicrostructure, the two scales are a
macroscale representing the composite structureaamicroscale representing the periodic
microstructure in the heterogeneous composite.nbmeogenization process uses asymptotic
techniques to express the macroscopic variationdependent variables in terms of the
microscale variations of the geometric and matesgalables. This transforms the governing
differential equation into a series of coupled kaany value problems of successively higher
orders, defined in the microscale [40-41]. The 8oluof each successive boundary value
problem acts as a non-homogeneous term in thehigiér order boundary value problem.
The boundaries conditions of the RVC are determifiesin periodicity and loading
conditions. This technique combined with finiteretnt analysis has been exploited by many
researchers for obtaining accurate effective (nmsaai@) properties of woven and braided
composites. Dasgupta et al. [42] calculated effectthermo-mechanical and thermal
properties of woven composites. Carvelli and Pog] investigated the macroscopic
mechanical behavior of woven composites. Two les€lsomogenization were performed in
their study. The homogenization theory was firsélgplied to the tows considered as
unidirectional fiber reinforced composites, thertie woven composites with homogenized
tows. Feng and Wu [44] used this method to pretihieteffective modulus of 3-D braided
composites. Dong and Feng [45] conducted the nwalgpredictions of the tensile strength

of 3-D braided composites.

1.3 Investigation of C/SiC composites

1.3.1Analysis of the mechanical and thermal properties foC/SiC

composites

C/SiC composite technologies are being developedaaivanced with the notion that they

will find widespread use in the high-temperatureudural applications especially in the
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aerospace industries. However, since C/SIiC conwgasitstill a relatively new class of
materials, characterization studies of the proeertif C/SiC composites have been limited
compared to such materials as polymer and metabxtatimposites. Future C/SiC composite
structures will possess rather complex shapes nmaguvarious architectures, variations in
local thickness, and local curvature, which may disad to processing non-uniformities
throughout a given structure. Needless to sayrderoto design such composite structures,
the mechanical and thermal expansion propertie€/&8C composites need to be well
understood.

A considerable amount of experimental researchgs baen done on the mechanical and
thermal behaviors of C/SIC composites. Camus et{4#l] investigated the mechanical
responses of 2-D woven C/SIiC composites subjeaiedniaxial tensile and compressive
loadings. An extended non-linear stress-strainaesp and a multi-stage development of
damage involving transverse matrix microcrackingindie/matrix and inter-bundle
debonding as well as thermal residual stress relase evidenced.

Bouazzaoui et al. [47] used an ultrasonic methothvestigate the non-linear mechanical
behavior of 2-D woven C/SiC composites. Two damagedes were emphasized that
transverse microcracks were characterized by ardetistic accumulation and a random
development of longitudinal micro cracking, i.dadr/matrix and bundle/matrix debonding.
Inghels and Lamon [48-49] carried out experimergaldies at room temperature to
investigate the mechanical behaviors of a 2-D wo@8iC composite. The tensile and
bending tests of the specimen permitted the ideatibn of the damaging process in C/SiC
composite. The analysis of the mechanical behastmsidered separately the reversible
behaviour, which is the response of the materiah toading, and the residual behaviour
resulting from mechanical damage.

Wang et al. [50] characterized the tensile behawvioa 2-D woven C/SiC composite by
monotonic and loading/unloading tests. The quantdaanalysis of the hysteresis behavior
was performed in terms of constituent propertiehsas interfacial sliding stress and thermal
residual stress between fibers and matrix. The ositgp showed markedly non-linear
behavior with evident hysteresis loops, appreciatdsidual strains and continuously

decreasing moduli.
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Ji et al. [51] studied the loading-unloading pradiesr of 3-D braided C/SiC composites at
ambient temperature by three-point bending experimevith single-edge notch beam
specimens. The loading-unloading displacement suofe3-D C/SiC composites exhibited
typically a non-linearity feature. A large residudplacement existed after unloading due to
the pulling-out and incomplete recovery of the fibad/or fiber bundles.

Cheng et al. [52] characterized the influence efhizat treatments on the thermal expansion
behavior of C/SIC composites. The different expamsbehavior of the composites was
gualitatively analyzed before and after differemiathtreatments. It was indicated that the
thermal expansion behavior of the composites wasnged after heat treatment due to the
increase of thermal stability and the change ofntla¢ stress and microstructure of the
materials.

Thermal expansion behavior of C/SiC composites witke different preform architectures
including 1-D unidirectional, 2-D woven and 3-D ioied C/SiC composites was investigated
by Zhang et al [53] from room temperature to 1400 The experimental results indicated
that CTEs of 1-D unidirectional and 3-D braided iC/Somposites changed in a similar way
due to the similar distribution of interfacial theal stress and the same controlling factors in
the same temperature ranges. Different behaviors wleserved in the investigation of CTE
of 2-D woven C/SiC composites.

Kumar et al. [54] investigated the thermal expamshehavior of 3-D stitched C/SiC
composites. Coefficient of thermal expansion (CDE)Xhe composites was determined in
in-plane and through-thickness directions in thregerature range from room temperature to
1050°C. An extensive microstructure study was amwied out to understand the thermal
expansion behavior of the composites. It was foomidthat CTE behavior is closely related
to the composition of the composite which, in tuidepends upon siliconization conditions.
Although the experimental studies have providedghisinto the physics of mechanical and
thermal expansion behaviors of C/SIiC composites, ¢dbmplexity, the time and cost
associated with processing and testing C/SiC coitgsomake it considerably cumbersome
to characterize the material properties. Especiaby designing the C/SIiC composites
structures, an efficient evaluation of the matepiaperties is needed. Numerical modelling

of the properties of C/SIiC composite can contrel pinoperties in both a deterministic and
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probabilistic manner and they can help to in baitaerstanding the physical mechanisms,
extending the material properties databases araesff designing the composites structures.
Owing to the fact that C/SIiC composites have justrbdeveloped in recent decades, the
numerical characterization study was quite limitgs-56]. Systematical studies of numerical

modelling of the elastic and thermal expansion erogs of C/SiC composites have not been

discussed in literature yet.

1.3.2Study of the oxidation behaviors of C/SiC composite

The susceptibility of the carbon fibers and Pyifaces to oxidation [57-59] has hindered
the long-term reusable applications of C/SIC contpssin high temperature oxidizing
environments. Because the as-fabricated micro-srackthe SiC matrix act as oxygen
transport paths, the exposed carbon fibers andfacts are susceptible to the oxidation,
which leads to strength reduction and componehirgai It is therefore necessary to assess
the oxidation mechanisms and kinetics of C/SiC oositps when exposed to severe service
conditions.

Until now, much effort has been made to study thidation behavior of C/SiC composites.
Understanding the oxidation mechanisms is the basisroaden the applications as high
temperature structure materials in oxidizing enwinents. Experimental researches showed
that the oxidation kinetics of C/SiC composites bardivided into three domains [60-62]: at
the low temperature range (T<800°C), the rate efrgmction between carbon and oxygen
dominates the oxidation kinetics and forms a unifalegradation of carbon reinforcement; at
the intermediate temperature range (800°C<T<11Q0®) oxidation is dominated by gas
diffusion through the matrix micro-cracks, resujtim a non-uniform degradation of carbon
phases; at the high temperature range (T>1100%2guUse micro-cracks are sealed by the
silicon dioxide and the oxidation is controlled dsyygen diffusion through the silicon dioxide,
the oxidation mainly takes place on materials si@$aSingh and Srivastava [63] investigated
the effect of oxidation on elastic modulus of C/StGmposites with the exposure of
oxy-acetylene gas flame in open atmosphere. Thergrpntal results clearly indicated that

the maximum tensile and elastic modulus of compesitecreased with the oxidation time.
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Note that the above experimental studies wereoaltiacted in an unstressed state. However,
the oxidation of the composite in unstressed anesséd states might be very different
according to Halbig et al. [64-65]. They conductbd oxidation tests of C/SIC composites
exposed to an external mechanical stress. Thessttesxidation results showed that the
crack-closing effects were greatly diminished amel dxidation regime was similar to that of
bare carbon fiber.

Due to the complexity, time consuming and experinest, various numerical oxidation
models have been developed to study the physicshefoxidation process in C/SIC
composites. Zhang et al. [66] developed a modepredict the oxidation behavior of
ceramic-carbon composite based on the kinetic yhebgas diffusion and a linear parabolic
oxidation process. Eckel et al. [67] proposed ailammmodel to determine the oxidation
recession rate of a single carbon fiber embeddex non-reactive matrix by simulating the
diffusion of oxygen to the carbon fiber throughraak in the matrix. Halbig et al. [68-69]
adopted Eckel's model to simulate the fiber surfaeeession in C/SIiC specimens and
presupposed the crack extension through the spaogage section bridged by an array of
continuous carbon fibers. Sullivan [70] developednathematical theory to predict the
oxidation behavior of C/SiC composite structureg,assuming the C/SiC material was a
homogeneous, orthotropic porous medium with a skKeleton. The theory was derived from
the mechanics of the flow of ideal gas through aops solid. Although these oxidation
models provide insight into the physics of oxidatmf C/SiC composites, these approaches
are mostly limited to the weight loss evaluationwad| as the influence of environment on
the weight loss behavior of composites. Vignolesl ef71-73] modeled the behavior of a 3-D
C/C composite during gaseous oxidation in steaae stom the microscopic scale up to the
macroscopic one. The geometrical morphologies aflibad carbon components (fiber,
interface and matrix) were modeled respectivelyetdlasn a general model for receding
surfaces under a first-order gasification proceagpled to mass transfer by diffusion. This is
the rare numerical study which investigates thelatkon behaviors of composites from the
viewpoint of microstructural morphology modellinglthough only the C/C composite is
studied.

Concerning C/SIiC composites, existing numericalre@ghes are not readily applicable to

10
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model the complex morphology of oxidized materiatnwstructures. Besides, these methods
are unable to predict the degraded stiffness aedgth of oxidized materials as a function of
time and environment parameters. Especially asaaan accurate evaluation of degraded
properties is concerned, an accurate modellinghefaxidized microstructure morphology

and the efficient prediction of the degradationnmdterial properties become a challenging

topic.
1.4 Objective and outline of the thesis

The objective of this thesis is to present a syatermumerical study of C/SiC composites,

which includes:

» The modelling of the complex microstructures withiltinlayered spatial architectures
and the multi-phase materials and prediction of é#fiective elastic and thermal
properties of C/SiC composites.

A detailed stress analysis of the C/SiC compositesires.
The determination of the thermal residual strelR)I of C/SiC composites and the
optimal design to minimize the TRS.

» A numerical simulation of the oxidation behavior ©1SiC composites in oxidizing
environments.

The accurate and efficient predictive theory is umegfl for the determination of
thermo-elastic properties of C/SiC compositesClmapter 2, a new finite element based
method strain energy method is developed for tediption of the effective elastic constants
and coefficient of thermal expansion (CTE) of cosipmmaterials. This model is based on
the relationship established between the straimggnef the microstructure and that of the
homogenized equivalent model under specific theetastic boundary conditions. Different
kinds of composites are tested to validate the mode

Chapter 3 studies the microstructure modeling technique #med evaluation of effective

elastic constants and CTEs of C/SiC composites. ZFBewoven and 3-D braided C/SiC

composites which are widely used in engineeringcarecerned in this chapter. In order to

extend the application of the modeling technigle, most complicated condition, i.e. the

11
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modeling of composites with multi-layered interfaceand matrices is studied. The
geometrical configurations of the RVC microstruetunf composites are analyzed and
mathematical relations among different geometrgalameters are derived. Based on the
above analysis, the finite element models of 2-Dvevoand 3-D braided C/SiC composites
are established and combined with the stain energthod, respectively to evaluate the
effective elastic constants and CTEs of composidsmerical results obtained by the
proposed model are then compared with the resudtsored experimentally.

An accurate detailed stress analysis is essentialdsigning the C/SiC composite structures.
The finite element method is a common tool for detailed stress analysis. However, the
conventional finite element analysis is computatltyn challenging due to the complex
architecture of the multi-phase and multi-layeretrostructure of C/SiC composites. An
effective global/local analysis strategy is emphbye determine local stresses in the C/SiC
composite structures @hapter 4. On the basis of the finite element analysis,pteeedure

Is carried out sequentially from the homogenizethpaosite structure of the macro-scale to
the parameterized detailed fiber tow model of theroascale. The bridge between two scales
is realized by mapping the global analysis ressilthe boundary conditions of the local tow
model and hence the influence of the global moehement on the computing accuracy of
local stress is particularly addressed. To velifg tomputing results of such a bottom-up
global/local analysis, we use a refined finite ed@atnmesh of the composite structure whose
solution is considered as the standard of compari3de proposed approach is finally
applied to a 2-D woven C/SiC composite panel.

The thermal residual stresses (TRS) induced in GC/8bmposites with multi-layered
interfaces or matrices when cooling down from thecpssing temperature, have a significant
influence on the mechanical behavior and lifetilhecamposites. To achieve an excellent
thermal-mechanical performance of C/SiC compositdas, necessary to analyze and design
the microstructure for an optimized TRS distribati®uch a study is presenteddhapter 5

by synergizing finite element analysis and a pkrtsevarm optimization (PSO) algorithm.

The oxidation behavior of C/SIC composites in ozigly environments is simulated by
modeling the oxidized microstructure morphology amekdicting the degraded elastic

properties inChapter 6. The oxidized RVC microstructure is firstly mod&lbased on the

12
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oxidation kinetics analysis and compared with tkgegimentally observed morphology. The
strain energy method is then combined with the iagd RVC microstructure modeling
technique to predict the elastic properties of &iC/composite in air oxidizing environment.
The evaluated results are validated in comparis@xperimental data presented in literature.
Moreover, the environmental parameters, i.e., teaipee and pressure are studied to show
their influences upon the oxidation behavior of iC/Somposites.

Final conclusions of the work and recommendatiamsfditure investigation are made in

Chapter 7.
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Chapter 2: Strain energy method for the prediction of

the elastic/thermal properties of composite materials

2.1 Introduction

Elastic properties and coefficients of thermal egian are important physical properties of
composite materials used in high-temperature enment. The exact prediction of these
effective properties is essential to design the mmsite materials and understand the
mechanical and thermal behaviors. Generally, twpr@rhes are taken into account to
obtain the global effective properties of compositaterials: (a) experimental modelling and
(b) numerical modelling. The experimental modellingjizes the experimental data from
standard coupon specimens to build a constitutoueatton [74]. The numerical modeling
typically uses the representative volume cell (R@Cunit cell technique combined with the
known material properties of fiber and matrix totedtmnine the overall behavior of the
composite [75-76]. The experimental program requiceevaluate various material constants
and functions in the macroscopic constitutive eiguatis relatively costly and
time-consuming [77]. The numerical modelling is dxhon the known properties of the
constituents and the assumption that the comppsiésesses a periodic structure. Thus, a
RVC model is firstly constructed depending on tleormgetry and material phases of the
composite. The properties of the composite are titained through an analysis of the RVC
either by closed-form analytical [15-30] or fineeement-based methods [31-45].

Actually, closed-form analytical methods are nadiéy applicable to the composites with
complicated microstructures, e.g., the C/SIC comesswith multi-layered interfaces or
matrices due to their inherent limitation in accahgmodelling the composite microstructure.
In contrast, the finite element-based methods, lyemization method combined with finite
element analysis and direct finite element analysider the specified displacement boundary
conditions, have the generality of being able t@rabterize the effective properties of

complicated microstructures. However, the practiocgdlementation of the homogenization

14
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method is sophisticated due to the complexity @& thathematical formulation. To some
extent, this complexity may influence the efficiamplication of the method. Comparatively,
direct finite element analysis demonstrates itspfigity in numerical implementation.
However, the underlying relation between the cosgdfit of thermal expansion (CTE) and the
elastic properties cannot be revealed by this ambro

In this chapter, an alternative finite element-blasethod stain energy method is developed
for the prediction of the effective elastic propestand CTEs of composite materials. This
method is based on the relationship establishedveegt the strain energy of the
microstructure and that of the homogenized equntateodel under specific thermo-elastic
boundary conditions. Expressions in closed-fornthef effective CTEs in terms of the strain
energy and effective elastic properties are derilgffierent kinds of composites are tested to
validate the method. Representative RVC models sp#tific boundary conditions are used
to evaluate effective elastic properties and CTizd fire compared with available results

obtained numerically and experimentally.

2.2 Theory of strain energy method

In the present work, the relationship between tinairs energy of RVC and homogenized
equivalent model is studied for 3-D orthotropic eratls. To make things clear, consider a
RVC model with heterogeneous microstructure degiateFigure 2.1a. It consists of two

material phases (the dark color represent the filele the light color represent the matrix)

and can be regarded as a homogenized equivalerd mepicted in Figure 2.1b.

The macroscopic behaviors of the microstructurelmiharacterized by the effective stress

tensor g and strain tensoE over the homogeneous equivalent model
a=1V [ adv 2.1)
&=V [ v (2.2)

V is the volume of the microstructure ara, & are respectively the stress tensor and

strain tensor of the microstructure.
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Equivalent process

2:>

(a) Heterogeneous microstructure (b) Homogeneous equivalent model

Figure 2.1 lllustration of the RVC of composite

In the elastic regime, the effective stresgesand strainse are interrelated by the effective
stiffness matrix D"

H=

o=D"¢ (2.3)

In the thermo-elastic regime, the effective stresge and strainse, correspond to
o=D" (E—a”AT) (2.4)

where a@" denotes the effective thermal expansion coefficieratrix, and AT is the

variation in temperature.

Consider the case of three-dimensional orthotromaterials, D" and a” can be written
as

Dll-:illl DT122 DT133 O
D1|122 Dl;222 Dl;233 0

H H H
Diiss D2z Diaggs O

0
0
0
0

o O O o

D" =
O 0 0 DY, (2.5)
O 0 0 0 D&, O
0 0 0 0 0 Df
T
a" =[a)} a}, a] (2.6)
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2.2.1Prediction of the effective elastic properties

In the elastic regime, the elastic strain eneWfy of the microstructure can be expressed as

— T
W, = [ o7edv o
= J-V (0-11811 + 0-225 22+ g 3§ 33+ o lé 12+ o é 23_ o §1 lpv

It can be demonstrated that the strain energyeelet the microstructure is equal to that of
the homogeneous equivalent modetler uniformly distributed loading boundary coratis
[41] such that
W, = g&V

(Gubut Tt T F 4T E 2T & 40 & W 2)
With the help of specific boundary conditions, toenbination of equation (2.3) and equation
(2.8) can be used to deduce the effective stiffmeasix D" for the RVC. Suppose a unit
initial strain is imposed in direction 1, e = (LO OO O0O0j. The corresponding
boundary condition is depicted in Table 2.1. Ndtat tthe superscript (1) represents the first

load case. The corresponding average stress iottamed by equation (2.3):

—®
g :(Dﬂn D1H122 D|-1|1330 0 O)T (2-9)

By replacing " and £"into equation (2.8), one obtains the following esgmion of the
strain energy
P VLY (2.10)
The coefficient D;},, can be derived
D)}, =WV (2.11)
In the same way, demonstrations can be made far atbefficients and all the results are

summarized in Table 2.1.
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Table 2.1 Boundary conditions of the RvC

Load case 1
S 6L 67 670 $7 ptrtytos
-+ —» .
- —> ;
- — i
0.5, 0.5 i
Boundary +— — i
condition 5 +— — i
0
— —» 1 &
TR bbb dlos
3 1 ) 3
View of the RVC along direction 3 View of the Rv@ag direction 2
Coefficient D, =WO N
Load case 2
Pty fos Prtrt fos
o g Dl g
] ; i
D g . g
Boundary i i
condition o f i i
D g D g
2 D aq 2 o @
bbb bos bbbl s
3 1 1 3
View of the RVC along direction 3 View of the Rv@®ag direction 1
Coefficient DY, =W2 N
Load case 3
o ko o 0 v i o o o o o o o
-+ — - —
+— — -+ —>
- o - —
0.5/, 051, 0.5 0.51,
Boundary - I - -
condition ) «— —> ] « —
- — - —»
RSN R
1 T—> 3 2 3
View of the RVC along direction 1 View of the Rv@®ag direction 2
Coefficient D =W N
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Load case 4
0.5/,
— > - — — >
' t
+ t
+ t
condition ) ' " 1
} t L
— 4 — 4 —
3 L. | 0.5 2 3
View of the RVC along direction 3 View of the RvV@®ag direction 2
Coefficient DA, =W N
Load case 5
0.51,
— = > = = —>
il t
Il t
4 t
Boundary 0.54, ' 4034
condition ' 4 2
2 ' s
— — — — — ”
1 ;3 03 3 1
View of the RVC along direction 1 View of the Rv@®ag direction 3
Coefficient DY =W N
Load case 6
0.5, Ao el o o G
— > > > > >
! t
i t
i t
Boundary 0-511¢ 4 03,
condition 1 i % 5
* T O 0O O O 0O Q O O 0 ()
— 4 — 4 4
2 3 0.5 ! 3
View of the RVC along direction 2 View of the Rv@®ag direction 1
Coefficient D, =W N
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Load case 7
. ttrty tos
Pttt ; :
- . i E
T —s o g
<+ — 0 .
condition — . i i
2 — 1 ; E
Lllllli Tllllllo.szl
3 1 0.5 2 3
View of the RVC along direction 3 View of the RvV@®ag direction 2
Coefficient Dﬂzz :WEU)/ZV - DTlll/Z_ D’;zzlz
Load case 8
11ttt tos
Prtttt : :
— . i i
-« - Pl I
Boundary 0.5, 0.5, 8 I
-+ — o g
condition — L, i F
o g
2 —> 2 Pl S
Lllllll Tllllllo.sg
1 3 0.51, 3 1
View of the RVC along direction 1 View of the Rv@®ag direction 3
Coefficient Dibss =WV = DY,,/2- D',/ 2
Load case 9
0.51, bt bt it Lt
rt1t1t — —
-— —> — L .
ot - 051" | 051,
Boundary 055 | | o5 «— -
condition 5 —
] +— — -+ —
vl bl SSERERRRRRARR
ZT_>3 0.5], 1 3
View of the RVC along direction 2 View of the Rv@®ag direction 1
Coefficient qu33 =WE(9)/2V - D;‘ln/z_ ng{Z

In conclusion, the effective stiffness matrix canvritten as

20




Strain energy method for the prediction of the elastic/thermal properties of composite materials

WE(l) WE(7) _WE(Z) _WE(l) WE(9)_WE(3)_WE(1) 0 0 0
V pavs puys
WE(Z) WE(B) _WE(3) _WE(Z) 0 0 0
\Y avs
(3)
V\\li 0 0 0
e (2.12)
\5 0 0
W
\/
W(G)
m E
L 4 V |

The elastic modulus can be derived by inversingatiwve matrix. In practice, the considered
RVC will be discretized as a finite element modw®i, which the initial strain and periodic
conditions will be imposed to evaluate the straimergy. Here, the finite element

discretizations and analyses are all implemente@NfyYSfinite element software.

2.2.2Prediction of the effective CTEs

According to equation (2.4), the relationship besweffective stress and strain in the thermal
regime can be expressed as

511 = Dl”lll(a_“n—al”lAT) + DT12£E 22— O'HZQT) + DHlBQE 33— O'HQT)

02 =D (11— atAT) + DY (€ 20— a"tAT) + DML 35— " AT) (2.13)

033 = Dl (61— AT) + DY, (£ 20— @ AT) + DM (£ 35— a" AT)
The strain energy related to the microstructuressmonds to

W, = [ oedQ (2.14)

Now, consider the following three kinds of boundaonditions depicted in Figures 2.2-2.4,

respectively.

21



Strain energy method for the prediction of the elastic/thermal properties of composite materials
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T TR O TRELR |
3 T_’ 1

(a) View of the RVC along direction 3 (b) View ¢fet RVC along direction 2
Figure 2.2 RVC under boundary condition 1

AT

(a) View of the RVC along direction 3 (b) View ¢fet RVC along direction 1
Figure 2.3 RVC under boundary condition 2

e o o ot o o o N s o i o e

(a) View of the RVC along direction 1 (b) View ¢fet RVC along direction 2
Figure 2.4 RVC under boundary condition 3
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Boundary condition 1 corresponds to

Gl=0, en=0, e9=0 (2.15)

Note that the superscript (1) represents the numbdyoundary condition. The RVC is

restricted to move in directions 2 and 3. It isyofike to move along direction 1 but planes

x, =0 and x =1, have to remain planar and parallel to preservectmapatibility with

adjacent cells. Finally, the substitution of eqoiat{2.15) into equation (2.13) gives rise to the

following expressions

_ H DH
5(1) allAT + 811220, ZAT + D1133 3AT

1111 1111

—(y_( DH,,D" D/;,,Dr
0(212)=( 1152H 1122 _ D;zzzjangT +(11D+1133—D';233JUH343T (2.16)

1111 1111

_(1) DH DH

O = ( 113:?_| 1122 _ D;233J ZZAT +( 113p 1133 1133 Dl;333j a:;AT
1111 1111

For the other two boundary conditions depictedigufes 2.3-2.4, the same demonstrations

can be made to find following expressions

_ H H
8(2% apAT + D1122 anAT + =228 D2233 ab AT
p202 5202
—() _ [ Dj3p,Dr; D/.,,D}
a1 _[ TR Diiyy |0AT + 132 28— Dl g |0 AT (2.17)
2222 2222

JS?,) = (DzLDlm - Dﬂss} alHlAT + (D2+92233_ D gsssj 0’3H3AT

H
2222 2222

- D/ DY
£ = QUAT + 28 gHAT + 222G AT
3333 D3333
—m _( D1, DF DY
on= ( 113?4 HE-Dy, |aTAT + 1139 22D, |a AT (2.18)
3333 3333

H
3333 3333

0(212) = (DZLDH%_ Dﬂzz} O'lHlAT + (%L Dgzzz} angT

By analogy, consider now the models with mecharboaindary conditions. Figure 2.5 shows

boundary condition 4 for which the displacemeant and fiber/matrix interface forcef are
imposed. This model is equivalent to that undemiolawy condition 1 provided that
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H Dtz 1 Ditas 1
W =| ap AT+ D" a AT + D" a AT |l (2.19)
1111 1111
f =] [D(E)a(a,)AT -D(E,)a(a,)AT]ds (2.20)

where S denotes the interfacial area between twerrabphases.

—
—
|
—*
—
bl
[
L.

_’ ‘ ~
f A . dh
- o —n P J =N
= D C\
- / \ — P O~
u { = | u » 0\
1 i # S 1 b q
\& i D N
-— — — P R

ol =C]
— 1 o aN

IR
2 3
(a) View of the RVC along direction 3 (b) View ¢fet RVC along direction 2

Figure 2.5 RVC under boundary condition 4

This relation implies that the strain energies ¥CRunder both two boundary conditions are

equivalent
Wi =W (21)
where WY and W indicate the strain energy of RVC under boundamydition 1 and 4,

respectively.

Similar demonstration can be made. The equivaleatiahunder boundary condition 1
(depicted in Figure 2.6) has the same deformaiield fis that under boundary condition 5
(depicted in Figure 2.7), and the strain energiesquivalent model under these two

boundary conditions are equivalent
W =w) (2.22)
where V\lr(,i) and V\lr(,f) refer to the strain energy of homogeneous equivateodel under

boundary condition 1 and 5, respectively.
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(a) View of the homogenized equivalent model (b) View of the homogenized equivalent model along
along direction 3 direction 2
Figure 2.6 Homogenized equivalent model under bagndondition 1
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(a) View of the homogenized equivalent model along (b) View of the homogenized equivalent model
direction 3 along direction 2
Figure 2.7 Homogenized equivalent model under bagndondition 5

The strain energy of RVC under boundary conditididépicted in Figure 2.8)\/\4(;), can be

expressed as

WE =w) (2.23)
The comparison between equation (2.23) and (2e2&2J)lts in
W =w (2.24)
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(a) View of the RVC along direction 3 (b) View d¢fet RVC along direction 2
Figure 2.8 RVC under boundary condition 5

Boundary conditions 6 and 7, as illustrated in FegL2.9-2.10, are then imposed on the RVC

respectively. The interface forcé denoted in Figure 2.10 is equivalent to that cduse

the thermal deformation under boundary conditiorHénce, the strain energies of RVC

under both two boundary conditions are equivalent
W =w) (2.25)
where W and W) refer to the strain energy of RVC under boundamydition 6 and 7,

respectively.

AT _
( = /
b
- o :
2
(a)3 1
(a) View of the RVC along direction 3 (b) View d¢fet RVC along direction 2

Figure 2.9 RVC under boundary condition 6
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3 1

(@)
(a) View of the RVC along direction 3  (b) View of the RVC along direction 2
Figure 2.10 RVC under boundary condition 7

Considering the RVC under boundary conditions 4nfl 7, one can explicitly derive the

following expression

WE +W) =wi (2.26)
Then, the relation between the strain energy of RAW@ homogeneous equivalent model
under boundary condition 1 can be obtained by gubsg equations (2.21), (2.24) and (2.25)
into equation (2.26)

WE =wid +wil) (2.27)
The same demonstrations can be made to obtairlgtenship between the strain energy of

RVC and homogeneous equivalent model under bourwmargition 2

W =i +wi? (2.28)
and boundary condition 3

W =i +wid (2.29)
The strain energy of homogeneous equivalent modeéémuboundary conditions 1, 2 and 3

can be easily determined as:

H H 2
wi =0t atar + Htatar+ 2inatar | v 230
1111 1111
D/ D, 2
i) =01 atar + Dizatar + Do | v @:31)
2222 2222
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2
W =D:333( 3AT+D“33 AT+ D ZAT] (2.32)

3333 3333
note thatV is the volume of RVC. By replacingV\), W?and W into equations (2.27),

(2.28) and (2.20), respectively, one obtains thiefiong expressions

D/’ D/’ ’
\Nr(Fle) _\Nr(s) =Dpyyy| OTAT + D1122 AT + D1133 HsATJ \% (2.33)
1111 1111
" 2
(A _\w(®) — pH 1122 D233 a'
Wi —We! = Dyl GOAT + {2 aAT + 222 g 7AT | V (2.34)
D;%s D%,
DY
\Nr(s) _\Nr(s) = Dygag| O5AT + D1133 AT + D2233 ZATJ (2.35)
3333 3333

Solving equations (2.33)-(2.35) finally yield thiéeetive CTEs of RVC:

( Dl'-:{22 D2H233 D]’tllBSJ[ D’;ZS — RJ ( DH2233D 2233 1}( Dl'-:{22 Q — P]
all-:{ - qull D I;222 D Tll D H3333 D H333P 2222 D " 1111 (2 36)
( Dl'-:{22 D2H233 D]’tlli%ij[ D';ZSS Dl'122 — D HllSBj — [ D2H233 D ;'233 — 1}( D1q22 D1H122 — 1} '
qull D I;222 D Tll D H3333D H2222 D H33 Di":|333 D 2222 D ’-:Il.lllD H2222
( Dl'-:{22 Dl’_ill.33 — D gZB?j( D qlBBP — Rj [ DHllSSD H1133_ 1}( D1|122 P- Q]
a£|2 - D2H222 D|1—|111 D 222 D H3333 D H333p 1111 D " 2222 (2 37)
( D1q22 Dll—i:.33 — D ';233;)[ D’IlSS Dl'-:{22 — DHZZSﬂ — L Dl’_i:.33 D:'l33 _1}( D1|122 D';122 — ]J '
D}, D D" D" D" D" Df... DY D",,,D"
2222 —1111 222 3333~ 1111 33 3333 ~ 1111 2222 1111
( Dll—i:.33 D1q22 — D ?233}( D1H122 P- Q] ( D T122 D H1122,_ 1}( Dl’_ill.33 P- Rj
a3H3 - D?':%33 D:’L_Illl D ’;333 D H2222 D HZZZP 1111 D i 3333 (2 38)
( Dll—i:.33 Dl'122 — D';233J( D1H122 DT133_ DH2233] _( Dl'-:{22 D1H122 _1}[ Dl’_ill.33 D]’tllBS 1J '
D?':%33 D’l_llll D ’;333 D H2222D H1111 D H22 D’2_|222 D Tlll D '-.!3333D H:I.lll

- myViC) (3 _\\(0
where P = M Q= M and R= M Regarding the
D1, (AT)V D;,,,(AT)"V Dyas(AT)V

above equations, an important point to be notetias the explicit closed-form expressions
can be established between the effective CTEs lamelastic tensors by virtue of the strain
energy method. In contrast, the other finite elerb@sed methods, i.e. the homogenization
method and finite element analysis, are both inclepaf reflecting this relation explicitly.

In practice, the considered RVC will be discretizei a finite element model on which the

above four boundary conditions 1, 2, 3 and 6 wallimposed to evaluate the corresponding
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strain energies.

2.3 Numerical examples

In this section, several applications of strainrgpenethod are presented. Two representative
fiber-reinforced composite models including unidtrenal and woven composite and a
spherical porous composite model are studied. Tieetee elastic properties and CTEs are
computed by means of strain energy method and caupaith the results reported in the

literature.

2.3.1Prediction of elastic modulus of unidirectional corposite

A unidirectional composite is firstly studied tolidate the proposed approach with the help
of the data in literature. Figure 2.11 shows tinédielement model of the RVC with a 60%
fiber volume fraction. Similar finite element modelre created for other volume fractions.

The matrix and the fiber are considered as isotramterials, and its elastic properties are:

E, =413.%GPa, v, =0.2 and E, = 4.13GPa, v, =0.35, respectively [78].

Figure 2.11 Finite element model of the RVC fordirgctional composite

Table 2.2 lists the numerically obtained longitadimodulus against the experimental data
and numerical values evaluated by homogenizatiothadein [78]. It can be seen that the

predicted results match well with the experimemis mumerical results.
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Table 2.2 Comparison of computed longitudinal madwlith experimental and numerical results

V Strain energy method Homogenization method [70] xpdiiment [70]
E., (GPa) E., (GPa) E.,(GPa)

0.20 86.05 84.39 80.67

0.50 229.41 227.45 207.54

0.60 249.88 247.8 246.15

0.65 270.39 268.51 244.77

Note: V, is the volume fraction of fiber.

2.3.2Prediction of CTEs of unidirectional composite

The effective CTEs of an E-glass/epoxy unidirealaromposite are predicted in this section.
The finite element model of the RVC is shown in Ufgy 2.11. The properties of the

constituents are taken from the literature [79] arelgiven in Table 2.3.

Table 2.3 Properties of the constituents

E (GPa) G (GPa)V a 10°/°C

E-glass fiber 72 40 02 5
Epoxy matrix 3.5 1.3 0.35 525

The present numerical results are compared witlexiperimental data and numerical results
obtained by the analytical method “Chamis equatifwdte that the details about “Chamis
equation” were discussed in the literature [79Pe Tongitudinal and transverse CTEs are
shown in Figure 2.12 and Figure 2.13, respectivielgan be observed that the differences
between the longitudinal CTEs predicted by theirstemergy model and “Chamis equation”
are negligible. All of the models are in good agneat with the experimental data for
longitudinal CTE. For the transverse CTE, the mssaof strain energy model are in much

better agreement with the experimental data thdrahds equation”.
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Figure 2.12 Longitudinal CTE of E-glass/epoxy uredtional composite
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Figure 2.13 Transverse CTE of E-glass/epoxy uritimaal composite

2.3.3Prediction of CTEs of spherical porous material

In this section, the effective CTE of the spheripatous alumina are predicted. The finite
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element model of the unit cell with a 50% porogstghown in Figure 2.14. The properties of

alumina are listed here

E=413.GPa, v=0.2, a=23.6x10° K

Figure 2.14 1/8 finite element model of the RVC $pherical porous alumina

The effective CTE computed by the strain energyhaebtis given in Table 2.4. As only one
solid phase is involved, it can be seen that thE GTalways equal to that of alumina and not

influenced by the porosity, which is consistentvilie physics.

Table 2.4 Computed CTE of the spherical porous elamwith different porous ratio

f, 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

a, 23.6051 23.6143 23.6086 23.6099 23.6107 23.61226029. 23.6085

Note: f, is the porosity ratio, andr, denotes the effective CTE.

2.3.4Prediction of elastic modulus and CTEs of woven coposite

2-D plain weave is the most commonly used reinfioreet form in woven fabric composites.
An E-glass/epoxy plain weave laminates compositdistl by Dasgupta et al. [42] is taken

into account. The laminates consist of 35% E-diiéies with the fiber volume fraction within
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the tow of 65%. Given these two volume fractioh®, tow volume fraction\{,,) within the

unit cell is 53.85%, which is calculated by theoatf the overall fiber volume fraction (35%)
to the fiber volume fraction in the tow (65%). Mia&d properties of the E-glass/epoxy tow

and epoxy matrix are given in Table 2.5.

Table 2.5 Properties of E-glass/epoxy tow and epoarix
En(GPa) Es(GPa) G.(GPa) G:(GPa) Vv, V,  a, (10°/°C) a, (10°/°C)
E-glass/epoxy tow  17.16 46.16 3.539 4941 027 909 325 7.83

Epoxy matrix 3.45 3.45 1.259 1.259 0.37 0.37 69.0 69.0

The finite element model of the RVC for plain wedaelinate composite is shown in

Figure 2.15.

(a) Mesh of the tows (b) Mesh of the matrix

(c) Combined tows and matrix mesh
Figure 2.15 Finite element model of the RVC foriplaeave laminate composite

Table 2.6 lists the numerically obtained elasticdolas and CTEs against experimental
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results and numerical values evaluated by homoggaiz method in the literature [42]. It
can be seen that the computed results are gloimagreement with both the experimental
results and numerical ones. However, because tsepr RVC model does not precisely
coincide with the microstructure geometry modeled the literature [42], the results

computed by the present method are a little higfean homogenization results.

Table 2.6 Comparison of computed results with erpemtal and numerical results

Strain energy method Homogenization method [42] peEixnent [42]

E1, Ex, (GPa) 21.16 19.7 18.8
a,, a,, (10°/°C) 18.37 17.6 15.0
ay, (10°/°C) 56.34 54.2 58.1

2.4 Conclusions

In this chapter, an alternative finite element-lobaseethod using strain energy model is
proposed for the numerical prediction of the effextelastic properties and CTEs of 3-D
orthotropic composite materials. The significandetltos method lies in its simplicity in
numerical implementation compared with the homagmiion method. In addition, by
applying the strain energy model, the closed-foxpressions between the effective CTEs
and the elastic tensors can be established expligithich cannot be achieved by the
homogenization method and finite element analyRisassess the accuracy of strain energy
method, two representative fiber-reinforced comigosnodels including unidirectional,
woven and a spherical porous composite model aciest. All of the results are in good

agreement with the available experimental datarasdlts of other numerical methods.
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Chapter 3: Microstructure modelling and prediction of
effective properties of woven and braided C/SiC

composites

3.1 Introduction

Exact prediction of the effective properties plas important role in the application and
design of C/SiC composites. The key issue involwvethe predicting studies is the exact
modelling of the microstructure of RVC for C/SiC neposites. As is known, C/SIiC
composites especially the composites with multetaynterfaces or matrices have very
complex microstructures due to the multi-layer #@sdture in its geometrical configuration
and the large heterogeneity of multi-phase materkabr this reason, the effective properties
of C/SIC composites depend upon many parameters ascthe geometrical variations
including fabric architecture (woven or braided rfap and thicknesses of interfaces and
matrix layers.

In this chapter, the C/SiC composites with mulgieainterfaces and matrices are considered.
The interface and matrix are both composed of AeNer alternate PyC and SiC phases.
Figure 3.1 illustrates the fabricating procedur€&diC composites in a bottom-up sequence.
Firstly, square or hexagonal arrangements of caffidmers whose diameters are several
microns constitute the tow. Secondly, the towsiaterlaced to form the woven or braided
preform according to different braiding techniquésnally, the composite structure is
obtained by means of the following isothermal cheahvapor infiltration (CVI) processes
[80-81]:

» Alternate infiltration of PyC and SiC into the poeh to generate the interfaces. The
multi-layer interfaces consisting of PyC and Si@ &rmed around the fiber, as
shown in Figure 3.1a.

* Alternate infiltration of PyC and SiC into the poeh to generate the matrix. The

multi-layer matrices consisting of PyC and SiC dinstly formed around the
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interfaces and then formed around the tow aftesgizees within the tow are filled up

by the matrix, which is illustrated in Figure 3.1b.

---- Fiberscale --- = -----. Towscale ----

Square arrangement

2D woven technique 20 woven prefonm

Fiber

3D braid techrique

3D braided preform

(b) Tow scale

Figure 3.1 lllustration of the fabrication procedaf C/SiC composites

Regarding the forming process and the materialgilalision, the RVC model of the C/SiC
composites must involve two scales: fiber scale tamd scale. The first scale concerns the
modelling of RVC for tows and the second scale eomg the modelling of RVC for woven
or braided composites. Consequently, two levelswarherical analysis are performed to
predict the properties of C/SiC composites:

* On the fiber scale, a finite element model is bualbbtain the effective properties of
the fiber-scale RVC, and the results are used lier tows that are treated as a
homogeneous transversely isotropic material.

« On the tow scale, based on the obtained effectigpgnties of tows, a finite element
model of the tow-scale RVC is created to evaludfectve properties of the
composites.

In this chapter, the RVC microstructures of 2-D wovand 3-D braided C/SIiC composites
with multi-layer interfaces and matrices are firsthodeled. The geometrical configurations

of the microstructures are analyzed and mathenmatiemtionships among different
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geometrical parameters are derived on each sdaéestfain energy method is then applied to
evaluate the effective elastic moduli and CTEsarhposites sequentially from fiber scale to

tow scale. Numerical results are finally comparétth whe experimental data.

3.2 Microstructure modelling of 2-D woven C/SiC compoges

3.2.1Fiber scale

Here, the fiber scale concerns the tows which ansidered as unidirectional fiber reinforced
composites with multi-layer interfaces and matric&s seen in Figure 3.2a, a hexagonal
arrangement of fibers is assumed in this studyureig3.2b shows a RVC model with two

layers of interfaces and two layers of matrices.

.y
SiC

(a) Cross section of the tow (b) Geometric pararmaieRVC

Figure 3.2 Geometric model of RVC of 2-D woven @$omposite on the fiber scale

A RVC model with n' layers of interfaces ana™ layers of matrices can be adequately
described by the following characteristic paranseter

« fiber diameter: ¢'
* layer thickness of interfacesd} (j=1,2,0mn")
« layer thickness of matricesd" (j =1, 2,0n")

Denote Vo', Vo and V7™ . to be the fiber volume fraction, thgth interface

interface, matrix, j
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layer volume fraction (=1,2,00n') and the jth matrix layer volume fraction

(j =1, 2,0mn™) for the RVC model on the fiber scale, respectivAktcording to Figure 3.2b,

following expressions can be then derived to evaltize volume fractions of fiber, interfaces

and matrix layers

2
o _ e
Vil ‘
fiber o - a1 2 (3 ' 1)
23| ¢ + 2D d,+ 2> dr+d"
k=1 k=1
i\ -1 \?
| "(wf +ZdLj —ﬂ(co‘ +Zd&j |
erace,| = 5, =<n (3.2)
23| ¢ + 2D d,+ 2> dr+d"
k=1 k=1
n j 2 n j-1 2
LEOXB IR ER S
Fiber _ k=1 k=1 k=1 k=1 . m
Vmatrix,j - i a1 2 » J<n (33)
23| @' + 2D d, + 2> dr+d"
k=1 k=1
o n™-1 2 o j-1 2
2\/§[¢f + 2 do+ 2y dk‘”+d$j ‘"(fﬂf +2.d, +demj
Fiber _ k=1 k=1 k=1 k=1 . om

\Anﬂnxj - » ] =N (3-4)

i nm— 2
2@(40* +2>d; + Zzld,;“ - d;?nj

k=1 k=1
Table 3.1 lists the geometric and finite elementdetse for three fiber-scale RVCs with

different characteristic parameters. The fiber ditars of the RVCs are all ifn. Here,

twenty-node prismatic solid element SOLID95 ANSYS software is used for the finite

element discretization.
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Table 3.1 RVC models with different characterigi@ameters on the fiber scale
Finite element model

Geometric model gm)
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3.2.2Tow scale
The tow scale concerns the modelling of RVC for Bin woven composites. 2-D plain
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woven fabric is the most commonly used reinforceinfiem in 2-D woven fabric composites.
Plain woven fabric is formed by interlacing (weay)irof tows. The tows in the longitudinal
direction are known as warp tows. The tows in taadverse direction are known as fill tows.
Figures 3.3 and 3.4 respectively shows the scanglggron microscope (SEM) photograph

and the schematic representation of a typical 2ahpvoven perform.

L I I B |
15.0kV 25.5mm %30 SE(M) 1.00mm

Figure 3.3 SEM photograph of the 2-D plain Figure 3.4 Schematic representation of the 2-D
woven perform plain woven perform

Due to the geometrical complexity of the multi-layeoven architecture, following
assumptions are adopted to simplify the finite eéetrmodelling and improve the computing
efficiency:

» Cross-sections of the fill and warp tows are assliode rectangular.

* The undulating form is approximated by a singlerage undulation angle with the

horizontal plane.

Figure 3.5 shows the geometric model of RVC onttive scale consisting of three layers of

matrices. Related geometric parameters are: witlthaop tow a,, width of fill tow a,,
thickness of warp towh,, thickness of fill tow h,, thicknesses of the first and second

matrices t" and t,', average undulation angle with the horizontal elah
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warp tow

(a) Geometric model of RVC (the outer layer of rixais removed to show the tow architecture)

(b) Geometrical model of RVC shown from the fillntalirection
Figure 3.5 Geometric model of RVC of 2-D woven ©@$bmposite on the tow scale

In a general case, the RVC model of 2-D woven C/8bmposites withn™ layers of

matrices on the tow scale can be adequately descrdy the following characteristic

parameters:

» the width of warp tow:a,,,
+ the width of fill tow: a,,
 the thickness of warp towh,,,

 the thickness of fill tow:h,,

» the average undulation angle with the horizontahel! &,

the thickness of each matrix lay&f (j =1, 2,0n" - 1).

Length (L), width (W) and height H ) of the RVC can be expressed as follows
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n™-1 nm-1
L=2[a, +2> tI]+ Z(hN +> t;“)/tané?
j=1 j=1
nm-1 nm-1
W:Z[aw+22t;“)]+2(hf +Zt}”] tand (3.5)
j=1 j=1
nm-1
H=h, +h,+4>t"
j=1

Denote V,)o" and V.o . to be the tow volume fraction and thgh matrix layer volume

matrix, j
fraction (j =1, 2,[I)n™) for the RVC model on the tow scale, respectivélgcording to

Figure 3.5 and classical geometrical propertié$”and V.2 = can be obtained as

matrix, j

nm-1 nm-1
4%%{3\” +h, +2> t7(1+ ctge)} 4, {af +h, + 2Dt (# ctge)}
k=1 k=1
+

VT(yW - (3-6)
tow
LWH LWH
j j j j
4(8,‘/\/ + 2Zt;“j[m + ZZtQ‘J{aW +h, + D0+ DN ( ctge)}
VTOW — k=1 k=1 k=1 k=1 +
matrix, j
LWH
j j j j (3.7)
4[af + ZZt;“J(hf +Zt;“}[af +h + D0+ 2Dt (1 ctgé’)}
k=1 k=1 k=1 k=1 . m
,j<n
LWH
nm-1 ]
Vo 1=V = > Vo j=n" (3.8)
k=1

On the tow scale, the finite element model of RVithwhree layers of matrices is depicted in
Figure 3.6. Here, ten-node tetrahedral solid eler8€»_1D187 is used for the discretization.

The finite element models of both tows and matraresshown, respectively.
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(c) Mesh of the second layer of matrix (d) Mesh of the last layer of matrix

Figure 3.6 Finite element model of RVC of 2-D wovetsiC composite on the tow scale

3.3 Microstructure modelling of 3-D braided C/SiC compaites

3.3.1Fiber scale

In fact, the fiber-scale RVC model of 3-D braideS{C composites is the same as that of
2-D woven C/SiC composites. Hence, the detail®@fmicrostructural modelling of the RVC,

which can be referred in the above section, ar@isstissed here.

3.3.2Tow scale

Over the last decades, extensive investigationg &en mainly carried out [82-86] about
the modelling of 3-D braided composites. 4-stephmetis widely used as the basic forming
technique of 3-D braiding composites. In the 4-dbegiding process, the braider tows are

intertwined through their relative displacementse braiding pattern is termed 1x1 because
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of the identical distance traveled by all the romrscolumns in each step. Four steps of
motion constitute one machine cycle which will brée tows. As these steps of motion are
repeated, the tows move throughout the cross-seatid are interlaced to form the braided
structure. More details about the 4-step braidiracgss can be found in the literature [82,
85].
Due to the geometrical complexity of braided conmeosfollowing assumptions were
introduced by Xu et al. [35] to simplify the finitelement modeling and improve the
computing efficiency:

e The tow cross-section is hexagonal and identigahliche tows.

* The braiding process is quite stable so that tlagbd structure is uniform and all

the tows are straight within the braided preform.

Here, the problem is concerned with the modeling3eD braided composites with
multi-layer matrices that have a microstructure maomplex due to the spatial multi-layer
architecture and the large heterogeneity of mulage materials. With the extension of above
assumptions, a RVC model for 3-D braided C/SIiC aositps with multi-layer matrices is

presented for the first time.

As illustrated in Figure 3.7, three parametexs b and £ are basically needed to define a

hexagonal cross-section of the tow. Furthermore,Afdirectional cross-section of the 3-D
braided C/SiC composite is depicted in Figure 3flene the multi-layer matrices are
removed to show the interlaced tow architecturee RWC model is indicated with a solid
rectangular frame.

It was demonstrated [85] that all the interlacesis@f the 3-D 4-step braided composites are
distributed within two families of planes that amethogonal to each other and have an
orientation of £+45° with respect to the preformfage of XOZ. Meanwhile, both families
consist of a set of parallel planes as shown infgéi@.7. Within these planes, the distribution
characteristics of tows are distinct. For this ogasan “analysis unit” marked by a dotted
rectangular frame in Figure 3.7 is created withia tocal coordinate syster@®'XYZ' to
favor the geometrical analysis of braided prefowiithin the “analysis unit”, the interlaced

tows are distributed within the mutually perpenéacuplane families and parallel to the
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surfaces of “analysis unit”. Compared with the Rvitddel, it is easier to describe the
geometry of braided preform by using the “analysig”. The link between “analysis unit”
and RVC model is illustrated in Figure 3.7. In pgiee, the “analysis unit” will be firstly

created and the RVC model can be obtained via Boadperation.

S0 %
P ¢ Seg ¢ Srg - =1
s Pe g (S po
Rie 50 X'og
I,Qg"i,bﬂbi b b
S g 5% g X g2 i

!-’.g!'& glo N
’,‘150,‘!&0"1

,. lql,Q g

&
yi] W
[y Y \
| o : 45 45° 45° i

| \
Plane of family 1 Plane of family 2

Cross-section of the tow

Figure 3.7 Z-directional cross-section of the 3-Btdp braided C/SiC composite

As shown in Figure 3.8, the “analysis unit” canfbgher divided into eight equal cuboids
and only two of them are non-identical cuboids (ded as sub-cell A and sub-cell B,
respectively) which can be re-assembled into thealigsis unit” in an alternating manner.

Inside the “analysis unit”, the tow axes indicateih thick solid lines in Figure 3.8b and
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Figure 3.8c are all straight and do not intersacheother in the space.

Z'(2)

o

SA

-
-
/

(a) “Analysis unit” (b) Sub-cell A (c) Sub-cell B
Figure 3.8 Division of the “Analysis unit”

0(0)

(&) “Analysis unit” (b) Projection of sub-cell AinO'’XZ' plane
Figure 3.9 Geometry of “Analysis unit”

The geometrical characteristics of the “analysi#”ucan be obtained from the sub-cell
analysis. Figure 3.9a shows the “analysis unitthef 3-D 4-step braided C/SiC composite
consisting of three layers of matrices (differentocs represent different material phases).
Note that the last layer of the matrix is removedshow the internal tow architecture.

Sub-cell Ais illustrated in Figure 3.9b. Relatesbmetric parameters arél, braiding angle;
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a, b and g, parameters of the cross-section of tovas, b, a, and b,, parameters of

the cross-section of the first and second matryers; t" and t,', thicknesses of the first

and second layers of matricek; and H', length and height of the “analysis unit”.

From Figure 3.9b, we have the following geometeiation
B =26 (3.9)
For the cross-section of the first and second méagers, a, and a, can be expressed in

terms of 8, a, t" and t) as follows

(1 1
a =a+t] (taneﬂan—zej (3.10)
m m 1
a, =a+(tl +t, )(taneﬂan—zej (3.11)

For the cross-sections of the matrix layers andgsfoly, b, and b can be obtained in terms

of 8, a, " and t)

1
=| a+(t"+t)')| tan@+ tan=8 | | co¥
b, ( (t 2)( 5 D (3.12)
= a+(t’"+t’“) tan8+tan10 cog -t} tai%ﬁ
b = 1 T 5 2 3 (3.13)
b= a+(tm+tm) tam9+tan16? co§—(tm+tm) tai%e (3.14)
1 2 2 1 2 2 .

The length and width of the “analysis unit” are egsed as

L' = 4(a+ (tl’“ +t;n)(tai18 + tanizejj sind (3.15)
H’ :8(a+(t{“ +t§)($+tan—129D co¥ (3.16)

Obviously, length L) and width H ) of the RVC model can be written as

L=2\/§(a+(t1m+t;”)(ta::]0+ tan%@jj sirg (3.17)
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myem)(_1 1
H :8(a+(t1 +t, )(taneﬂan_zgjj co¥ (3.18)

The corresponding RVC model is illustrated in Feg@rl10.

(a) Whole geometric model of RvC

S
N

(c) Cross-section of RVC at (d) Cross-section of RVC at (e) Cross-section of RVC at
plane Z=0 plane Z=H/2 plane Z=H
Figure 3.10 Geometrical model of RVC of 3-D braid&&iC composite on the tow scale

It can be demonstrated that the braiding an@letow cross-section parameter and each

layer thickness of the matrik|" (j =1, 2,[In™ - 1) can be used to adequately describe the

RVC model with n™ layers of matrices. With reference to equationgQB(3.18), related

geometric parameters are

nm-1 n™-1
b=| a+ Ztlf‘(tanéH tanlej cog— > taft 6 (3.19)
k=1 2 k=1 2
J 1 1
a =a+) t’ +tan—6
j kZ; : (tanﬁ 5 j (3.20)
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1 nm-1 j
b, (a+2t (tan6?+tan—0jj co§—(2t£’—2t§“j ta%@ (3.21)
k=1 k=1

k=1

e 1 1 .
L=2v2/a+ ) t" +tan=4 || sird
\/_[ ; k(tane 5 B (3.22)
H=8 a+r§lt{”( 1 +tan—16?j co® (3.23)
k=1 tand 2 '

Note that a, and b, are parameters associated with the cross-sectforthe jth

(j =1, 2,0mn™ - 1) matrix layer.

Now, denoteV,® and V% = to be the tow volume fraction and thigh matrix layer

tow matrix, j

volume fraction ( =1, 2,n™) for the RVC model on the tow scale, respectivabcording

to Figure 3.7,V,>"and V.2 = can be obtained as

matrix, j
Vo' = Ao/ A (3.24)
VrrT‘:tvrle j = Analrix,j/A\: (325)

where A, and A, are the cross-section areas of the tow and jte matrix layer

along the braid-direction, respectively. is the Z-directional cross-section area of RVC

model.

A, =4(2a2 sind co¥+ 2ab siﬂ) tafl

in? n"-1 nm-1
=ga " H[acosﬂ+(a+ Zt;‘“(tarﬂ+ ta&é’n cad- >t t&%ﬁ] (3.26)
cosf = 2 e )
A=l
2
: 3.27
=8 a+Zt ( +tan£6?j sirf @ (3.27)
k=1 2
Avativ, = (Za2 sind cog+ 2Ab, su?) tafl - A,,
-1
=83, —— sin” 6 a cose+(a+ Zt (tan9+ ta&ﬁ}] cad
cosd 2 (3.28)

nm-1 1
- ttan=6 |- A,,, j=1
=} 2
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Avatix, :4(2&,.2 sind cog+ ab, siﬂ) tal = Aryiv,j1

J

12 n™-1
=8a S'nsg(aj cosé?+(a+ th‘( targ + taﬂ%zﬁj] ca?

co k=1 (3.29)
(Ztm Ztm]tan— ] Arixjar 25 jsn™-1
Arﬁtrix,j = A?: - Aow _nkz_l Anatrix,k’ J = nm (330)

By replacing A,,, A and A into equations (3.24) and (3.25), one obtains melu

fractions of tow and matrix layers for the RVC mbadle the tow scale.

nm-1 n™-1
a(acos€+(a+ Zt,f‘(tarﬁ+ ta%@jj co8- > 7 ta%@]
ow _ k=1 k=1
Vou' = ; (3.31)

(a+2t ( +tan16?n cod
= 2

nm-1 nm-1
a(acos€+(a+ Zt?(tanﬁH ta%@jj cod- >t ta%@}
Tow

k=1 k=1
matrix,j ey 2
a+ >yt ! ttanlel| cow (3.32)
= tand 2
_VftOW, J — l

nm-1 nm-1 i
a (aj cosﬁ+[a+ Zt;‘“(tarﬂ+ ta%@jj co@—(th‘—thJ ta%]HJ
Tow

k=1 k=1 k=1
matrix,j 2
| [ Zt ( +tan 20)} coy (3.33)
~Viarixjar 2Sjsn"-1
n™-1
Ve =1~ Vo' = ;an‘i“!.xk , j=n" (3.34)

On the tow scale, the finite element model of Rg@epicted in Figure 3.11. Here, ten-node
tetrahedral solid element SOLID187 is used for dmretization and the finite element

models of both tows and matrices are shown, resedct
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matrix
Figure 3.11 Finite element model of RVC of 3-D bead C/SiC composite on the tow scale

level evaluation strategy is used for thedgction of the effective properties. To

4 Prediction of the effective properties and comparisn with
1Two level evaluation strategy

(c) Finite element model of the second layer of the (d) Finite element model of the last layer of the

3.

experimental results
3.4.

Considering the two

the two
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highlight the presentation, a flowchart is showrrigure 3.12 to illustrate the stages involved

in the two-level evaluation procedure.

Material parameters

Geometric parameters and properties of material
constituents on the fiber scale

|
|
|
|
|
|
|
|
|
|
Y :
Create the finite element model of the fiber-scale :
|

|

|

|

|

|

|

|

|

|

|

RVC

Y

Calculate the effective propertics of the fiber- scale
RVC via strain energy method

Material parameters

Geometric parameters and properties of material
constituents on the tow scale

Y

Create the finite element model of the tow- scale
RVC

Y
Calculate the effective properties of the whole
composite via strain energy method

Figure 3.12 lllustration of the two-level evaluatiprocedure

(@) On the fiber scale, finite element model of B\&C is built according to the geometrical
parameters, i.e. the fiber diameter, numbers effates and matrices layers and thicknesses
of layers, and the properties of fiber, interface&l matrices. The strain energy method
(chapter 2) is then adopted to calculate the effective prioperand the results are further
used for the fiber tows that are treated as a hemegus transversely isotropic material.

(b) On the tow scale, the obtained propertiesh#rftows through the first level of evaluation
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and the properties of multi-layer matrices are ciovadb with the geometrical parameters (the
geometric size of tow’s cross-section, the braidingle and the matrix layers thicknesses) to
generate the finite element model of the RVC. Tinairs energy methodchapter 2) is then

adopted to evaluate effective properties of thelerhkomposite.

3.4.2Prediction of the effective elastic moduli

Two kinds of 2-D woven C/SiC samples (compositesnd B) and two kinds of 3-D braided
C/SiC samples (composites C and D) were prepaesgectively [87]. The in-plane (along
directions 1 and 2, as shown in Figure 3.5a) exta@as moduli of 2-D woven C/SiC samples
and the through-thickness (along direction 3, deection Z shown in Figure 3.10a)
extensional moduli of 3-D braided C/SiC samplesenetperimentally measured [87].

For each material phase, engineering moduli d&entérom [87] are listed in Table 3.2 and

the units of the modulus are all in GPa.

Table 3.2 Engineering moduli data for each matgfiase

Extensional modulus Shear modulus Poisson ratio
Eir Bz Ess Gz Gz Gz Viz  Vaz Vi3
Carbon fiber 22 22 220 775 48 48 042 0.12 0.12
PyC interface 12 12 30 43 20 20 04 0.12 0.12
SiC matrix 350 - - 145.8 0.2 - -

According to the infiltration processing time andlume fractions of constituent materials
given in [87], geometrical parameters describing tivo-scale RVC models of all the five
composite samples are evaluated respectively. ifite element models of the RVCs are
then generated and the effective elastic modutiomhposite samples are computed by using

the two-level evaluation strategy.
3.4.2.1 Composite A

The finite element model of fiber-scale RVC modetomposite A, depicted in Figure 3.13a,

consists of two layers of alternate PyC and Si€rfates and two layers of alternate PyC and

SiC matrices. The values of the geometric pararseticthe fiber-scale RVC arep’ = i,
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d, =0.95um, d} =0.66um, d" =0.75um, dJ’ =0.28m.

The finite element model of tow-scale RVC modetomposite A, depicted in Figure 3.13b,

consists of three layers of matrices made up @frradte PyC and SiC. The values of the

geometric parameters of the tow-scale RVC asg:=a, = mmMQ h,=h, =40mm,

6=20°, t"=1.33nm, t;'=0.27mm.

(b) Tow-scale RVC (the outer layer of matrix is mwmad to
show the tow architecture)
Figure 3.13 Finite element models of RVCs of conitpas

(a) Fiber-scale RVC

The effective elastic tensors evaluated on twoescate listed in Table 3.3.

Table 3.3 Effective elastic tensors evaluated andwvales of composite A

Effective elastic tensors
[51.7698 sym
28.2846 51.7698
34.6923 34.6923 237.7509

Fiber-scale (GPa)

0 0 0 059

0 0 0 0 6635
0 0 0 0 o 16635
(1425331 sym |

28.0285 142.5331

23.3828 23.3828 63.8773
Tow-scale (GPa)

0 0 0 2955
0 0 0 0 .a452
0 0 0 0 0 16752 |
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Table 3.4 shows the predicted elastic moduli fanposite A (the units of the moduli are all

in GPa).

Table 3.4 Evaluated elastic moduli for composite A

In-plane Through-thickness

extensional modulus extensional modulus
En E Ess G Gy Gz Viz Vo3 Vi3

131.1 131.1 57.5 276 147 147 0.15 031 031

Shear modulus Poisson ratio

3.4.2.2 Composite B

The finite element model of fiber-scale RVC modetomposite B, depicted in Figure 3.14a,
consists only of one layer of PyC interface. Thtues of the geometric parameters of the
fiber-scale RVC areip' = 3@m, d, =2.0um.

The finite element model of tow-scale RVC modetomposite B, depicted in Figure 3.14b,
consists of three layers of matrices made up @frradte PyC and SiC. The values of the

geometric parameters of the tow-scale RVC asg:=a, = mmMQ h,=h, =40mm,

6=20°, t"=1.15mm, t;'=0.45mm.

=
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(b) Tow-scale RVC (the outer layer of matrix is mmad to show
the tow architecture)
Figure 3.14 Finite element models of RVCs of conitpd3

(a) Fiber-scale RVC

The effective elastic tensors evaluated on twoescate listed in Table 3.5.
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Table 3.5 Effective elastic tensors evaluated andweales of composite B

Effective elastic tensors
[27.1726 sym
14.8055 27.1726
38.1594 38.1594 221.5768

Fiber-scale (GPa)

0 0 0 £35
0 0 0 0 3.4023
0 0 0 0 o0 3023,
[144.5562 sym |

33.2428 144.5562

24.7596 24.7596 61.6499
Tow-scale (GPa)

0 0 0 P362
0 0 0 0 a$A1
0 0 0 0 0 13841 |

Table 3.6 shows the predicted elastic moduli fangosite B (the units of the moduli are all

in GPa).

Table 3.6 Evaluated elastic moduli for composite B

In-plane Through-thickness , )
) ; Shear modulus Poisson ratio
extensional modulus extensional modulus
Eu Ez Ess G Gy G v Va3 Vi3
130.6 130.6 54.8 27.1 13.1 13.1 0.17 0.33 0.33

3.4.2.3 Composite C
The finite element model of fiber-scale RVC modetomposite C, depicted in Figure 3.15a,
consists of two layers of alternate PyC and Si€rfates and two layers of alternate PyC and

SiC matrices. The values of the geometric pararseticthe fiber-scale RVC arep’ = i,
d, =0.95um, d,=0.66um, d"=0.75um, d}’ =0.28m.

The finite element model of tow-scale RVC modetomposite C, depicted in Figure 3.15b,

consists of three layers of matrices made up @frrsdte PyC and SiC. The values of the

geometric parameters of the tow-scale RVC ases mm5 €=22°, t"=0.815mm,

t" =0.31mm.
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(a) Fiber-scale RVC (b) Tow-scale RVC
Figure 3.15 Finite element models of RVCs of conitpdS

The effective elastic tensors evaluated on twoescate listed in Table 3.7.

Table 3.7 Effective elastic tensors evaluated andwales of composite C

Effective elastic tensors
[51.7698 sym
28.2846 51.7698
34.6923 34.6923 237.7509

Fiber-scale (GPa)

0 0 0 059
0 0 0 0 6635

0 0 0 0 o 16635

[82.1278 sym |

33.3848 82.1278

35.5079 35.5079 185.8855
Tow-scale (GPa)

0 0 0 ar21
0 0 0 0 BM1
0 0 0 0 0 37791

Table 3.8 shows the predicted elastic moduli fanposite C (the units of the moduli are all

in GPa).
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Table 3.8 Evaluated elastic moduli for composite C

In-plane Through-thickness , )
) ; Shear modulus Poisson ratio
extensional modulus extensional modulus
En Ez Ess G G Gs v Va3 Vi3
65.9 65.9 164.1 25,8 37.2 37.2 035 0.12 0.12
3.4.2.4 Composite D

The finite element model of fiber-scale RVC modetomposite D, depicted in Figure 3.16a,

consists only of one layer of PyC interface. Thiuesa of the geometric parameters of the
fiber-scale RVC are:¢’ = 3@m, d; =2.0um.

The finite element model of tow-scale RVC modetomposite D, depicted in Figure 3.16b,

consists of three layers of matrices made up @frrsdte PyC and SiC. The values of the

m _

geometric parameters of the tow-scale RVC ases mm5 6=22°, t"=0.815m1m,

t" =0.31mm.

(a) Fiber-scale RvVC (b) Tow-scale RVC
Figure 3.16 Finite element models of RVCs of contpdd

The effective elastic tensors evaluated on twoescate listed in Table 3.9.
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Table 3.9 Effective elastic tensors evaluated andwales of composite D

Effective elastic tensors

[27.1726 sym
14.8055 27.1726
38.1504 38.1594 221.5768

Fiber-scale (GPa)

0 0 0 £35
0 0 0 0 3.4023
0 0 0 0 o0 3023,
[69.1071 sym |

27.8815 69.1071

33.6150 33.6150 169.4743
Tow-scale (GPa)

0 0 0 2189
0 0 0 0 @433
0 0 0 0 0 36233

Table 3.10 shows the predicted elastic moduli @nposite D (the units of the moduli are all

in GPa).

Table 3.10 Evaluated elastic moduli for composite D

In-plane Through-thickness

extensional modulus extensional modulus
Eu Ex Ess Gz Gz Gar Vi Va3 Vi3

55.2 55.2 146.2 214 316 316 0.34 0.13 0.13

Shear modulus Poisson ratio

3.4.3Prediction of the effective CTEs

A 2-D woven C/SiC sample (composite E) and a 3-8Bidad C/SiC sample (composite F)
were prepared [53]. The in-plane coefficient ofrthal expansion (CTE) of composite E and
the in-plane and through-thickness CTEs of compdsiunder different temperatures were
investigated experimentally [53]. The thermo-elagtroperties of the constituents under

various temperatures are summarized in Table 314 units of the modulus and CTE are in

GPa and10°/°C, respectively.
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Table 3.11 Properties of the constituents undeouwartemperatures

Extensional modulus Shear modulus Poisson ratio TESC

Eu, B Ess G2 GGy Ve VgVar Oy Oy

.~ Carbon fiber 22 220 7.75 4.8 04 0.12 8.85 0.0
200°C SiC matrix 350 350 1458 1458 0.2 0.2 1.9 19
.~ Carbon fiber 22 220 7.75 4.8 04 0.12 8.85 1.5
S00C SiC matrix 350 350 1458 1458 0.2 0.2 3.7 3.7
.~ Carbon fiber 22 220 7.75 4.8 04 0.12 8.85 1.5
rooe SiC matrix 350 350 1458 1458 0.2 0.2 46 46
800°C Carbon fiber 22 220 7.75 4.8 04 0.12 8.85 1.5
SiC matrix 350 350 1458 1458 0.2 0.2 49 49

According to the infiltration processing time andlume fractions of constituent materials
given in [53], geometrical parameters describing BYC models of both two samples are
evaluated respectively. Two-scale RVC finite elemeiodels are established and effective
CTEs of composites are obtained based on the stgjussmputation from the fiber scale to

the tow scale.
3.4.3.1 Composite E

The finite element model of fiber-scale RVC modetomposite E, depicted in Figure 3.17a,

consists of one layer of PyC interface and onerlafeSiC matrix. The values of the
geometric parameters of the fiber-scale RVC apé= m0 d, =0.35um, d" =0.5um.

The finite element model of tow-scale RVC modetomposite E, depicted in Figure 3.17b,

consists of two layers of matrices made up of aéteyr PyC and SiC. The values of the

geometric parameters of the tow-scale RVC asg:=a, = mmMQ h,6=h, =40mm,

6=20°, t"=0.65mm.
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(b) Tow-scale RVC (the outer layer of matrix is mwmad to show
the tow architecture)
Figure 3.17 Finite element models of RVCs of conitpds

(a) Fiber-scale RVC

Table 3.12 shows the predicted in-plane CTEs ofpmsite E under various temperatures.

Table 3.12 Computed CTEs of composite E under uariemperatures
200°C 500°C 700°C 800°C

a,, a,(10°/°C) 105 313 426 517

3.4.3.2 Composite F

The finite element model of fiber-scale RVC modetomposite F, depicted in Figure 3.18a,
consists of one layer of PyC interface and onerlafeSiC matrix. The values of the

geometric parameters of the fiber-scale RVC apb= 0 d, =0.35um, d" =0.5um.

The finite element model of tow-scale RVC modetomposite F, depicted in Figure 3.18b,

consists of two layers of matrices made up of a#texr PyC and SiC. The values of the

geometric parameters of the tow-scale RVC aae&= mmp €=22°, t" =0.5mm.
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(a) Fiber-scale RVC (b) Tow-scale RVC
Figure 3.18 Finite element models of RVCs of contpds

Table 3.13 shows the predicted CTEs of compostteder various temperatures.

Table 3.13 Computed CTEs of composite F under mariemperatures
200°C 500°C 700°C 800°C

a,, a,,(10°/°C) 331 463 518 5.38

a,, (10°/°C) 1.79 326 364 3.77

3.4.4Comparison with the experimental results

Tables 3.14 and 3.15 show the comparisons of mea@samd predicted elastic moduli and
CTEs for the various samples respectively. It cansben that the predicted results are in
global agreement with the experimental data. Tiepaison proves that the proposed model
and method is validated for the prediction of etasind thermal expansion properties of
C/SiC composites. However, it should be pointed tha#t because rudimental cavities
generated within the composite for emission of dargfiltrated by-products during the
infiltration are not considered in this paper, thare some differences between numerical and

experimental results.
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Table 3.14 Comparison of computed moduli with eikpental results [87]

In-plane extensional modulusThrough-thickness extensional modulus

Sample
Eu1, B2 (GPa) &3 (GPa)

Prediction 131.1

A
Experiment 109.3
Error 16.6%
Prediction 130.6

° Experiment 108.1
Error 17.2%
Prediction 164.1

© Experiment 146.2
Error 10.9%
Prediction 1441

0 Experiment 134.0
Error 10.1%
Table 3.15 Comparison of computed CTEs with expenial results [53]

Sample 200°C 500°C 700°C 800°C

Prediction 1.05 3.13 4.26 5.17

E a,, a,, (10°/°C) Experiment 1.12 3.76 4.85 5.79
Error 6.3% 16.8% 12.2% 10.7%

Prediction 3.31 4.63 5.18 5.38

a,, a,, (10°/°C) Experiment 3.76 5.31 6.08 6.53
Error 11.9% 12.8% 14.8 17.6%

Prediction 1.79 3.26 3.64 3.77

a,, (10°/°C) Experiment 1.67 3.02 3.98 4.70

Error 72% 7.4% 85% 19.8%
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3.5Conclusions

In this chapter, microstructure modeling and prieaiic of the effective properties for 2-D
woven and 3-D braided composites with multi-layseifaces and matrices are presented.
Due to the complex architecture of the microstrigtgeometric parameters are defined in a
closed-form to describe the microstructure configjon. The strain energy method is
adopted as an efficient computation approach afettefe moduli and CTEs are obtained
based on the sequential computation from the fdoate to the tow scale. The comparison

with the experimental results shows the validityha present model and method.
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Chapter 4: Stress analysis of C/SiC composite

structures using global/local approach

4.1 Introduction

Accurate detailed stress analysis is the basisndenstanding the failure mechanisms and
designing the component parts for the practicaucttres. With rapidly growing
computational modelling capability, the finite elemt method becomes a common tool for an
accurate detailed stress analysis. However, thdicapipn of composite materials in
engineering structures introduces important comple® the stress analysis. Owing to the
complex fiber-tow geometry of composites, a reabbndiscrete finite element model often
requires a large number of three-dimensional elésnemen for a small portion of the
composite structures. Motivated by this situatithre global/local methods [88] that allow
contextual and multi-scale analysis of complexdtmes in an efficient and accurate manner
are applied in the detailed stress analysis of amitg structures.

Generally speaking, global/local stress analysithouwlogy is a procedure that allows the
determination of local detailed stress states foecsic regions of a structure using
information obtained from an independent globatsgranalysis. The development of such a
procedure has been underway for several decades; Maearchers implemented effectively
the detailed stress analysis procedure of comptaxposite structures, such as woven
composite laminates using the global/local meth®894]. In fact, the stress analysis is
carried out at two stages: a global analysis aleda analysis. A global analysis accounts for
the macroscopic heterogeneity on the basis of dneolgenized model and a relatively coarse
mesh is used. To obtain detailed stress distribatio the microstructure, a local analysis is
further performed at the level of the represengatislume cell (RVC) by using information
obtained from the global stress analysis.

Due to the multi-layer architecture of geometricahfiguration and the large heterogeneity

of multi-phase materials, the detailed stress amalgf structures built of C/SIiC composites
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with multi-layer interfaces or matrices are sigraftly more complex than those of other
traditional composites. Owing to the fact that €/$omposites have just been developed in
recent years, the numerical characterization sisidiynited and systematical methods of the
stress analysis of C/SIC composite structures are discussed. In this chapter, the

global/local analysis strategy is employed to detee local stresses in the 2-D woven C/SiC
laminate structures. On the basis of the finitenellet analysis, the procedure is carried out
sequentially from the homogenized composite strectof the macro-scale to the

parameterized detailed fiber tow model of the m&cale. The bridge between two scales is
realized by mapping the global analysis resulthesdoundary conditions of the local tow

model and hence the influence of the global moelhement on the computing accuracy of
local stress is particularly addressed. To vellify tomputing results of such a global/local
analysis, we use a refined finite element meshheflaminate structure whose solution is

considered as the standard of comparison.

4.2 Basis of global/local stress analysis

The global/local stress analysis method is usedetermine local detailed stress states by
using the independent, refined local model whicpl@is results from the coarse global
model. Here, the local model refers to a sub-regiotie global model and the global model
refers to the whole structure. Figure 4.1 expldims global/local model of a composite
structure. In this sketch the shading identifies ¢éhement which will be analyzed further by
using a local model. The local refined model fog tletailed stress analysis is shown to be
isolated from the rest of the global model. The hndblogy for a global/local analysis
generally involves four key components which argcdssed below. The development of a
global/local stress analysis methodology requiresiaderstanding of each key component

and insight into their interaction.
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Local model

Global model
Figure 4.1 Global/local model of a composite stitet

4.2.1Global analysis

The first component is the global analysis. A Bnélement analysis of the global structure is
performed to obtain its overall behavior and thebgl solutions will be used to obtain an
applied displacement field along the boundary,(beundary conditions) of an independent
local model of the critical region. In a global &ss, the whole structure is discretized by
using a coarse mesh. However, the coarse finit@ezie modelling should be efficient to

represent the global structural behavior.

4.2.2Global/local interface boundary definition

The second component is an identification of regioequiring further study in the global
model. In the definition of the global/local intace boundary, the location of the nodes of the
local model on the interface boundary need notdiecadent with any of the nodes in the
global model. It is concluded [89] that the dis&arnhat the local model must extend away
from a discontinuity is highly dependent upon trsedi global model. If the displacement
field of the global model is more accurate thenlibendary of the local model may be closer

to discontinuity.
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4.2.3Global/local interpolation

The third component is an interpolation procedha tloes not require that the nodes of the
local model along the global/local interface bouwydae coincident with the nodes of the
global model. The global displacement field is ipt#ated to produce a local displacement

field applied as boundary conditions on the locadel. The interpolation problem can be

stated as follows: given a set of function valugs at n coordinate$x, y;), determine a

"best-fit" surface for these data. Mathematicalys problem can be stated as

a Fy
FZ

[s(x. )11 f=1. (4.1)
a, F,

where S(xi, yi) is a matrix of interpolation functions evaluatédra points, the vectora

defines the unknown coefficients of the interpaatfunctions, and the vectof consists
of known values of the field being interpolated dzhn n points in the global model.
Common interpolation methods include bilinear iptgation, nearest-neighbor interpolation,

bicubic interpolation and bicubic spline interpaat

4.2.4Local analysis

Finally, the fourth component is the local analydike local finite element modelling and
analysis is performed to obtain a detailed analgite local structural region(s). The local
model should accurately represent the geometriyeo$tructure necessary to provide the local
behavior and local stress state. The discretizaggairement for the analysis is governed by

the accuracy of the solution desired.

4.3 Global/local stress analysis strategy for 2-D wove@/SiC laminate
panel structure

In the global/local stress analysis of 2-D wovelsiC/ laminate panel structure, the global

model concerns the homogenized laminate paneltsteuand the local model is defined by
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the tow-scale RVC model of 2-D C/SiC composite. glabal/local stress analysis procedure

of 2-D woven C/SiC laminate panel structure issilfated in Figure 4.2.

Two-level evaluation of effective elastic
propertics

r
| Generate the homogenized laminate panel |

r
| Perform the global stress analysis |

Y

Identify the location of tow-scale RVC model |
requiring a more detailed interrogation

Generate the local model |

Y
- p . Y
Perform the interpolation to obtain the local 4_' Impose boundary conditions |

boundary conditons

Y
| Perform the local stress analysis |

Figure 4.2 Global/local stress analysis procedfiz[@ woven C/SiC laminate panel structure

The effective elastic properties of composite arstly calculated by using the two-level
evaluation strategy which has been discussé&hapter. 3. Homogenized material properties
which macroscopically account for the heterogengitthe composite are then used for the
global analysis. The laminate panel is thus reghatea homogenized structure and meshed

with eight-node solid element SOLID45 AINSYS software, as shown in Figure 4.3.

% Equivalent
e ————

(a) 2D woven C/SiC laminate panel (b) Homogenized finite element model

Figure 4.3 Homogenized finite element model ofl#minate panel

The local stress analysis involves the generatiothe finite element model of RVC on the
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tow scale, the interpolation of boundary conditiafighe local model and the finite element
analysis of the local model. After the global strasalysis, the RVC model on the tow scale
requiring a more detailed analysis is subsequetithated, as shown in Figure 4.4. An
interpolation region is then identified around R¥C model and an interpolation procedure
is used to determine the boundary conditions fer BRVC model. A surface to surface

correspondence of global/local interface is illastd in Figure 4.4.

(a) Global model (b) Local model
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Global model surface Local model surface

Local model surface

Global model surface
(c) Global/local interface

Figure 4.4 Local model and global/local interface

The displacement of each node on the global madé&ee is obtained after global analysis.
The aim is now to construct an interpolation pag&ractly through these nodes and thereby

provide a functional description of the displacetfexid over the domain. Here, the bilinear
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interpolation is used to interpolate the displacetmidrom the global analysis. The bilinear
interpolation is an extension of linear interpaatiin two directions. Compared with other

methods, the bilinear interpolation is quite simpl@umerical implementation.

Consider the rectangular region illustrated in Fégd.5, suppose the function valuat point

P=(x,y) is the unknown to be evaluated while valuesfofare known at the four corners

Qu=(% Y1), Qu=(X Y1), Qp=(Xyy,)and Q,=(x,Y,).

Y
A
Ql Rg Q
}"2 - = ? D
Bl e B ! EEEEEEEE op
bR S i) 11\ i
s 0y | TR [0,
| : | X
X X X,
Figure 4.5 lllustration of bilinear interpolation
Linear interpolation along the x-direction thenlgs
-X X=X,
fF(R)=22— 2§ (Q)+ =2 f
(Ri) X, — %, (Qll) X, — X, (QZl) (4.2)
- X X=X
f(R)=22"X£(Q,)+=—2
(Rz) X, — %, (le) X, % (sz) (4.3)

where R =(x, y;) and R, =(X,Y,).

Hence, linear interpolation betweéfR ) and f (R,) in the y-direction yields

f szz_yf y_ylf
() Yo=Y (Rl)+y2_y1 (RZ) (44)
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In detail, the following expression of (x, y) holds

L e e R ()
2 T
(Xz_x1)(y2_y1)( Xl)(yz y) (4.5)
+ f(Q) -x)(y- |
(XZ_Xl)(yZ_yl)(X2 )(y Y1)
+ Q) X— -
(XZ_Xl)(yZ_yl)( Xl)(y yl)

In the present study, one such interpolation proceds used to obtain the displacements on
the global/local interface boundary, which is tlagplied as "boundary conditions” to get the

detailed stresses on the tow scale in the compiete element analysis of the local model.

4.4 Numerical tests

4.4.1Problem description

As shown in Figure 4.6, a 2-D woven C/SiC lamingémel is considered. There are three
layers of plies along the thickness direction aadhelayer consists of an array of 3x3 RVC
models on the tow scale. The global model and louwadel are depicted in Figure 4.6¢c and

Figure 4.6d, respectively.
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Interior RVC model

(a) 2D woven C/SiC laminate panel (b) Interior RVC model selected for the detailed stress analysis

|

(c) Global model (d) Local model

Figure 4.6 Global and local models of 2-D woveniC/aminate panel

The boundary conditions for the load case are l&sife

u(0,y,z)=v(0,y,z)=w(0y z)= C
(4.6)
w(3L,y,z)=-0.3

where u, v and w refer to the displacement along x, y and z dicexs]j respectivelyl is
the thickness of the ply as shown in Figure 4.6a.

The fiber-scale RVC model of the 2-D woven C/SiGnposite, depicted in Figure 4.7a,
consists of one layer of PyC interface and two rigyd matrices made up of alternate SiC
and PyC. On the tow scale, the RVC model depiatgeigure 4.7b consists of two layers of

matrices made up of PyC and SiC.
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[ ] carbon fiber

-
sic

(a) RvC model on the fiber scale

[ ITow

I Py C

(a) RvC model on the tow scale

Figure 4.7 RVC models of the 2-D woven C/SiC coniteos

Engineering moduli data for each material phasdisted in Table 4.1 with the units of the
moduli being all in GPa. Geometric parameters ofCRmodels on the two scales are
assumed below

RVC model on the fiber scale
@' =10um, d; =0.5um, d" =0.5um, d} =0.5um
RVC model on thetow scale

a, =a,=20mm, h, =h,=4mm, 6=30°, t"=2.0mm
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Table 4.1 Engineering modulus data for each matehiase

En Ex B Gz Gp Gz Viz Vs Viz
Carbon fiber 22 22 220 7.75 48 48 042 0.12 0.12
PyC 12 12 30 43 20 20 04 0.12 0.12
SiC 350 - - 1458 0.2 - -

4.4.2Evaluation of the elastic properties of the compot

Finite element models of fiber-scale and tow-sd&l&C are established respectively and
effective elastic properties of composite are atgdibased on the sequential evaluation from
the fiber-scale to the tow-scale.

The effective Hooke matrix of tow evaluated onfiber scale is given below

[41.2425 sym |
22.6036 41.2425
40.9868 40.9868 257.8391

[Dlyy, = GPa
0 0 0 863
0 0 0 0 10.1662
0 0 0 0 o0 10.1662

The effective elastic moduli of tow are listed mble 4.2 and the units are all in GPa.

Table 4.2 Effective elastic moduli of tow

En E Ess G2 Gys Gi3 V12 Va3 Vi3

27.27 27.27 20522 9.27 10.17 10.17 0.46 0.085 50.08

The effective Hooke matrix of composite evaluatadte tow scale is evaluated as

[122.3959 sym |
21.6225 122.3959
23.5111 23.5111 84.6481
[ D] Composite = GPa
0 0 0 1212
0 0 0 0 18.1985
0 0 0 0O 0 18.1985

The effective elastic moduli of composite are lisie Table 4.3 and the units are all in GPa.
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Table 4.3 Effective elastic moduli of composite

En Eo Ess G2 Gzs Gi3 V12 Va3 Vi3

113.89 113.89 76.97 12.75 18.20 1820 0.13 0.244 0.2

4.4.3Stress analysis results

In this study, the interior RVC model shown in Figu4.6b is selected as the local region for
the detailed stress analysis. The tows and muylérlanatrices of the local model as shown in
Figure 4.6d are meshed with 35657 ten-node tetrahedements. The global model is
depicted in Figure 4.6¢c. Generally, an "adequatebal analysis is required to provide

accurate "boundary conditions” for the local modael.the present study, a parameter
RATIOg. , the ratio of the total number of global model scefamodes to local model surface

nodes on the global/local interface is definedharacterize the global model refinement. To
have a clear insight of the influence of the glaialdel refinement on the solution accuracy,
we start with a “coarse” mesh of 6912 eight-nodekbelements for the discretization of
global model and then systematically refine théglarid. The total number of elements and

the value oRATIOg, for each global grid are given in Table 4.4.

Table 4.4 Number of elements and valu®aT1Og, for each global grid

Global grid 1 2 3 4 5 6 7

Elements 6912 8748 13500 16335 23328 27378 37044

RATIOg. 0.080 0.095 0.125 0.144 0.179 0.202 0.244

For a comparative study, stress distributions a&terchined using the proposed global/local
analysis method and the direct finite element @tszation, respectively. As the latter is based
on a refined finite element model which accuratelgdels the tows and multi-layered

matrices without homogenization as illustrated iguFe 4.8, the corresponding result can be

regarded as a reference.
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Figure 4.8 Reference finite element model of tHe ®oven C/SiC laminate panel
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Figure 4.9 Convergence of the maximum stressesnittie tows

The convergence of the maximum stresses withintdtws of the RVC model is shown in
Figure 4.9 along with the refinement of the glolmaddel. Clearly, the error decreases rapidly
with the increase dRATIOg.. As the value oRATIOg. exceeds 0.2, the global/local solution

shows a good agreement with the reference solution.
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Furthermore, a comparison of the CPU computationat between the global/local analysis
and the conventional finite element analysis igiin Table 4.5. Note that each analysis is
executed on a Core™2 Duo, 2.93 GHz machine. Itbeaseen that the global/local method
improves greatly the efficiency of the detailedesy analysis of the 2-D woven C/SiC
laminate panel. It takes only 38% of the CPU tineguired for the conventional finite

element analysis.

Table 4.5 Comparison of the CPU time (seconds)

1 2 3 4 5 6 7
Global analysis 404 60.6 135.2 183.3 3824 45701.8
Local analysis 146.8 146.8 146.8 146.8 146.8 146.86.8
Total 187.2 207.4 282.0 330.1 529.2 604.7 948.6
Conventional FE analysis 2483.6

For the RVC model, peak stresses are listed ineTdl® for the tows, the first layer and
second layer of matrix using different grid refiremts. It can be seen that the agreement
between global/local solution and the referenceitani is satisfactory and that the more

accurate peak stresses are obtained when the ghaloll is refined.

Table 4.6 Peak stresses of global/local soluti@hraference solution

Mesh g, g, g, T, I, T,

Global grid 3 Peak stresses within the tows (MPa)
13500 elements Global/local solution -331.03  -44.094  -102.977 683 36.14 -140.455
RATIOg =0.125 Reference solution -315.861 -43.082 -105.795 -52.41¥.032 -138.544

Error (%) 4.80 2.35 2.66 5.30 2.41 1.38

Peak stresses within the first layer of matrix @P
Global/local solution 109.878 -57.785 -40.186 -39.8 -11.765 -46.097
Reference solution 118.657 -61.068 -42.324  -24.9281.444 -44.612
Error (%) 7.40 5.38 5.05 3.65 2.80 3.33
Peak stresses within the second layer of matriRgM
Global/local solution  1229.0 -658.957 1092.0 413.73326.217 -682.328

Reference solution 1363.0 -696.401 1022.0 436.8381.883 -633.244
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Error (%) 9.83 5.38 6.85 5.29 1.70 7.75

Peak stresses within the tows (MPa)
Global/llocal solution -319.479 -44.186  -107.364 .87 36.267 -140.229
Reference solution -315.861 -43.082 -105.795 -52.41¥.032 -138.544

Error (%) 1.15 2.56 1.48 2.22 2.07 1.22

Global grid 5 Peak stresses within the first layer of matrix @IP
23328 elements Global/local solution  118.79 -60.298  -41.992 -29.03-11.263 -44.836
RATIOg =0.179 Reference solution 118.657 -61.068 -42.324 -24.9281.444  -44.612

Error (%) 0.11 1.26 0.78 0.45 1.58 0.50

Peak stresses within the second layer of matriRgM
Global/local solution 1361.0 -687.608 1004.0 423.68326.217 -623.563
Reference solution 1363.0 -696.401 1022.0 436.8381.853 -633.244

Error (%) 0.15 1.26 1.76 3.01 1.70 1.53

Peak stresses within the tows (MPa)

Global/local solution -315.732 -43.061 -106.234 537 37.172 -139.209
Reference solution -315.861 -43.082 -105.795 -52.41B%.032 -138.544

Error (%) 0.04 0.05 0.41 0.24 0.38 0.48

Global grid 7 Peak stresses within the first layer of matrix @P
37044 elements Global/local solution 118.498  -61.285  -42.447  -B88 -11.475 -44.539
RATIOg =0.244 Reference solution 118.657 -61.068 -42.324 -24.9281.444  -44.612

Error (%) 0.13 0.36 0.29 0.15 0.27 0.16

Peak stresses within the second layer of matriRgM
Global/local solution 1361.0 -696.997 1023.0 438.54334.747 -632.331
Reference solution 1363.0 -696.401 1022.0 436.8381.833 -633.244

Error (%) 0.15 0.09 0.10 0.39 0.87 0.14

The examination of peak stresses gives only a diniiew of the prediction accuracy.
Figures 4.10-4.12 show further von Mises strese (thits are all in GPa) distributions
evaluated by the global/local analysis based obajlgrid 3, 5, 7 and the direct finite element
analysis over the tows, the first and second layaenatrix, respectively. Although the stress
contours of global/local solution based on the glajrid 3 are not as close as the reference
solution, they seem to agree fairly well. As thebgll model refinement is “adequate” (global

grid 5 and 7), the stress contours between theafflobal analysis and the reference solution
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match very closely.
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Figure 4.11 von Mises stress distributions ovefrfitise layer of matrix
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Figure 4.12 von Mises stress distributions overstéheond layer of matrix

4.5 Conclusions

The global/local method is applied for the detaikdess analysis of 2-D woven C/SiC
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laminate structures. A stress analysis problem @ Zoven C/SiC laminate panel is

discussed in this chapter. The stress results diyaglocal method are compared to those by
conventional finite element analysis. Results iatkahat the global/local method could be an
efficient tool for the detailed stress analysiSCé6iC composite structures and the adequate

refined global grid is required for accurate stressllts.
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Chapter 5: Minimizing thermal residual stresses of
C/SiC composites by using particle swarm

optimization algorithm

5.1 Introduction

In C/SiC composites with multi-layer interfaces andtrices, thermal residual stresses (TRS)
are often generated upon cooling from processingoton temperatures due to extensive
mismatch of the coefficients of thermal expansiQTE) between the constituents (fiber,
multi-layer interfaces and matrices). The distribntof TRS, resulting in the cracks and
separations in the matrix and interfaces, has aifsignt influence on the mechanical
behavior of C/SIC composites. Experimentally [98]1@r analytically [101-103], many
researchers have studied the effect of TRS in Ctai@posites. The multiple concentric
cylinder model [101-102] and finite element methb@1-103] have been used for numerical
computation of TRS in C/SIiC composites. Howevelores to optimize the distribution of
TRS in the multi-layer interfaces and matrix of @%omposites have not been made yet
systematically. The multi-layer interfaces and meas are usually obtained by using the
chemical vapor infiltration (CVI) process. Duriniget CVI process, the thicknesses of layers
are controllable. To achieve an excellent thermetimanical performance of C/SiC
composites, it is necessary to analyze and deb@thicknesses of the multi-layer interfaces
and matrices for an optimized TRS distribution. Matted by this situation, the present
chapter is directed at minimizing the TRS of C/®@nposites with multi-layer interfaces
and matrices by coupling finite element analysithva particle swarm optimization (PSO)
algorithm.

The PSO algorithm belongs to the category of swatglligence techniques. In PSO, each
solution of the optimization problem is regardedaaparticle’ in the search space, which
adjusts its position in the search space accorintg own flying experience and the flying

experience of other particles [104]. The PSO atbori has only a small number of
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parameters which need to be adjusted and is easyptement. Although the PSO algorithm
has been applied to a wide range of engineeringlg@mts in the literature [104-113], few

applications for composites and especially C/Sifposites are known.

The 1-D unidirectional C/SiC composites with migtyer alternate PyC/SiC interfaces and
single-layer SiC matrix are concerned in this chapiThe primary objective is the

optimization of TRS distribution in the multi-layanterfaces and matrix from the point of
view of the deposition thickness of each interfeyger. Modeling study of the TRS of the
1-D unidirectional C/SIiC composites is investigaadfinite element method. Comparison
with experimental data and other available numénesults have shown the validity of the
present model. Then, the optimization is carriedusing PSO algorithm. More details about

the PSO algorithm are given in the fourth section.

5.2 Finite element analysis of TRS

5.2.1Finite element model

The fabrication process of the studied 1-D unidiee@l C/SIiC composites is briefly

introduced below. The architectures of the 1-D waw@dional C/SiC composites consist of
arranged fibers. The components of the multi-lagiernate PyC/SiC interfaces and SiC
matrix are infiltrated within the porous fiber poefns, according to the CVI process.

In the present study, square fiber arrays are wgemodel the 1-D unidirectional C/SIiC

composites. Four layers of interfaces and one lafyaratrix are distributed around the fibers.
Figure 5.1 shows the transverse cross-sectioneol B unidirectional C/SiC composites. In
the longitudinal direction, the fiber axes have rbessumed to be parallel and of equal

lengths.
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Figure 5.1 Transverse cross-section of the 1-Diteutional C/SiC composites

The RVC model of composites (as seen in Figure)52ased in the present finite element

analysis. Characteristic geometric parameters ef RWC model are giveny' is fiber

diameter; d,~d; are thicknesses of the interface layedS, is the thickness of the matrix

layer. The RVC model is meshed using the 3D tweiye, thermal-structural coupled
element package (SOLID 96) 8NSYS finite element software, as depicted in Figureb5.2
The number of elements and nodes is 3,840 and 3@86ectively.

dddd

(a) Geometric model
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(b) Finite element model
Figure 5.2 RVC model of the 1-D unidirectional @Siomposites

The analytical model is assumed as a perfect elastly without plastic deformation. The

structural and thermal boundary conditions arerga® follows:

» Nodes on the boundary surfaces are free to movedud to remain planar in a parallel
way to preserve the compatibility with adjacent RMGdels;

» The initial stresses of all nodes are assumedrasat¢he sintering temperature, and TRS
generated in the succedent cooling process;

» The model is assumed to cool from sintering tentpegato room temperature, with a
uniform temperature field. In practice, temperatafethe model is decreased T

andANSYS finite element software is used to calculate tR&Tn the model.

5.2.2Numerical tests

Due to the complexity of the CVI fabrication prosesf multi-layer interfaces and matrix,
most of the available experimental results and nmigalevalues evaluated by other numerical
methods in the literature are focused on the C£ai@posites with single-layer interface and
matrix. Hence, in this section, numerical tests dealing with to evaluate TRS of C/SiC
composites with single-layer interface and matrbhese results are compared with
experimental data and other available numericalli®so show the validity of the model.

A 1-D unidirectional carbon fiber reinforced SiOa@aic matrix composite with single-layer
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MoSi, interface (C/MoSISIC) is firstly studied. Residual axial and hobprimal stresses in
C/MoSh/SIC composites fabricated with /8n T300 carbon fiber have been measured
experimentally [101]. Figure 5.3 shows the finitereent model of the RVC of C/Mo$siC
composite with a 1/2.fterface/matrix thicknessym). Similar finite element models are

created for other interface/matrix thicknesses.

Figure 5.3 Finite element model of the RVC of C/NWSC composite
Material properties of the constituents are takemf[101] and are given in Table 5.1.

Table 5.1 Properties of the constituents
Ell (Gpa) 5;3 (GPa) QZ (GPa) QS (Gpa) Vi Vs an, (1076/0(:) 469 (1076/0(:)

Carbon fiber 22 220 7.75 4.8 04 0.12 8.85 0

SiC fiber 200 200 80 80 0.12 0.12 3 3
MoSiinterface 310 310 124 124 0.25 0.25 84 8.4
PyC interface 12 30 4.3 2 04 012 28

SiC matrix 350 350 145.8 145.8 02 02 46 4.6

Two thermal loading states are prescribed. The cglitis assumed initially at a uniform
temperature of 1000°C (state 1). Then in statbteémperature is uniformly set to 0°C.
Table 5.2 lists the average values of the numdyiaadtained TRS against experimental

results in [101]. It can be seen that the numerieallts are globally in agreement with the
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experimental ones.

Table 5.2 Comparison of numerical results with expental ones

Interface/Matrix Axial stresses (MPa) Hoop stresses (MPa)
thickness /m) Interfface  Matrix  Interface  Matrix
0.3/2.1 Numerical analysis 1287 158 162 -910
Experimental results 1190 140 230 -740
121 Numerical analysis 935 127 146 -903
Experimental results 820 140 180 -670
0.3/2.5 Numerical analysis 1610 109 1548 232
Experimental results 1490 120 1420 210
125 Numerical analysis 1026 87 1603 215
Experimental results 890 120 1430 190

As the examination of residual axial and hoop tterstresses of C/Mo886iC gives only a
limited view of the prediction accuracy, a 1-D uredtional SiC fiber reinforced SiC ceramic

matrix composite with MoSiinterface (SiC/MoSiSiC) studied in [102] is also taken into

account. The diameter of SIC fiber is 4#h. The thicknesses of interface and matrix are

0.5um and 1.6um, respectively. Material properties of the congtitis are given in Table

5.1. The RVC model is assumed to cool from 100@5@C, with a uniform temperature
field. Figure 5.4 shows the residual radial therstaésses (the units are all in GPa) for the
RVC model of SiC/MoSISIC. In addition, the present numerical results @mpared with
numerical values evaluated by cylinder model in2]1@s illustrated in Figure 5.5. It can be
seen that the predicted profiles coincide well witle numerical results reported in the

literature.
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Figure 5.4 Residual radial thermal stresses digigh for RVC model of SiC/Mo%iSiC
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Figure 5.5 Computed residual radial thermal staesbthe results of cylinder model

5.3 Optimization problem

In this chapter, an interface thicknesses desigimigation of 1-D unidirectional C/SiC
composites is presented. The primary objectivlesoptimization of TRS distribution in the

multi-layer interfaces and matrix from the pointvaéw of the deposition thickness of each

interface layer. The diameter of the carbon filerl0 g#m and the thickness of the SiC
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matrix layer is 2zm. The upper bound of each interface layer thickine€s6um. Usually,

the lower bounds of thicknesses of multi-layerdériiaces should be bigger than grih for

oxidation resistance considerations [114] and redacof the complexity of the CVI

fabrication process. Therefore, in the presentysthd lower bound for each interface layer

thickness is set to 0/8n. Material properties of the constituents are givemable 5.1.

The optimization problems given in the present wtuttlude three cases, which include
respectively the minimization of the maximum hodRS]; radial TRS and axial TRS within
the interfaces and matrix.
Mathematically, the above optimization problems barformulated as
Minimize TRS= f (X)
X =(d}, d;,dj, dl) (5.1)
0.3<d;<0.6,j=123,

where f(X) is the objective function, i.e., the maximum residaxial, radial or hoop

thermal stress within the interfaces and matrixe Variables vectoX represents a set of the
design variables, i.e. the thicknesses of thefates.

The complicated and nonlinear optimization problemuces difficulty in using classical
deterministic approaches for solutions. To solvis thonlinear optimization problem a

particle swarm optimization algorithm is used.

5.4 Particle swarm optimization algorithm

5.4.1Basis of particle swarm optimization algorithm

PSO is a stochastic optimization method which seldaon simulation of social behavior. As
in the evolutionary algorithms such as genetic @llgm (GA), PSO exploits a population of
potential solutions to probe the search spaceofrirast to the evolutionary algorithms in
PSO no operators inspired by natural evolutionapplied to extract a new generation of
candidate solutions. Instead of mutation PSO raieshe exchange of information between

individuals, called particles, of the populationighhis called swarm. In effect, each particle
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adjusts its trajectory towards its own previoust Essition, and towards the best previous
position attained by any member of its neighborhdd®!]. In the global variant of PSO, the

whole swarm is considered as the neighborhood. ,Tgiobal sharing of information takes

place and particles profit from the discoveries gmavious experience of all other

companions during the search for promising regafritke landscape.

Initially, let us define the notation adopted imstBtudy: assuming that the search spadé is

dimensional, thei-th particle of the swarm is represented byMadimensional vector
X, =(>§1| )gz,[DDbgM) and the best particle of the swarm, i.e. the glartwith the lowest
function value, is denoted by indey The best previous position (i.e. the position
corresponding to the best function value) of ittle particle is recorded and represented as

Fi’=(p,1, piz,[DD]piM), and the position change (velocity) of theth particle is

V; = (Vig, Vg My ) -
The particles are manipulated according to theowalhg equations (the superscript denotes

the iteration number)

V= o en (R - XE )+ e, (R - ) (5.2)
Xik+l - Xik +\/ik+1 (53)
where i =1, 2,lIMN, andN is the size of the populatiorr; and r, are two uniform random

variables generated from the interval between 0 &ndct, and c, are the stochastic

acceleration constants (explained later in 4. 8% w is the inertia weight. Equation (5.2)
is used to determine theth particle’'s new velocity, at each iteration, htquation (5.3)
provides the new position of theh particle, adding its new velocity, to its curtgosition.
The performance of each particle is measured aggprob a fithess function, which is
problem dependent and usually identical with thedive function under consideration.

The basic procedure of the PSO algorithm is coottduas follows:

Stepl: Initialize a set of particles positions and velies randomly distributed throughout the
design space bounded by specified limits.

Step2: Evaluate the objective function values using tbgigh space positions.
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Step3: Update the optimum particle position and globairopm particle position at current
iteration.

Step4: Update the current velocity vector and modify fiasition of each particle in the
swarm using Equations (5.2) and (5.3).

Step5: Repeat fronBtep 2 until the stop criterion is achieved. For the eatrimplementation

the stopping criteria is defined based on the nurabgerations reached.

5.4.2Parameter selection

There are several guidelines about the selectidheokey parameters in PSO available in the

literature.
5.4.2.1 The number of particles

The typical range for the number of particles is4B0 For most of the problems, 10 particles
are large enough to get good results. For somiewlifior special problems, 100-200 particles

can be tried as well. In this work, a swarm siz@@particles is chosen.

5.4.2.2 The acceleration constants

The acceleration constants and c, indicate the stochastic acceleration terms whigh p

each patrticle towards the best position attainethbyparticle or the best position attained by
the swarm. Low values o€, and c, allow the particles to wander far away from the
optimum regions before being tugged back, whilehiigh values pull the particles toward the

optimum or make the particles to pass through ttenum abruptly. In this work,c, =2

and c, =2 are chosen.

5.4.2.3 Theinertia weight

The role of the inertia weightv is important for the convergence behavior of P$Ge
inertia weight is employed to control the impacttio¢ previous history of velocities on the
current velocity. Thus, the parameter regulates the trade off between the global (wide

ranging) and the local (nearby) exploration al@sitiof the swarm. A large inertia weight
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facilitates exploration (searching new areas), @/hismall one tends to facilitate exploitation,
i.e. fine tuning the current search area. A progdue for the inertia weightw provides
balance between the global and local exploratiahtyalef the swarm, and thus results in
better solutions. Experimental results imply thas ipreferable to initially set the inertia to a
large value, to promote global exploration of tlearsh space, and gradually decrease it in

order to obtain refined solutions [104]. Thus, aayic variation of inertia weight proposed

in [105] is used in this paperw is decreased dynamically based on a fraction pligti k
as shown in Equation (5.4)

W, =K, @, (5.4)
5.4.2.4 The termination condition

The stop criterion can be adopted as the numbgerations the PSO algorithm execute and
the minimum error requirement. In this work, afédrout 100 iterations the improvement in
the objective function is not significant and thielue is taken as the maximum number of

iterations that the algorithm can execute.

5.4.3Variable limits handling strategy

Most structural optimization problems include theolgem-specific constraints and the
variable limits. According to Equation (5.1), itrche known that the presented optimization
of TRS distribution belongs to quasi unconstraipezblems. Hence, only the variable limits,
i.e. the design bounds of the interfaces thickreesaee needed to be effectively handled to
make sure that all of the particles fly inside #agiable boundaries. A method introduced by
Li and Huang [112] which was derived from the hampaearch (HS) algorithm [115]
dealing with the particles that fly outside theiahles boundary is used in the present study.
HS algorithm is based on natural musical perforregmocess that occur when a musicians
searcher for a better state of harmony, such asgljazz improvisation [115]. The engineers
seek for a global solution as determined by anabivge function, just like the musicians seek
to find musically pleasing harmony as determinedahyaesthetic [116]. The HS algorithm

includes a number of optimization operators, suctha harmony memory size, the harmony
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memory rate, and the pitch adjusting rate. In toelysof Li and Huang [112], the harmony
memory concept has been used in the PSO algorithravbid convergence into local
solutions.

In the HS algorithm, the harmony memory storesféasible vectors, which are all in the
feasible space. The harmony memory size deterntioesmany vectors can be stored. A
new vector is generated by selecting the componantifferent vectors randomly in the
harmony memory. Undoubtedly, the new vector dodsviaate the variables boundaries.
When it is generated, the harmony memory will béated by accepting this new vector if it

gets a better solution and deleting the worst vecto

Similarly, the PSO stores the feasible and “gooeltars (particles) in thepbest swarm, as

does the harmony memory in the HS algorithm. Hetioe,vector (particle) violating the

variables boundaries can be generated randomly dxyasuch a selection technique for the

components of different vectors in thgbest swarm. There are two different ways to apply

this technique to the PSO when any one of the coems of the vector violates its

corresponding variables boundary. In the first rodtlall the components of this vector

should be replaced by selecting the correspondamgponents of the particle fronpbest

swarm randomly. In the second method only the teolacomponent of the vector should be
generated again by such a technique. In the expatgrof Li and Huang [112], the results
show that the first method makes the particles npto the local solution easily, and in the
second method the particles can reach the glodati@o in relatively less number of

iterations.

To highlight the presentation, a schematic diagrargiven in Figure 5.6 to illustrate this

strategy.
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A partic-le. violating the v.ariables _____ phestswarm __ __
boundaries: d; and d; violates lr
the boundaries I
! Pl d | dy | ds | d,

d; is replaced by selecting the
corresponding component of the Pl dy | dy | ds | dy
particle from phest swarm randomly | |

v
d, | d, | ds | d,

A

d; is replaced by selecting the
corresponding component of the
particle from pbest swarm randomly

e o e  — — —— —— — ——— — —

Figure 5.6 lllustration of the variable limits hdind strategy

5.4.4Algorithm description

Based on the basic PSO algorithm and variable ditmiindling strategy as explained above,

the pseudo-code for the presented PSO algorithistesl in Table 5.3.
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Table 5.3 The pseudo-code for the present PSQOitdgor

Setk = 0;
Randomly initialize positions and velocities of pdirticles distributed throughout the design space.

Calculate the objective functiorf (xik) of the initialized patrticle.

Generate local best: S&* = X*.

k
min *

Generate global best: Finchin f (X}, P) is set to the position ofX

9
WHILE (the maximum number of iterations are not)net

FOR (each particlein the swarm)

Generate the velocity and update the position@ttirrent particle X .

Variable limit handling: Check whether each compunef the current particle violates its

corresponding boundary or not. If it does, selbet ¢orresponding component of the vector from

pbest swarm randomly.

Calculate the objective functiorf (X/) of the current particle.
Update pbest : Compare the function value ofbest with f(X*). Ifthe f(X')is better than the
function value of pbest , set pbest to the current positionX*.
Update gbest : Find the global best position in the swarm. k& th (Xik) is better than the function

value of gbest, gbest is set to the position of the current partici .
END FOR
Setk=k +1

END WHILE

5.5Results and discussion

The optimization problems introduced in section'&® implemented by using the above PSO
algorithm. For all these optimization problems,apulation of 20 individuals is used. The

maximum number of iterations is limited to 100.
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5.5.1Case 1: Minimization of the maximum hoop TRS

Figure 5.7 provides a convergence rate of the opdition procedure for case 1. It can be
seen that the algorithm achieves the best solwfar about 80 iterations. The maximum
hoop TRS has been decreased to 0.22GPa. The cencergf the design variables during
the iterations is shown in Figure 5.8. It can besesbed that the thicknesses of the first,
second and last layer of interface increase steaqil to their upper bounds, while the

thickness of the third layer of interface decread@snatically to its lower bound. The final

optimized interphases thicknesses are®6 0. 6um, 0.3um, 0.6m.

o 0.25-

" I ¥ I L I ' I L I B I n I ¥ I L I ' 1
0 10 20 30 40 50 60 70 80 90 100
[teration

Figure 5.7 Convergence rate for the optimizatiohadp TRS
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Figure 5.8 lterations of the design variables ffier tase 1

5.5.2Case 2: Minimization of the maximum radial TRS

Figure 5.9 provides a convergence rate of the opdition procedure for case 2. The
algorithm achieves the best solution after abouitgi@tions. The maximum radial TRS has
been decreased to -0.068GPa. Correspondinglytidiesaof the design variables are shown
in Figure 5.10. The thicknesses of the first anddttayer of interface increase rapidly up to

their upper bounds. The thickness of the seconer lay interface increases steadily up to

0.5um. The thickness of the last layer of interface dases dramatically to its lower bound.

The final optimized interphases thicknesses afi, 0.5u4m, 0.6um, 0.3um.
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Figure 5.9 Convergence rate for the optimizatioradial TRS
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Figure 5.10 lterations of the design variableglfiercase 2

5.5.3Case 3: Minimization of the maximum axial TRS

Figure 5.11 provides a convergence rate of thexopdtion procedure for optimization case

3. It can be seen that the algorithm achieves #s¢ $olution after about 50 iterations. The
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maximum axial TRS has been decreased to 0.12GBareFb.12 illustrates the iterations of
the design variables. It can be observed thathickriesses of the first, second and last layer
of interface increase steadily up to their uppeurtats, while the thickness of the third layer

of interface decrease steadily to its lower bodre final optimized interphases thicknesses

are: 0.qum, 0.6um, 0.3um, 0.6um.

0.154

o

—

-+
L
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0.12 1

Maximum axial TRS (GPa)

0.11

I % T & I & 1T & T r T & T ™ 1T & T &
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[teration

Figure 5.11 Convergence rate for the optimizatibaxial TRS
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Figure 5.12 lterations of the design variabledliiercase 3

5.6 Conclusions

Optimal design of 1-D unidirectional C/SIC compesitwith multi-layer interfaces with
respect to the induced TRS when cooling down frbengrocessing temperature is obtained
by the use of the optimization algorithm PSO désatiin this chapter. The finite element
models of RVC of 1-D unidirectional C/SiC compositeith multi-layer interfaces are firstly
generated and finite element analysis is realinedetermine the TRS distributions. Then, an
optimization scheme which combines a PSO algorithitn the finite element analysis is used
to reduce the TRS in the C/SIiC composites by desigrthe multi-layer interfaces
thicknesses.

PSO algorithm does not use the gradient informatifdihe optimization problem. This means
that it does not require for the optimization psshlto be differentiable and convex as is
required by classical optimization methods suchradient descent or quasi-Newton methods.
The PSO algorithm is a population-based algorithimcivmeans that it converges rather to a
global optimum in opposite to the gradient methatisch can find only local optima. This
advantage of PSO algorithm and their ability touaately satisfy the objective function

guarantees reliable solutions of complicated ergging problems like those analyzed here.

101



Minimizing thermal residual stresses of C/SiC composites by using particle swarm optimization algorithm

Considering most previous applications of PSO famposites, one can state that they are
focused on ply thicknesses and orientation angbéisn@ation of composites laminates. The

present extension to C/SiC composites thereby dgtdre applicability of PSO algorithm.
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Chapter 6: Numerical simulation of the oxidation of
C/SiC composites exposed to intermediate

temperature oxidizing environments

6.1 Introduction

Many typically C/SiC components, e.g. combustoerdinfor gas turbine engines and filters
for the energy and chemical industries, would beliag in intermediate and elevated
temperature oxidizing environments over periodgirok that are measured in hundreds of
hours. However, the susceptibility of the carborag@s (carbon interfaces and fibers) to
oxidation in such environments has hindered thg-tenm reusable applications of C/SiC
composites. Due to extensive mismatch of the aweffts of thermal expansion (CTE)
between the constituents (carbon fiber, carbonfate and SiC matrix), the tensile stresses
are generated upon cooling from processing to reonperatures and result in the formation
of micro-cracks in the SiC matrix. These micro-&a@ct as oxygen transport paths, the
exposed carbon interfaces and fibers are susceptdlthe oxidation, which leads to
degradation of the properties of composites andr&aiof components. Thus, the successful
implementation of C/SIiC components in the envisibapplications will depend on assessing
the oxidation mechanisms and kinetics of C/SiC cositps and on the availability of design
methodologies to predict their properties degratativer periods of time comparable to their
expected service life.

In this regard, many experimental works have bemredo study the oxidation behavior of
C/SiC composites and describe the influence of atkgiron of interfaces and fibers by
oxidation on the mechanical behaviors of compodi&s65]. Numerical models [66-70]
have also been developed to study the physicseobtidation process in C/SIiC composites
and evaluate the influence of environment on theghteloss behavior of composites.
Although these numerical models have provided htsigto the physics of oxidation of

C/SiC composite, the following limits still exit.irBtly, these models are not readily
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applicable to model the complex morphologies ofliteéd material microstructures and thus
can not provide an intuitive visualization of thridation effect on CMC-SIC. Secondly,
these approaches are mostly limited to the weigéd kevaluation and unable to predict the
degraded stiffness and strength of oxidized mdseas a function of time and environment
parameters. Especially as far as an accurate ewaluzf degraded properties is concerned,
an accurate modelling of the oxidized microstruetonorphology and the efficient prediction
of the degradation of material properties becorkadlenging topic.

Motivated by such situations, a numerical model chincorporates the modeling of
oxidized microstructure and computing of degradéstEe modulus is presented in this
chapter to simulate the oxidation behaviors of 2«ven C/SiC composites at intermediate
temperature (T<900°C). Due to the complexity in dating the oxidation kinetics of
multi-layer materials, the present study only consdghe C/SiC composites with single-layer
interface and matrix, just as the other existed ef®odConsidering the fact that the oxidation
of carbon phases in the C/SiC composite is unifasnthe temperature is below 900°C, the
oxidized microstructure morphology is modeled ie tepresentative volume cell (RVC) of
composites. Meanwhile, the strain energy methadlgpted to evaluate the residual stiffness
of oxidized material. Note that the oxidation siatidn of C/SIC composite at higher
temperature (T>900°C) is not taken into accourhis study, since modelling accurately the
complicated oxidized microstructure morphology arah-uniform degradation of carbon
phases from the material surface to the interiovasy cumbersome and impractical at
present.

This chapter is organized as follows. In the fgsttion, the material microstructure of 2-D
woven C/SiC composites at room temperature is amdlyand modeled on microscopic and
macroscopic scales. In the second section, theataid process of carbon phases in the
composite materials is simulated on microscopidesdhe oxidized RVC microstructure is
then modeled on microscopic scale and compared wWith experimentally observed
morphology. In the third section, the two-level lkenion strategy involved environment
parameters is presented to predict the elasticeptiep of oxidized composite. In the last
section, the elastic properties of a 2-D woven C/&@mposite in air oxidizing environment

are evaluated and validated in comparison to exyaarial data presented in [65]. Moreover,
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the environmental parameters, i.e., temperature @edsure are studied to show their

influences upon the oxidation behavior of 2-D wo@&iC composite.

6.2 Modelling of the microstructure with cracks of 2-Dwoven C/SiC

composites

First, a brief introduction is given about the fabtion process of 2-D woven C/SiC
composites with single-layer interface and matfike architecture of a 2-D woven C/SiC
composite consists of carbon fibers arranged irstoihese tows are basically used in the
construction of a 2-D plain weave to form a sinlglmina. Several such laminas are then
assembled to form a composite sheet. The lamitat& & then infiltrated with one layer of
carbon interface and one layer of SiC matrix arotnedcarbon fibers.

Due to extensive mismatch of the coefficients cérthial expansion (CTE) between the
constituents (carbon fiber, carbon interface ar@ 18atrix), the tensile stresses are generated
upon cooling from processing to room temperatured @esult in the formation of
micro-cracks in the SiC matrix. These cracks embddd the matrix and perpendicular to
the fiber axes appear to be homogeneously disétbwith an average spacing according to
the scanning electron microscope (SEM) observdfi@i-118]. In fact, these matrix cracks
provide an path for oxygen ingress that furthed$et the oxidation of the carbon fibers and
interfaces and thus have direct impacts on thegrtigs of composite. Therefore, an exact
microstructure modelling including the cracks witlthe composites should be established
before the oxidation simulation. Notice that in erdo simplify the modelling of the RVC
microstructure and improve the computational edficiy, the cracks in C/SiC composites
with multi-layer interfaces and matrices are nata@ned in other chapters, which have been
proved reasonable in the simulation of non-oxidizethposites by comparing the numerical

results with the experimental ones.

105



Numerical simulation of the oxidation of C/SiC composites exposed to intermediate temperature oxidizing environments
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(b) Geometry of the fiber scale RVC

Figure 6.1 Geometry of the RVC microstructure vaitacks of 2-D woven C/SiC composites

Regarding the multi-scale characteristics, the ositucture modelling of the RVC related to

the 2-D woven C/SiC composites is carried out berfiscale and tow scale, respectively. In

Figure 6.1a, geometric parameters of tow scale B¥Cgiven: L. and W, are sizes of the
cross section of tow,L{y and Lg% are crack separations on the tow scdf®;is thickness

of the SiC matrix; H'™ is crack length on the tow scale a#t is average undulation angle
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with the horizontal plane. Related parameters efRWC on the fiber scale are illustrated in

Figure 6.1b: ¢ is fiber radius; LE™ is crack separation on the fiber scalg; is thickness

of the carbon interfaced” is thickness of the SiC matrix andl /™ is crack length on the

fiber scale.

6.3 Modelling of the microstructure of oxidized 2-D wowen C/SiC

composites

Experimental researches of the reaction mecharksmesics and oxidized microstructure
characteristics show that the oxidation kinetic€48iC composites can be divided into three
domains [60-62]:

» 400°C<T<900°C: intermediate temperatures. Theahtke reaction between carbon and
oxygen controls the oxidation kinetics and assesiatith a uniform degradation of
carbon reinforcement.

» 900°C<T<1100°C: high temperatures. The oxidationcamtrolled by gas diffusion
through the matrix micro-cracks, resulting in a fumiform degradation of carbon
phases.

» T>1100°C: extreme high temperature. Micro-crackealed by silica and the oxidation is
controlled by oxygen diffusion through SiGcale and the oxidation mainly takes place
on materials surfaces.

This study concerns the oxidation of 2-D woven C/Stomposites at intermediate

temperatures in a gas oxidizing environment in Whoaxygen is present. The oxygen

achieves access to the interior of the compositeés an interconnected network of
passageways formed by the matrix cracks. Oxygeackatthe carbon phases (fibers and
interfaces) in C/SiC composites both on the surtawkin the interior of the composites. The
modeling of oxidized microstructure morphology enbe carried out on the fiber scale RVC.

In the present study, the oxidized microstructurgrphology of 2-D C/SiC composite is

modeled by means of an oxidized RVC at microscgpale. Figure 6.2 gives a schematic

presentation of the 2-D computational model in potaordinate system at microscopic scale.
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The oxygen firstly achieves the surface of the earlinterface via the matrix crack.

Subsequently, the oxygen diffuses from the polénfg®) into the interior of composites and

reacts with the carbon interface and fiber. In Feg6.2, r, and r. denote respectively the

oxidation lengths within the interface and fibef, is the inclined angle between the
oxidation orientation and horizontal direction. Tihéck solid curve in Figure 6.2 represents
the contour of oxidation void at instantAfter a time increment odit, the oxidation of the

carbon phase generates a new void contour markadiaghed curve.

SiC matrix

/ .
Carbon interface

Carbon fiber

Figure 6.2 The schematic representation of theatiqad of 2-D C/SiC composite

The modelling of oxidized microstructure thus foesion the determination of the curve
function of the oxidation void contour. To this emdo steps are used in this study:

» The oxidation rates of carbon interface and firerfastly calculated.

» The oxidation lengths within the interface and fibee then computed and the oxidation

void contour is obtained.

6.3.1Determination of oxidation rates of carbon phases

In the presence of oxygen, the oxidation reactiocacbon leads to a carbon oxide, then to a

carbon dioxide. Finally, the reaction being modeted
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C+0, - CO, (6.1)

The oxidation rateR., i.e. the rate at which carbon recedes can béewrés

R =KcGCo, (6.2)
where K. is the reaction rate constant of the oxidationctiea of carbon.C, is the

oxygen concentration at th€-O, reaction interface. Since the oxygen reaction wétbon

is so slow at intermediate temperatures, oxygeblis to completely diffuse from the surface

into the interior of composites. The oxygen concidn at the C-O, reaction boundary is

found to be equal to the oxygen concentration etcttimposite surface and can be calculated

from the ideal gas law

P
Co, = ;'Tz (6.3)

where R is the gas constant anfl is the absolute temperatur&, is the partial pressure
of oxygen calculated via Dalton’s law of partiaépsure

R, =P fo, (6.4)
where P, is the air pressure and,, is the mol fraction of the oxygen in the air.

The reaction rate constari{. can be calculated by

K¢ =k, exp(-E,/RT) (6.5)
where k, is the pre-exponential coefficien€, is the activation energy of the oxidation

reaction.

From the above equation, it can be found that thigation energy and the temperature have
direct influences onK.. The reaction rate constarK. depends on also the surface
porosity and crystal structure of the carbon [@8]e experimental observation [119] shows
that the carbon interface is homogenous while #mban fiber is more crystalline in the

interior than on the edge. Therefore, the reaatie constant of carbon interface is isotropic

and the oxidation rate of carbon interface can &l obtained with the substitution of
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Equations (6.3) and (6.5) into Equation (6.2)

R. =k0exp(—E;/RT)% (6.6)

where R. is the oxidation rate of carbon interface akg is the activation energy of the

oxidation reaction of carbon interface.

Concerning the carbon fiber, it is known that tleaation rate constant of carbon fiber

increases from the interior to the edge. Namely,ititerior of carbon fiber is more oxidation

resistant than the edge. Usually the carbon fibeges are removed via oxidation
approximately 10 times faster than the carbon fimnters [120]. In this paper, following
assumptions are made to describe the variatiomefréaction rate constant over a carbon
fiber:

» The material architecture of the carbon fiber cetssof multi micro material-layers with
homogeneous deptih, as shown in Figure 6.3 and the reaction ratetaahslecreases
linearly layer by layer from edge to center ang@ropic within each layer.

» The interface and the edge of carbon fiber conteigh the former have the same

reaction rate constant, while the reaction ratestzort of the centre is one tenth of that of

the edge.
0 -
¢ H, Carbon interface
Tr
Y
4 \ Edge of fiber
~.
~.
~
\\\
% =P Ydh
' Center of fiber

Figure 6.3 The computational model of the reactaia constant of carbon fiber

Finally, the oxidation rate at an arbitrary pokhalong the directio©®—P shown in Figure

6.2 can be written as
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F =_ FE _M FE_KFC P—OZ
RE(P)=| K¢ a (K& -KE )} -
i r.siné-H,) R
PSS RN
i @ RT (6.7)
P
=K [1-0.9(r, siP-H,)/q | ROTZ
_ P
:koexp(—E;/RT)[l— 0.9r. sif-H,)/a | ROTZ

Note that KI5 and KE° represent the reaction rate constant of the edgecanter of

carbon fiber, respectivelyR. is the oxidation rate of carbon fiber.

6.3.2Determination of oxidation void contour

According to Equations (6.6) and (6.7), it can beown that carbon interface has a
homogenous oxidation rate while the oxidation @dtearbon fiber decreases gradually from
edge to the center. In the present study, two nsaalel developed for the determination of the
void contour curves over the interface and fibexspectively. Since at intermediate
temperatures a reaction controlled regime is athirthe oxygen concentration is equal
everywhere within the microstructure and the kimefi gas diffusion is not involved in both

two models.
6.3.2.1 Modelling of the oxidation void contour in interface

For the computation model illustrated in Figure, 82 following differential equation can be
obtained by considering the fact that the oxidatate is equal to the ablation rate of carbon

(in mol per unit time per area) [66]

m L Sy ol o

S Midt M. dt (6.8)

where S is the carbon interface/oxygen reaction surfaea atong the oxidation orientation;
oL and M/ are the density and molar mass of carbon interfaspectively.

The substitution of Equation (6.6) into EquatiorBj6yields
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P, M/
— =l o,'V'c
dr, =k, exp(-E. /RT) RTol ot (6.9)
The integration of Equation (6.9) gives the oxidatiength within the carbon interface

|

P, M
r :koexp(—E;/RT)F:fl_—;t (6.10)
C

H, Carbon interface

Carbon fiber

Figure 6.4 The void contour formed within the ifdee

The void contour is hence a circular arc. Obviouslg oxidation time has a direct influence
on the void contour geometry. As shown in Figurg @Rad, , the radian of the circular arc
can be expressed by the following relation

|
Rad, = arcsi H,RT o (6.11)
ko exp(-EL/RT) P, Mt

where H, is the thickness of carbon interface. When the abot attaches the carbon

interface, the critical time duratiof, can be calculated as

‘- RT pcH,
" k,exp(-E,/RT)P, M/

(6.12)

When the oxidation time exceeds, the oxygen firstly reacts with the carbon integand

then oxidizes the carbon fiber.
Therefore, the oxidation void contour formed withie carbon interface can be expressed by
the following equation in polar coordinate system
When t<t_:
(6.13)

P, M,
r, =k, exp(-E, /RT) Isfl_pft with 0< @< 77 2

C
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When t>t :

P, M |
" =koexp(—Ee"/RT) RO'ZF =t with 0<6< arcsirE H,RT o (6.14)

ko exp(-EL /RT) P, Mt

C

6.3.2.2 Modelling of the oxidation void in fiber

Concerning the oxidation void formed within thedipit is known that the oxidation time

exceedst, when the oxygen begins to react with the fiber. shewn in Figure 6.2, the

oxidation lengthr. consists of two parts: the length formed due t® okxidation in the

interface and the length formed due to the oxidaiio the fiber. The first part, i.e. the

oxidation length within the interface can be easdiculated as

r. =H,/sind (6.15)
and the time duration of the oxidation within theerface can be obtained by means of
Equation (6.10)

RT p.H,

t' =
ko exp(-EL/RT) PR, M{. sing

(6.16)

Subsequently, the following differential equatiomnc be derived by considering the

equivalency of the oxidation rate and the ablataie of carbon fiber

1 _Spfdr.  pf _dr
F =" x CF — C X F
RS M T wME (6.17)

where S is the carbon fiber/oxygen reaction surface ateagathe oxidation orientation;
ot and M{ are the density and molar mass of carbon fibspeaetively.

The substitution of Equation (6.7) into Equatioril@ yields

1 ~E! ¢
dr_ =k, ex a |2 C g
[1-0.9(r sno-H,) @] " '{ RT j RT 0 (6.18)
Based on the boundary condition of Equation (6.1 ,integration of Equation (6.18) gives

the oxidation void contour formed within the carldoer
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. E ! P |
S 1R H, _exp[ln 1R, _1OS|n6?Mc(ko exp{ij—ozt— PLH, B

F 7 9sing  sing 9sid  @.of RT JRT M. sif
. (6.19)
HII:Q-I-IOC

with arcsi
{koexp(—E;/RT) P M.t

J<Hsn/2

6.3.3Numerical simulation of oxidized microstructure morphology

So far, the complete contour curve of the oxidatrord within the microscopic RVC has
been obtained as

RT p.H,

When t< :
k, exp(-EL /RT) P, M¢

(6.20)

P, M
r =k, exp(~EL/RT) R?_Zl_pct with 0<@< 7 2

|
C

RT pcH, :
ko exp(~E, /RT) P, M¢

When t>

P,M |
koexp(—E;/RT) I;_ZI_ “t with 0<6< arcsirE H RTpc J

L ko exp(~E. /RT) P, Mt

. (6.21)
F -E'\P |
[ = 10& N |_.|' —exd In 10_1 _1OS|nt9I\F/Ic Kk, ex E, 0 ¢ _ ,och,.
9singd  sing 9sird @ pC RT JRT M. sid@

|
with arcsi H,RT 2 <@<nm 2
k,exp(~E, /RT) P, Mt

Figure 6.5 gives the computed oxidation void corgdior an oxidized 2-D woven C/SiC

composite exposed to 100KPa pressure air at 550tifarent instants. It can be observed
that the size of oxidation void increases while gbetion of fiber exhibits a gradual diameter
reduction as the oxidation time increases. Besides) Equations (6.20) and (6.21), it can be
easily found that the environment parameters, tesmperature and pressure, have direct
influences on the morphologies of the oxidized wstructures. A detailed discussion about

the influences will be made at the end of secti@&n 6
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Oxidation void Interface

Oxidation void contour at 20h
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Figure 6.5 Computed oxidation void contours atedéht instants

Based on the obtained oxidation void contour, Fegu6 gives the computed microstructure
morphologies of the 3D RVC for an oxidized 2-D @Siomposite at different instants. Note
that only 1/2 portion of the RVC is used to inde#te internal microstructure morphology.
Since the micro cracks acted as oxygen diffusioiiigpacarbon fibers along the diffusion
paths are ablated. It can be observed that thessatf carbon fibers that bridge the cracks
have a reduced cross section due to oxidation, hwisicconsistent with the experimental
observation [65] as shown in Figure 6.6¢. In additiit can be seen that the ablations of
carbon fiber and interface are gradually aggravaedhe oxidation time increases. After
about 56 hours of oxidization, the fiber is brokamd attains a needle shape as shown in

Figure 6.6e.
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(a) 10h (b) 20h

Matrix Cracks

(c) Experimental observation [59] (d) 30h
(e) 40h (f) Fiber ruptures after about 56h oxidaat

Figure 6.6 Morphologies of fiber scale RVC at diffiet oxidation time
6.4 Two-level evaluation strategy of the degraded elastproperties

Considering the two-scale characteristics of theCRvhicrostructures of 2-D C/SiC

composites, the two-level evaluation strategy edusr the prediction of the degraded elastic
properties in oxidizing environment. To highliget presentation, a flowchart is shown in
Figure 6.7 to illustrate the stages involved intmdti-scale evaluation procedure. Here, RVC

models of two scales are both established usMSYSfinite element software.
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Environment parameters

Oxidation time

Temperature, pressure

Material parameters

Geometric parameters and properties of material
constituents on the fiber scale

Compute the oxidation void contour and model the
geometry of the oxidized fiber-scale RVC

Create the finite element model of the oxidized fiber-
scale RVC

y

Calculate the degraded elastic properties of the fiber-
scale RVC via strain energy method

Input the elastic properties of degraded tows |

R Ta e Second level ——————— -~

Material parameters

Geometric parameters and properties of material
constituents on the tow scale

y

Create the finite element model of the tow- scale
RVC

y

Calculate the degraded clastic properties of the whole
composite via strain energy method (b) Finite element model of the tow-scale RVC

__________________________________________________________________________

Figure 6.7 lllustration of the two-level evaluatiprocedure

(a) On the fiber scale, finite element model of tixédized RVC is created according to the
oxidation time, environment parameters (temperaaime pressure) and material parameters
(geometrical parameters and properties of constit)eas shown in Figure 6.7a. The strain
energy method is then adopted to calculate theadedr elastic properties as a function of
oxidation time and environment parameters. Thelteswe further used for the fiber tows
that are treated as a homogeneous transverselgpgotaterial.

(b) Based on the obtained elastic properties a@rftows and the material parameters, finite
element model of the RVC on the tow scale, as showkigure 6.7b, is created to evaluate

effective elastic properties of the whole compaosite
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6.5 Numerical examples

6.5.1Comparison with experimental results

In order to validate the present model, a numermadiction of the degraded elastic
properties is firstly investigated for an oxidizD woven C/SiC composite exposed to

100KPa pressure air at 550°C for 25h and comparttdtiae experimental data [65].

Table 6.1 Material constant values used for theerigal simulation

Elastic properties Oxidation reaction properties

Ewx (GPa) ExGPa) Gx(GPa) vy Vo  p(kg/m*) M (kg/mol) E,(kl/mol)

Carbon fiber 22.0 220.0 4.8 042 0.12 2267.0 0.012 118.3
Carbon interface 12.0 30.0 2.0 04 0.12 2267.0 .01 118.3
SiC matrix 350.0 - 145.8 0.2

The material constants used for the numerical sitrari are given in Table 6.1. Table 6.2
lists the geometrical parameters of the RVC betoiidation, which are evaluated according

to the experimental data.

Table 6.2 Geometrical parameters of the RVC befaigation
Fiber-scale RVC m) Tow-scale RVC (nm)

RO A ar MR LW W f M 6

5 25 05 125 015 40 04 20 394 015 01 20

The in-plane extensional modulus between the nwalesolution and the experimental
measurement is compared versus the time step ure~§.8. A close agreement is found
between both. Here, the RVC microstructure morpfiiek after an oxidation of 5h, 15h and
25h are clearly indicated. It can be seen thaha®xidation time progresses, the ablation of
carbon fibers and interfaces are gradually aggealvatwhich therefore leads to the

degradation of effective elastic modulus.
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Figure 6.8 Elastic modulus versus oxidation time

6.5.2Influence of temperature and pressure

Firstly, the microstructure morphology and effeetelastic modulus of composite exposed to
100KPa pressure air are modeled by increasingrthieommental temperature from 500°C to
650°C. Figure 6.9 shows the degraded in-plane sikiral modulus and oxidized

microstructure morphology as a function of the temapure after 5h oxidation. Then, the
oxidation of composite exposed to pure oxygen d&°65is simulated by increasing the
pressure from 10KPa to 150KPa. The oxidized micuotire morphology and degraded

in-plane extensional modulus of composite oxidifmedbh are shown in Figure 6.10.
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Figure 6.10 Elastic modulus versus pressure

120



Numerical simulation of the oxidation of C/SiC composites exposed to intermediate temperature oxidizing environments

It concludes that the environment parameters hawgeat influence on the composite
degradation. The ablation of carbon phases is agtgd with the increase of temperature and
pressure and therefore the elastic modulus of ceitgpaecreases gradually. In practical
application, this is essential to determine thécaii service life of a 2-D C/SiC composite
structure from related environment parameters. Whlenver bound of the degraded modulus
is required, one can directly derive the maximulovedble oxidation time. In this example,
although experimental data are not available faystematic validation of the numerical
predictions, the trends shown by Figures 6.9 aniD Gare in good agreement with

experimental observations.

6.6 Conclusions

Numerical simulation and computing schemes have begeloped to predict the properties
degradation of 2-D woven C/SiC composite in gagliakig environments below 900°C.
They are applied to simulate the microstructurelation and to predict the degraded elastic
properties of 2-D woven C/SiC composite speciméndiad experimentally by Halbig et al.
[65]. It is found that the computed in-plane extenal moduli after oxidation are in good
agreement with experimental data over the oxidatiore. In addition, numerical results

show that the temperature and pressure have aymiafluence upon the oxidation results.
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Chapter 7: Conclusions and future works

7.1 Conclusions

1. An alternative finite element-based method call&tddin energy method” is proposed for
the numerical prediction of the effective elastiodulus and coefficients of thermal
expansion (CTEs) of 3-D orthotropic composite mater This method derives the
effective elastic tensors and CTEs by analyzing riglationships between the strain
energy of the microstructure and that of the homagsl equivalent model under
specific thermo-elastic boundary conditions. Coragarwith the widely used
homogenization method and finite element analysethod, the advantages of strain
energy method rely on the simplicity of numericadpilementation and the explicitly
establishing of the closed-form expressions betwhereffective CTEs and the elastic
tensors.

2. The two-scale RVC microstructures of 2-D woven &D braided C/SiC composites
with multi-layer interfaces and matrices are maetkellCompared with the traditional
composites, the microstructures of C/SIC compos#es very complex due to the
multi-layer architecture in their geometrical capuifation and the large heterogeneity of
multi-phase materials. Geometrical descriptionsfanite element modelling of the RVC
microstructures are detailedly presented in thesisheMathematical relations among
different geometrical parameters of the RVC miawasures are derived. A two-level
evaluation strategy incorporated strain energy oweth then proposed for the prediction
of the effective properties of C/SiC composites.

3. The global/local analysis method is employed t@ueine the detailed stresses in the 2D
woven C/SIiC composite structures. Owing to the demfiber-tow geometry of C/SiC
composites, a reasonably discrete finite elemerdeinoften requires a large number of
three-dimensional elements even for a small portibthe composite structures, which
leads to a very cumbersome computation processhef detailed stress analysis.

Fortunately, the application of global/local methimdthe detailed stress analysis of
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C/SiC composite structures has greatly improvedcthmputational efficiency. In this
thesis, the determination of the detailed stressethe 2D woven C/SiC laminate
structures is carried out sequentially from the bgemized composite structure of the
macro-scale (global model) to the parameterizedhiléet fiber tow model of the
micro-scale (local model). The bridge between twales is realized by mapping the
global analysis results as the boundary conditfonghe local tow model. The stress
results by global/local method are compared to @halstained by conventional finite
element analyses. Results indicate that the global/method could be an efficient tool
for the detailed stress analysis of C/SiC compastitectures and the adequate refined
global mesh is required for accurate stress results

Optimal design of 1D unidirectional C/SIC compositeith multi-layer interfaces with
respect to the induced TRS when cooling down frowa processing temperature is
studied. The finite element models of RVC of 1Ddirgctional C/SiC composites with
multi-layer interfaces are generated and finitemelst analysis is implemented to
determine the TRS distributions. An optimizatiothesme which combines a modified
particle swarm optimization (PSO) algorithm and timite element analysis is used to
reduce the TRS in the C/SIiC composites by contgllthe multi-layer interfaces
thicknesses.

A numerical model which incorporates the modellwfgoxidized microstructure and
computing of degraded elastic moduli is presented simulation of the oxidation
behaviors of 2D woven C/SiC composites at interaediemperature (T<900°C). The
morphologies of the RVC microstructure of oxidize@mmposites are modelled based on
the simulation of the void contours formed due hie bxygen diffusion through the
matrix crack and subsequent oxidation. Considettregtwo-scale characteristics of the
RVC microstructures of 2D woven C/SiC compositesya-level evaluation strategy is
used for the prediction of the degraded elastiqp@ries in oxidizing environment.
Numerical results show that: (1) as the oxidatioretprogresses, the ablation of carbon
fibers and interfaces are gradually aggravatedchvtherefore leads to the degradation
of effective elastic modulus. (2) The environmeatgmeters have a great influence on

the composite degradation. The ablation of carbwses is aggravated with the increase

123



Conclusions and future works

of temperature and pressure and therefore theielastdulus of composite decreases

gradually.

7.2 Future works

Several suggestions are offered here for potehitaire work that may be completed to

extend the current body of the work, both in tewhdurther development and in terms of

useful application.

1.

Firstly, the presented RVC model and evaluatioatstyy can be employed to perform a
parametric study of the effect of the microstruetgeometry on the properties of C/SIiC
composites. For example, successive charactenzatiba 3-D braided C/SiC composite
with varying braiding angle, or thicknesses of ifaee and matrix layers could provide a
useful insight into the effect which these paramsetave on the elastic moduli and CTEs
of the composite. This could also potentially letd the ability to optimize the
microstructure to a specific application.

Developing a model of progressive failure analysisC/SIC composites represents
another potential issue for future consideratiohe Pprogressive property degradation
induced by a continued loading can be simulatetdiwihe finite element model of RVC.
Failure is checked in each element against a gaiéure criterion. If the failure criterion
is exceeded, the element is considered to havedfallhe material of the failed element
is assumed to be linearly elastic but with degragtdfhess. To simplify the simulation, a
simple technique consisting of a reduction of tleenent stiffness to zero can be adopted
when the element failure occurs.

In the current work, the modified PSO algorithm le®n used to optimize the TRS
distributions in C/SIiC composites. This algorithrancbe further applied in the
optimization of C/SiC composites with other objeetfunctions and constraints, such as
the effective elastic and thermal properties, tldestresses and oxidation behaviors.

In this thesis, a numerical model is proposed taugate the oxidation behaviors of 2-D
woven C/SiC composites in gas oxidizing environraeAn immediate perspective is to

address other composite architectures such as-Ihéraided C/SIiC composite and to
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extend the developed oxidation model to other axidi environments, like water or
gas-water environments. Incorporating the progvestsiilure analysis with the oxidation
model could be another potential future study. Mapically C/SiC components, e.g.
combustor liners for gas turbine engines and §ltéor the energy and chemical
industries, would be subjected to loadings in miediate and elevated temperature
oxidizing environments over periods of time. Thessful implementation of C/SiC
components in the envisioned applications will aepeon assessing the effect of
oxidation on the failure behavior over their seevife and on the availability of design

methodologies to predict their life under the expédcservice conditions.
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