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Abstract

Thermal barrier coatings (TBCs) are used to protect hot components from combustion
gases in gas turbines. One of the most widely used TBC systems is that applied by an
electron beam-physical vapour deposition (EB-PVD) onto a Ni-base intermediate or bond
coat. The resulting top zirconia based thermal insulator exhibits a characteristic columnar
morphology. During service, the combination of severe thermal loads and high temperatures
leads to the selective oxidation of the intermediate metallic coating, to TBC degradation and,
eventually, to the development of microcracks. This may, in turn, be followed by spalling
of the top coating, which constitutes the life limiting event for the component. Different
approaches have been proposed to predict these phenomena, generally based on macroscopic
TBC stresses as the driving force for TBC failure or on fracture mechanics approaches to
predict interfacial or cohesive failure. However, no previous work integrates local interface
damage and macroscopic stresses or stored strain energy in the prediction of TBC spallation.
The objective of this thesis is to develop a multi-scale life predictive approach for TBC life
which accounts for the evolution of local interface damage, and its effect on the fracture
resistance relevant to the dominant failure mode, such as oxide interface spallation. Even
though the study focuses on an EB-PVD TBC system, the proposed approach is generic and
can be adapted to other types of TBCs.
The lifetime assessment and the modelling of TBCs require an understanding of individual
material properties and interface morphologies, and their in-service evolution. In this
thesis, the evolution of each TBCs constituent microstructure has been investigated
using scanning electron micrograph, energy-dispersive spectroscopy techniques and image-
processing analyses. Based on the understanding gained from the experimental study, a
multi-scale and multi-physics approach is proposed which incorporates (i) the kinetics of
oxide growth, (ii) the growth strains associated with bond coat oxidation, (iii) realistic (2D
and 3D) oxide morphologies, and (iv) the morphological evolution of the oxide and top coat.
The approach has been implemented into the finite element method and used to predict the
local stress and strain fields driving the evolution of observed interfacial local damage (i.e.
porosities, microcracks) through a local continuous damage variable. Through this numerical
approach, it is also possible to take into account the time-evolution of the TBC�s morphology
(sintering of columnar top coat layer, oxide thickness and roughness), and microcracking
under both constant and cyclic temperature histories.
The proposed approach relies on the value of the interface fracture resistance, linked to the
current level of interface damage, and on the global stored elastic strain energy to account
for the evolution towards a critical state. The latter is assumed to be attained when the
stored energy reaches the realevant fracture resistance. The time evolutions of the stored
energies and the fracture resistance are inferred from simulations results and TBC life data.
The approach can be easily adapted to predict TBC lifetime for long in-service conditions.

Résumé

Le développement d�une nouvelle génération de revêtements thermiques réalisée par voie
physique EB-PVD (electron beam-physical vapour deposition) permet d�augmenter la
température en service tout en protégeant les aubes monocristallines. Ces systèmes
barrières thermiques comprennent une couche isolante composée de zircone stablisée à
l�yttrium déposée sur une sous-couche intermédiaire (NiCoCrAlY) protégeant de l�oxydation
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le superalliage. A ces températures, l�oxygène oxyde la sous-couche formant ainsi une fine
couche d�alumine à l�interface avec la zircone. Des microfissures et des porosités germent
dans cette zone critique sous contrainte, diminuant la résistance à l’écaillage des barrières
thermiques et entrainant la ruine du système lorsque l�énergie élastique stockée est suffisante.
Si de nombreuses approches numériques existent pour prédire les champs de contraintes
proches de l’oxyde, aucune ne fait pour l�instant le lien entre les phénomènes microscopiques
(contrainte et endommagement interfacial) et les phénomènes macroscopiques (adhésion des
interfaces/énergie stockée).
L�objectif est de développé un modèle de durée de vie des barrières thermiques en prenant en
compte (i) la relation entre les mécanismes d�endommagement interfacial et la diminution de
la résistance à l�écaillage et (ii) l�évolution des propriétés mécaniques des différent composants
du systèmes, soumis à des chargements très sévères. L�approche proposés a aussi pour but
d�être générique et donc adaptable à d�autre types de barrières thermiques.
La mise en place d�un modèle de durée de vie des barrières thermiques nécessite la
connaissance des propriétés thermo-mécaniques et de la morphologie de chacun des
composants du système. L�analyse d’images, obtenues par microscopie électronique, a permis
d�étudier l�évolution en fonction du temps et de la température de la microstructure colonnaire
de la céramique, la composition chimique de la sous-couche et de la morphologie de l�oxyde.
Basé sur ces observations expérimentales, un modèle incluant (i) la croissance de l�oxyde, (ii)
l�expansion volumique associée à l�oxydation de la sous-couche et (iii) la morphologie réelle
de l�oxyde a été établi. Cette approche a été implémenté dans un code élément finis afin de
prédire les champs de contraintes et les rélier ces résultats à la modélisation de la germination
et de la croissance de porositées et de microfissures proche de l’oxyde. Combiné à l�évolution
de la morphology du système barrière thermiques (frittage de la céramique, croissance de
l’oxyde), ce modèle permet de prendre en compte les paramètres influenÃğant la durée de
vie des barrières thermiques. Une étude paramétrique a été réalisé dans le but d�étudier
l�influence de paramètres caractérisant le comportement mécanique et la morphologie des
composants ainsi que le chargement thermique, et ce afin d�améliorer la compréhension et
donc la modélisation des barrières thermiques.
En reliant l’évolution de la résistance à l’écaillage de l’oxyde, liée à l’endommagement
interfacial local, et celle de l’énergie élastique stockée, liée au forte contrainte dans le plan
générées lors du refroidissement, il est possible de prédire la durée de vie des barrières
thermiques. Cette approche couplant travaux expériementaux et numériques est parfaitement
adapté au durée de vie des barrières thermiques utilisées sur les turbine terrestres (40,000h).
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Notations

Tensors

Type Notation Example

Scalar a Poisson’s coefficient ν

Vector a Normal vector n

Second order tensor a∼ Stress tensor σ∼

Fourth order tensor A∼∼
Elastic compliance tensor S∼∼

Product

Notation Formulation

x = a .b x = aibi (scalar product)

x = a∼.b xi = aij .bj

x∼ = a∼.b∼ xij = aikbkj

x = a∼ : b∼ x = aijbij

x∼ = A∼∼
: b∼ xij = Aijklbkl

X∼∼
= A∼∼

: B∼∼
Xijkl = AijpqBpqkl

Normal stress, traction and shear

Notation Formulation

Normal stress t t = σ∼ .n

Traction σnn σnn = n .σ∼ .n

Shear σtt σ2
tt = t .t − σ2

nn
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Abbreviations

APS Air Plasma Sprayed
BC Bond Coat
CMAS Calcium Magnesium Aluminium Silicium
CTE Coefficient of Thermal Expansion
DOF Degrees of Freedom
EB-PVD Electron Beam-Physical Vapor Deposition
ERL Elementary Representative Length
evp Elasto-visco-plastic
HVOF High Velocity Oxygen Fuel
PBR Pilling Bedworth Ratio
SEM Scanning Electron Microscopy
TBC Thermal Barrier Coating
TC Top Coat
TEM Transmission Electron Microscopy
ve Visco-elastic
VPS Vacuum Plasma Spraying
YSZ Yttrium Stabilised Zirconia
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2 CHAPTER I. INTRODUCTION

In spite of the drive to substitute fossil fuels (coal, gas, oil) by renewable energies, natural
gas is still a major source of electricity generation through the use of gas turbines. Its
production has increased from 12 TWh to 19 TWh during the last fifteen years (French
Institute of Petroleum). According to some forecasts, electricity generation based on gas
sources could reach to 34 TWh in 2030, which will correspond to 20% of the world electricty
production. Being a cleaner fuel is a motivation for the use of natural gas, especially for
electricity generation. It burns more cleanly than other fossil fuels and releases less carbon
dioxide per unit energy producted. For an equivalent production of energy, using natural
gas reduces of 30% and 45% the carbon dioxide released when compared to oil and coal,
respectively. Gas resources are also spread all around the word, are easly extracted and can
supply the world comsumption for the next 70 years. Electricity production by gas turbine
is also more flexible than the nuclear energy production to the demand variation.

The environmental concern and the increasing energy demand provide good reasons for
engine manufacturers to improve gas turbine efficiency. Among the ways to satisfy this
challenge, the turbine temperature has been increasing. Indeed, accepting some assumptions,
the thermodynamic efficiency of a turbine, ρ the proportion of the thermal energy converted
to mechanical power, is given by:

ρ = 1− θout − θin

θturb − θcomp
, (I.1)

where θin and θout are the ambient and final temperatures, θcomp is the temperature
after compression and θturb is the turbine operating temperature. It can be seen that
the higher is the turbine operation temperature, the greater is the potentially available
efficiency. Nowadays, gas turbine efficiencies are around 40% in single-cycle and 60% in
combined-cycle (SIEMENS) but the mechanical strength of the turbine components limits
the temperature increase. The quest for higher temperatures is dominated by materials and
process developments.

1

compressor
Pressure

In

Out

chamber
Combustion 

High pressure
turbine

1m

Figure I.1 : Schematic showing a land based gas turbine with a capacity of 287 Megawatts
(SIEMENS).
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I.1 Historical overview

Requiring high performance at elevated temperatures, superalloy turbine blades were
been developed in the earlier 1950’s. The cooling system of turbine blades in the
1960’s and the alloy microstructure improvements (directional solidification and single-
crystal) have significantly contributed to increase upper service temperatures. Associated
to thermo-insulator coatings, the objectives were to protect the superalloy substrate
of high temperatures and the hurtful consequences. Ceramic protective coatings for
turbine applications have been considered since the late 1940’s (Harrison et al., 1947,
Garrett and Gyornak, 1953). Thermal barrier coatings (TBCs) are typically formed of
ceramic materials deposited by air plasma spraying (APS), flame spraying or physical vapor
deposition (PVD) techniques. APS-TBCs are produced with a plasma spray gun, where the
powder is injected into a plasma gas which is melt rapidly. This method is one of the lowest
cost alternatives but yields low strain-tolerant microstructures. In the hottest areas of gas
turbine engines, TBCs are more often deposited by electron beam-physical vapor deposition
(EB-PVD), which yields a strain-tolerant columnar grain structure (see Fig. I.2) which limit
the magnitude if the stress responsible for TBC spallation.

I.2 Composition, morphology and properties of TBC systems

The two main functions of TBC systems consist of (i) lowering the temperature
and (ii) protecting the Ni-based superalloy substrate from detrimental oxidation. The
requirement to lower the substrate temperature has been justified previously. The in-service
conditions also mean severe oxidation. TBCs should protect the superalloy substrate to
severe environmental conditions which can modify its chemical composition and impaired its
mechanical properties. Thermal barrier coating systems are composed of three constituents,
as shown in Fig. I.2. The top coat (TC) provides thermal insulation to the substrate. This
low-thermal conductivity layer consists of a ceramic which is deposited onto a bond coat.
It is almost transparent to oxygen and does not therefore provide any oxidation resistance.
The bond coat (BC) has two functionalities: firstly, it ensures a good adherence between the
substrate and the thermally insulating layer (ceramic) and secondly, it preserves the substrate
chemical composition. Indeed, the bond coat constitutes a reservoir of aluminium reacting
with the oxygen allowing the formation of a protective alumina layer at the bond coat-ceramic
interface, the so-called thermally grown oxide (TGO).

I.2.1 Top coat insulator layer

Thermal barrier coatings comprise thermally insulating materials which have sufficient
thickness and durability to sustain a large temperature gradient between the substrate and
the top coat surface, around 80 to 150◦C. Few methods are used to deposit thermal insulators.
In our case, the top coat consists of a 135 µm thick layer of yttria partially stabilised zirconia
(YSZ), ZrO2-8%Y2O3 and in the case of an EB-PVD type exhibits a columnar microstructure
(Fig. I.2). This process allows to deposit a thin film of material on a substrate, according to
the following sequence:

1. the deposited material is converted into vapor by physical means,

2. the vapor is transported across a region of low pressure from its source to the substrate,
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Hot gases

20µm
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Material: Yttria Stabilised Zirconia (YSZ)

Material: NiCoCrAlY
Purposes: − providing adherence

Process: EB−PVD or HVOF
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Figure I.2 : Scanning electron micrograph of the layered EB-PVD TBC system showing the
three TBC components: the thermal insulator (YSZ), the thermally grown oxide (TGO) and
the bond coat (BC) and their respectively functions to protect the superalloy substrate.

3. the vapor undergoes condensation on the substrate to form the columnar layer.

In this work, an EB-PVD YSZ coating has been selected for the following reasons: (i) its
low thermal conductivity (2 W/m2K) with minimal temperature sensitivity, (ii) its relatively
high coefficient of thermal expansion compared to many other ceramics, reducing the thermal
expansion mismatch with the substrate, (iii) its good resistance to the entrainment of high
velocity particles in the engine gases (erosion) (Mercer et al., 2005) and (iv) its high planar
compliance due to the columnar microstructure. The in-plane direction is parallel to the
macroscopic ceramic-bond coat interface and correspond to direction X1 in Fig. I.2.

I.2.2 Thermally grown oxide

The thermally grown oxide (TGO) is a chemical reaction product which forms at high
temperatures in air due to the mechanism of outward and inward diffusion of the respective
bond coat metal cations and oxygen anions, as illustrated in Fig. I.2. TGOs, such as alumina
(α-Al2O3), act as protective oxides in oxidising environments and are used to protect
the substrate from detrimental oxidation. If the oxidation principle is well understood, the
reality is more complex because numerous criteria are required to provide good protective
properties to the oxide layer: to cover the substrate uniformly, to be strongly adherent to
the bond coat, to consume as less as possible the bond coat, to be stable, to be resistant
at several environment (stress, temperature...). Some of these criteria are difficult to control
for a simple reason: mechanisms governing the bond coat oxidation are most of the time not
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well understood. Nevertheless, the understanding of the bond coat oxidation is fundamental
because damage can occur in this zone of TBC systems.

The initial TGO thickness is around 0.5 µm after the YSZ top coat deposition-process and
increases with oxidation time. Even if the TGO layer thickness is greatly lower in comparison
with the ceramic layer and bond coat, the oxide growth plays a major role in TBCs lifetime.
This study takes particularly care on the thermo-mechanical phenomena which are or could
be influenced by oxide growth. In the present multi-scale approach, the objective will be to
model the complex time-evolution of the oxide layer properties: its morphology, thickness
growth, associated growth strains and its mechanical and thermal properties.

I.2.3 Bond coat

Bond coats aim to provide (i) sufficient adhesion resistance between the top coat and
the substrate and (ii) good oxidation resistance to TBC systems. Furthermore, other
requirements of the bond coat are:

• to reduce oxide growth and to improve its interfaces toughness, furthermore the TGO
microstructure depend on the bond coat chemical composition,

• to provide a strain compliance at high temperatures thanks to its high creep behaviour.
This point will be investigated in Chapter III, in particular the creep and plastic bond
coat behaviour influence on local stress and strain fields close to the TGO.

Two different types of bond coats are considered to be the best alternative composition
regards their objectives: Pt-modified aluminide andNiCoCrAlY . The production process for
overlay coatings based on NiCoCrAlY alloy system are EB-PVD, High Velocity Oxygen Fuel
(HVOF), Vacuum Plasma Spraying (VPS) and Air Plasma Spraying (APS). In particular,
HVOF and APS processes provide good compromise between performance, easy monitoring
and processing cost. The deposition process and chemical composition of bond coats mainly
influence their microstructures and properties.

I.3 Damage mechanisms in TBC systems

In addition to provide low thermal conductivity and oxidation resistance, TBCs used on gas
turbine components are required to withstand damage. For turbine manufacturers, damage
leads to the partial lost of thermal insulating properties. Several damage mechanisms can
occur simultaneously, such as erosion due to foreign particles, infiltration of atmosphere
particles and spallation of the ceramic layer.

I.3.1 Erosion: impact damage

Damage generated by the entrainment of high velocity particles through the gas engine can
be in the form of erosive wear (generally cause by smaller particles, lower particle velocities,
and/or lower impingement angles), see Fig. I.3(a), and impact spallation (generally caused
by larger particles with greater particle velocities, and/or greater impingement angles), see
Fig. I.3(b). As a consequence, the thickness of the top coat decreases and thermal insulation
is not longer assured (Evans et al., 2006). A solution is to process a coating with an outer
portion covering the initial ceramic layer so as to enhance impact resistance.
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Figure I.3 : Illustration of damage mechanisms that can occur in TBCs due to foreign
objects: (a) erosion by small particles, (b) impact of large particles and (c) CMAS infiltration
(Evans et al., 2008).

I.3.2 Molten deposits: calcium-magnesium-alumino-silicate infiltration

Calcium-magnesium-alumino-silicate (CMAS) are common particles that are ingested into
turbines and can form a molten layer at high temperatures. For engines operating in
sandy environments, it has been observed that CMAS rapidly penetrate the open structure
of the EB-PVD YSZ coating as soon as melting occurs (Mercer et al., 2005, Chen, 2006,
Kraemer et al., 2008). There are many implications: (i) a decrease of the top coat strain
compliance at low temperatures, (ii) an increase of the thermal conductivity and then higher
local bond coat temperatures that can accelerate the oxide growth and (iii) a modification of
the chemical composition of the YSZ ceramic layer. CMAS induce horizontal cracks in the
top coat, as illustrated in Fig. I.3(c) (Evans and Hutchinson, 2007).

I.3.3 Top coat spallation

Observations made on engine components removed from service have indicated that, when
TBC systems are subjected to critical thermal histories, the coatings are susceptible to
spalling. TBCs exhibit multiple failure mechanisms which depend on their multiple structures
(APS or EB-PVD top coats, NiCoCrAlY or (Pt,Ni)Al bond coats) or on the thermal loads.
Most of the time, damage initiates close to the TGO layer, and when damage at one of the
TGO interfaces or in the TGO itself become large enough, delamination is triggered leading
to spallation. Figure I.4 illustrates a particular TBCs spallation mechanism, by buckling of
the top coat due to interfacial damage at the TGO-BC interface. The top coat spallation is
driven by the stored elastic strain energy per unit area (linked to the high level of compressive
in-plane stress) in the top coat and oxide layer.

Two conditions have to be fulfilled to induce the top coat spallation: (i) micro-
damage should be present at the future delaminated interface and (ii) the stored elastic
strain energy per unit area has to reach the interface toughness. The stored energy
is relaxed during top coat spallation. The interface toughness decreases with thermal
exposure time because interfacial damage extension can proceed either by ductile void growth
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(Dalgleish et al., 1989) or by microcrack growth induced by normal traction at the oxide
interface (Reimanis et al., 1990, Reimanis et al., 1991). A major difficulty in a TBC study is
that, interfacial damage and spallation mechanism are specific to each TBC system and the
lifetime prediction should be adapted to the specific failure mechanism of the system to be
predictive. Another difficulty is to bring together the numerous phenomena influencing the
TBC lifetime which most of the time is controlled by events happening at different scales.

II   Interfacial damage

III  Buckling−delamination

BC

BC

YSZ

TGO

YSZ

YSZ

BC

BC

TGO

YSZ

Damaged interface

I   As−deposited

IV  Spallation

Figure I.4 : Schematics showing one of the TBC system spallation mechanism: (I) safe
TBC system, (II) TGO interfacial damage, (III) buckling-delamination and (IV): top coat
spallation.
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I.4 Outline of thesis

Lifetime assessment of TBC systems requires a preliminary work based on the knowledge of
the morphology and microstructure time-evolution of each constituent of the TBC system.
The thesis is structured as follows: the Chapter II describes the investigation of (i) the typical
microstructure of the porous columnar top coat ceramic, processed by EB-PVD using image-
processing tools, (ii) the bond coat multiphase microstructure and (iii) the thin thermally
grown oxide which develops at the bond coat-ceramic interface during high temperatures
exposure. Based on previous observations and literature data, appropriate models to describe
each individual material property of the TBC constituents are proposed. Finally, time-
evolution of both oxide interface morphology is studied using image-processing and Fourier
analysis. A representative elementary profile of the TGO layer is identified and a simulation
of this profile is performed.

Motivated by the conclusions of the previous chapter, simulation and analysis of
stress/strain fields occurring in EB-PVD TBC systems and their relationship with the
observed macroscopic and microscopic damage are addressed in Chapter II. To reach this
goal, the methodology to model oxide growth and to determine stress fields close to the
moving TGO interface are presented. A parametric study dealing with the influence of the
parameters characterising (i) the mechanical behaviour of each TBC constituent, (ii) the TGO
morphology and (iii) the thermal loading on stress and strain fields is presented. Due to the
main influence of the oxide roughness on the local stress fields close to the TGO, a realistic
and complex simulation of the TGO morphology is performed using Fourier analysis. Stress
and strain fields predicted with this latter approach and with a 3D sinusoidal simulation of the
TGO profile will be compared to a simple 2D sinusoidal simulation of the TGO morphology.

Chapter IV constitutes the keystone of this thesis as it examines the failure mechanisms
of the studied TBC. To achieve this aim, samples tested under isothermal loading conditions
are analysed and observed follow by discussions of the dominant EB-PVD TBC failure
mechanisms. A distinction is made between macroscopic top coat spallation mechanisms
and microscopic oxide interfacial damage. This latter is assumed to be responsible for the
TGO-BC interface toughness decrease.

Finally, in Chapter V, motivated by the TBC microstructure analysis, identification of
failure mechanisms and numerical simulation of the local stress/strain fields close to the oxide,
a relevant multi-scale predictive model of the EB-PVD TBC system lifetime is proposed. This
model is based on an energetic approach taking into account the combined effects of time-
evolution of the stored elastic strain energy per unit area (due to high level of in-plane stress)
and the TGO-BC interface toughness evolution. Oxide interfacial damage, responsible for the
oxide interface toughness decrease will be defined as a function of the stress/strain fields close
to the oxide interfaces using a model previously developed by Lemaitre (1992). The lifetime
model parameters will be calibrated using literature data and validated by the experimental
database presented in Chapter IV.
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II.1 Introduction

In a land based turbine engine, thermal barrier coating systems covering the blades are
submitted to severe conditions in terms of temperature gradients and mechanical loading.
According to experimental and in-service feedback data, thermo-mechanical loading affects
the microstructure of TBC constituents and its interface morphologies (Evans et al., 2001).
Due to the combined effect of high temperatures and stresses in turbine blades, several
time-dependent phenomena can occur: (i) sintering of the porous ceramic top coat
(Lu et al., 2001, Renteria and Saruhan, 2006), (ii) diffusion mechanisms through the bond
coat and the superalloy substrate, modifying of the bond coat chemical composition and its
microstructure (Nicholls, 2003, Müller and Neuschütz, 2003), (iii) the oxide thickness growth
associated with the bond coat oxidation at the YSZ ceramic-bond coat interface, and (iv)
evolution of the oxide morphology (Tolpygo and Clarke, 1998, Panat et al., 2003).

Lifetime assessment of TBC systems requires a preliminary work based on the knowledge
of each individual constituent material properties and the interface morphology of the
multilayer EB-PVD thermal barrier coating system. This chapter investigates:

• the time-evolution of EB-PVD TBC morphology and the parameters defining the
microstructure,

• the relationship between microstructure and mechanical/thermal behaviour,

• constitutive material model of each individual TBC constituent.

In Section II.2, time-dependent phenomena occurring in each TBC constituent and
their consequences on the microstructure evolution is investigated. Firstly, the typical
microstructure of the porous columnar ceramic, processed by EB-PVD, and its evolution
due to sintering is presented. In particular, intercolumnar porosity, characterising the YSZ
microstructure is analysed using image-processing tools. Secondly, investigations of the bond
coat microstructure are focused on the development of different multiphase layers in the
bond coat due to interdiffusion with the substrate. The thin thermally grown oxide (TGO)
layer is also studied, in particular its (i) kinetic oxide growth, (ii) phase composition, (iii)
microstructure and (iv) growth strains associated with the bond coat oxidation. In Section
II.3, the constitutive material model of each TBC constituent, at different scales is proposed.
Based on previous observations and literature data, these models take into account the effects
of extended thermal exposure on the mechanical behaviour. Finally, in Section II.4, the
TGO morphology is studied using image-processing analysis. The time-evolution of the TGO
interfaces roughness is also quantified. At the same time, a representative elementary profile
of the oxide morphology is identified and a model of this profile is developed based on Fourier
analyses. These studies are preliminary steps for the models of the TGOmorphology proposed
in Chapter III.
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II.2 Characterisation of the TBC constituents microstructure

II.2.1 EB-PVD YSZ top coating

Ceramic coatings are used to protect hot constituents from the combustion gases. Their
deposition is done using EB-PVD technology which requires complex and expensive
equipments but provides superior coatings properties than those resulting from other
processes, such as APS or HVOF (Beele et al., 1999). The main enhancement consists of
its strain-tolerance, improved due to its typical columnar microstructure (An et al., 1999).
Mechanical properties, as well as thermal conductivity depend on the texture and
microstructure of the top coat (Zhua et al., 2001). The most critical feature is porosity for
an EB-PVD YSZ top coating. A relevant model of such microstructure behaviour should be
based on macro and microscopic description of the porous ceramic. The influence of thermal
exposure times on the porosity spatial distribution along the ceramic layer, and more generally
the sintering effects on the ceramic microstructure, are investigated in this section.

II.2.1.1 Observations and descriptions of the microstructure

Yttria stabilised zirconia (YSZ) top coat produced by EB-PVD contains individual columns
which grow in a preferred crystallographic direction by adding molecules from the vapor
phase (Schulz and Schmücker, 2000, Kato et al., 2005, Jang and Matsubara, 2006). SEM
micrographs shown in Figure II.1 illustrate a typical columnar microstructure of the YSZ
EB-PVD top coat after heat treatment (isothermal test during 13,500 h at 870◦C). The
top coating morphology exhibits elongated intercolumnar pores that become predominantly
aligned perpendicular to the plane of the coating as its thickness increases, see Fig. II.1(a).
The elongated intercolumnar porosity, noted ρe, increases the coating compliance, and leads
to an improved lifetime of the TBC. Nevertheless, close to the TGO, the ceramic does not
exhibit the typical vertical columnar microstructure seen elsewhere, inducing a low strain
tolerance in comparison with the ceramic top part, see Fig. II.2(a).

A finer distribution of intracolumnar pores present inside the column also exists
(Lughi et al., 2004). These nanopores, whose size is under 100 nm, constitute the internal
porosity, ρi, as shown in Figs. II.1(b) and (c). Thermal conductivity is governed by the
spatial distribution, the size and the morphologies of these nanopores (Jung et al., 2003). At
a lower scale, texture of YSZ top coat consists of non-transformable metastable tetragonal
θ’ phase (Schulz et al., 1996). It could evolve at high temperatures (Lughi and Clarke, 2005)
but these nano-scale considerations are not taken into account in our approach because they
are difficult to model and are not adapted to the scale of the present study.

II.2.1.2 Sintering of the YSZ EB-PVD top coat

Sintering occurs in the YSZ ceramic after long exposure times at high temperatures, which is
typical of land based gas turbine. The EB-PVD YSZ columns develop pronounced smoothing
of their surfaces and coalesce together (Lu et al., 2001, Renteria and Saruhan, 2006). As
shown in Figure II.1(c), bridges or necks form between columns. As a consequence,
the strain compliance of the top coat decreases and driving spallation in-plane stresses
increase. The densification of the columns themselves could also occur after long exposure
times which increases the intrinsic Young’s modulus of the columns. The surface column
smoothing is one of the observed consequences of the intracolumnar pores distribution and
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size time-evolution (Leyens et al., 1999, Lu et al., 2001). Sintering affects the mechanical and
conductivity properties and should be taken into consideration in a lifetime predictive model
(Azzopardi et al., 2004, Renteria et al., 2006, Ratzer-Scheibe and Schulz, 2007).

20µm

5µm

1µm

Intercolumnar

Intracolumnar

Intracolumnar
porosity

a)

b)

c)

Bridges

porosity

porosity

Figure II.1 : SEM micrographs showing the porous morphology of an EB-PVD YSZ coating
at different scales, after 13,500 h at 870◦C: (a) columnar microstructure and intercolumnar
pores, ρe, (b) intracolumnar pores, ρi, and (c) bridges occurring between columns due to
sintering.

II.2.1.3 External porosity evaluation along the top coat by image-processing
analysis

The objective of this part of the work is to characterise the YSZ ceramic microstructure and
in particular the intercolumnar porosity. The spatial distribution of the external porosity ρe

along the YSZ layer is investigated for different time-temperature thermal histories. SEM
micrographs have been obtained from samples tested under isothermal loading at different
temperatures ranging from 930 to 1050◦C and exposure times from 0 to 1000 h. The
methodology to quantify external porosity is presented and the results for the different
samples are analysed.
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a) Methodology

The first step of this method consists of extracting the external porosity from SEM
micrographs. We assume that pixels with weak luminance in the ceramic layer can be regarded
as pores. The initial picture of the SEM micrograph of Fig. II.2(a) is encoded by pixels which
are characterised by a grey level value ranging from 0 (dark) to 255 (white) (8 bits format).
To extract black pixels corresponding to pores, a binary picture of the initial SEM micrograph
is required and is obtained by the following procedure: all the pixels of the initial micrograph
whose grey values range from 0 to 10 are amended as black pixels. The other pixels became
white. The binary picture of the initial micrograph is given in Fig. II.2(b). This first step
requires the use of equivalent grey level histogram for each SEM micrograph. This condition
can be respected during the SEM micrograph capture. Note that in addition to the black
pixels corresponding to the external pore, black pixels belonging to the internal porosity
inside the columns themselves are also extracted. A special numerical tool is used to identify
only the external porosity, see Fig. II.2(c). To that purpose, all the isolated porosities whose
size were under 100 nm have been considered to be internal porosities and not retained.

The second step of the procedure to analyse the top coat morphology consists of the
external porosity evaluation of the ceramic layer. The image-processing relies on the scanning
procedure as shown in Figs. II.2(d) and (e). A 4 µm-width scanning band moves along the
YSZ layer. For each position of this band, a mean value of the external porosity is obtained.
The intercolumnar porosity is represented as a fraction of the whole image area. The influence
of the scanning band width has been evaluated. A 4 µm-width band provides an adequate
ratio between precision and processing time.

b) Results

The evaluation spatial distribution of intercolumnar porosity from the bottom to the top of
the YSZ ceramic layer is discussed here. The measurements for different samples tested under
different exposure times and temperatures are given in Figs. II.3 (930◦C) and II.4 (990◦C).
Before any thermal exposure (0 h), the external porosity ranges from a low value (2%) close
to the oxide layer, to a maximal value close to the top of the ceramic layer. The low porosity
close to the TGO layer indicates that the ceramic is rather compact there. This result is
consistent with the preliminary observations of EB-PVD micrographs, see Fig. II.2(a). Due
to the EB-PVD process, a few microns are necessary to generate vertical columns and since
columns are forming, external porosity is very low. Close to the oxide layer, the external
porosity is similar for all the samples, see Figs. II.3 and II.4.

Close to the top of the ceramic layer, the external porosity is quasi-constant and depends
on the time-temperature thermal loading, as expected. On the top surface of EB-PVD YSZ
ceramic, the external porosity decreases with increasing exposure times and temperatures.
At 930◦C, ρe is equal to 16%, 14% and 10.4% after 120 h, 300 h and 1000 h, respectively. At
990◦C, for the same thermal exposure times, the values of ρe are 13.5%, 12.4% and 10.5%.
These values should be compared to the initial external porosity on the top surface of the
YSZ layer before any thermal exposure, namely 16.6%. These measurements agree with those
reported at the top of the ceramic layer before and after 24 h of exposure at 1500◦C, namely
12% and 9%, respectively, (Wellman and Nicholls, 2005).

Figure II.5 shows the temperature influence on the spatial porosity distribution along
the ceramic layer after 300 h at 930◦C, 990◦C and 1050◦C. It can be seen that sintering
is responsible for a sharp decrease of the external porosity at 1050◦C. At this temperature,
the porosity increases linearly through the ceramic layer thickness. Due to the complete
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Pixels belonging to the porosities (external and internal)

Pixels belonging to the columns

Pixels belonding to external porosities

Internal porosity

External porosity

Scanning band

TGO

a)
YSZ

20µm

YSZb)

BC BC

YSZ

e)

d)

YSZ

YSZ

BC

BC

BC

c)

Figure II.2 : (a) Initial SEM micrograph of the EB-PVD TBC cross section, (b) binary
picture with external and internal porosities, (c) binary picture showing only the extracted
external porosity, (d) external porosity reported in the initial SEM micrograph and (e)
evaluation of the external porosity percentage along a 4 µm-wide scanning band.

spallation of specimens tested after 300 h at 1050◦C, it was not possible to obtain similar
measurements for times up to 300 h.
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Figure II.3 : Percentage of external porosity along a 4 µm-wide scanning band, as a function
of the distance from the oxide layer after 0 h, 120 h, 300 h and 1000 h exposure 930◦C.
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Figure II.4 : Percentage of external porosity along a 4 µm-wide scanning band, as a function
of the distance from the oxide layer after 0 h, 120 h, 300 h and 1000 h exposure at 990◦C.
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Figure II.5 : Percentage of external porosity along a 4 µm-wide scanning band, as a function
of the distance from the oxide layer after 300 h at 930◦C, 990◦C and 1050◦C exposure time.

II.2.1.4 Discussions

The present investigation has provided quantitative and qualitative information about the
evolution of top coat EB-PVD microstructure at different temperatures and exposure times.
SEM micrographs observation and analysis of the external porosity spatial distribution have
shown that: (i) high temperatures typical of industrial practice induces changes in the
microstructure (sintering effects) and (ii) intercolumnar porosity varies strongly through the
ceramic layer. The external porosity spatial distribution also depends on the deposition
process (Terry et al., 1999, Jang and Matsubara, 2004). According to Jang and Matsubara
(2004), the total external porosity (pores whose size > 100 nm) increases with the substrate
rotation speed and ranges from 5 to 18% for 0 to 20 rpm, respectively. Our approach provides
an improvement in the quantification of the external porosity spatial distribution through the
top coat and provides more available information than the mean external porosity measured
on the top surface of the ceramic layer (Wellman and Nicholls, 2005).

If the need to model the sintering effect on the YSZ top coat morphology is clear from the
high level of porosity in a major part of the layer, it might not be required in the region close
to the TGO where intercolumnar porosity is lower. Likewise, the columnar microstructure
of the ceramic is inhomogeneous across the YSZ top coat thickness. Accordingly, the model
to be proposed to describe the top coat mechanical behaviour will not be the same for the
ceramic part close to the TGO as for the rest of the YSZ layer. The internal porosity spatial
distribution has been also investigated. Nevertheless, the image-processing analysis does not
provide interesting results, principally because the criterion to characterise a nano-porosity
(<100 nm) required a high level of resolution of SEM micrographs.
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II.2.2 Thermally grown oxide

As previously discussed, the thin oxide layer which develops at the bond coat-ceramic
interface, provides good oxidation resistance to TBC systems. Despite the thin nature of
the TGO in comparison to the bond coat and YSZ ceramic layer, it plays a crucial role in the
lifetime of TBC systems. Actually, damage develops close to the TGO and is responsible
for a decrease of the interface toughness (Vasinonta and Beuth, 2001, Guo et al., 2005).
Furthermore, the oxide thickness growth increases the stored elastic strain energy per unit
area which is responsible for TBC spallation.

Mechanisms occurring during alumina growth are more complex than for other
oxides (Levi et al., 1986, Monceau et al., 2000, Chevalier, 2007) and have to be described
specifically. The objective of this section is to characterise the following TGO properties: (i)
oxide thickness evolution (oxidation kinetics), (ii) chemical composition, (iii) microstructure
and (iv) growth strains associated with the bond coat oxidation. The oxide morphology and
its corresponding roughness will be presented in detail in the next section (II.4).

II.2.2.1 TGO growth: oxidation kinetics

Oxide growth kinetics have been determined at 950◦C, 1050◦C and 1150◦C, for times up to
1000 h by the University of Birmingham (Taylor et al., 2006) for TBC systems provided by
SIEMENS. The measured oxide thickness evolution is shown in Fig. II.6. TGO thickness
measurements were made in a cross section normal to the bond coat-YSZ ceramic interface.
Only the specimens with no damage close to the oxide have been analysed. Kinetics equation
that describes the mean TGO is:

hox = h0 + (knt)
1
n , (II.1)

where h0 is the oxide thickness of the as-received specimen, t is the oxidation time and kn

and n are material parameters which depend on temperature. These data are required for
the numerical approach to be presented in Chapter III.
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Figure II.6 : Oxide thickness time-evolution for a NiCoCrAlY bond coat at three different
temperatures: 950◦C, 1050◦C and 1150◦C (Taylor et al., 2006).
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II.2.2.2 Investigation of the TGO chemical composition

The purpose of this section is to carry out a detailed assessment of the chemical composition of
the TGO phases. An appreciation of the TGO chemistry will be of assistance to (i) the overall
understanding of TGO evolution during thermal exposure and (ii) to model its mechanical
behaviour. In order to analyse the TGO metallographic composition, a cross section of a
specimen, exposed at 870◦C during 13,500 h, was examined by Scanning Electron Microscopy
(SEM) and Energy-Dispersive Spectroscopy (EDS) techniques.

TGO
Zone 1:
Pure−alumina

Zone 2:
Y−pegs

Zone 3:

particles
1µm

Bond coat BC

YSZ

3

1

2

Figure II.7 : SEM micrograph of the TGO layer, showing (1) α-alumina phase, (2) Y-pegs
and (3) bond coat particles trapped within the oxide.

a) Observations

Cross-section observations of the TGO revealed an inhomogeneous composition. In Figure
II.7, three different areas can be distinguished:

Zone 1: this is the principal zone of the oxide. Its composition is shown in Fig. II.8(a)
and Table II.1. EDS revealed that the grains within the regular TGO region are composed
of almost pure Al2O3 phase, as expected.

Zone 2: many pegs have been observed in the TGO and more precisely at the TGO-BC
interface. The pegs thicknesses typically range from 5 to 8 µm, whereas the average TGO
thickness is around 3 µm. There is no visible porosity within the pegs themselves. The
qualitative and quantitative composition of this pegs are, respectively, given in Fig. II.8(b)
and Table II.1.

Zone 3: according to the EDS spectrum, Fig. II.8(c) and Table II.1, this region
corresponds to the elements of the bond coat trapped within the TGO.

b) Discussions

The thermally grown oxide in the studied TBC system presents a complex morphology and
microstructure. It consists primarily of three constituents: (1) α-alumina, (2) a distribution
of oxide pegs rich in yttrium and (3) NiCoCrAlY bond coat particles trapped within the
TGO. The formation of these Y-rich particles is likely to be due to one of two mechanisms.
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Table II.1 : Quantitative results of the chemical composition for 1: α-alumina phase, 2:
Y-pegs and 3: bond coat particles in Fig. II.7

1: α-alumina phase 2: Y-pegs 3: Bond coat particles

Element Weight (%) At. (%) W (%) At. (%) W(%) At.(%)

O 46.48 60.09 19.66 41.98 28.41 50.56

Al 51.40 39.41 20.13 25.48 32.29 34.08

Cr 14.84 9.75 7.66 4.20

Co 13.17 7.63 6.99 3.38

Ni 14.08 8.19 6.97 3.38

Y 2.12 0.49 18.13 6.97 7.01 2.24

Zone 2
b)

Zone 1Alumina

a)

Zone 3

c)

Isolated BC particles

Bond coat
Y−pegs

O

keV

O

Ni
Ni

Ni

Cr

Cr
Co
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Y

keV

keV

Cr
Cr Co Ni Ni

Al

Y

O

Ni

Al

Figure II.8 : EDS spectrum from the zone (a) 1 α-alumina, (b) 2 Y-rich oxide pegs and (c)
3 trapped bond coat particles.
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The first, is diffusion of yttrium ions into the TGO during thermal cycling from either the
bond coat or substrate. The second mechanism is caused by the entrapment of bond coat
regions rich in yttrium by the advancing oxidation front during oxide growth, followed by
oxidation (Mercer et al., 2006). These pegs induce numerous thickness heterogeneities and
might be at the origin of micro-damage nucleation and growth.

Observations of cross-section micrographs of a TBC sample (NiCoCrAlY bond coat and
EB−PVD top coat) after 14,000 h of service in an aero-engine also show relatively uniform
TGO with occasional yttrium pegs, bond coat particles trapped in the TGO and small-scale
porosities (Xu et al., 2004). Y-pegs and micro porosities are also supposed to be preferential
sites to crack nucleation or extension close to the oxide.

II.2.2.3 Microstructural description

Bond coat oxidation creates firstly unstable γ, δ and θ-alumina phases that transform
in a stable α-alumina (Pint et al., 1995, Tolpygo and Clarke, 2000a). According to
the literature, such phase transformation can induce a volumetric decrease of 14%
(Prescott and Graham, 1992). Once the phase-transformation is completed, oxide grain
growth mechanisms are mainly influenced by temperature, oxygen pressure and bond coat
chemical composition (Monceau et al., 2000). Observations of alumina cross-sections show a
duplex alumina scale made up of a columnar layer near the BC-TGO interface and a thin
equiaxed layer close to the outer surface, see Fig. II.9 (Clarke, 2003). The duplex morphology
of the alumina layer is related to both cationic and anionic diffusion mechanisms associated
with alumina growth.

The outward diffusion of Al3+ cations leads to an outer equiaxed thin layer and the
inward diffusion of oxygen leads to an inner columnar layer (Grabke, 1997, Tolpygo, 1999),
as represented in Fig. II.9. The thickness ratio between inner and outer oxide layers is
governed by the difference between the diffusion rates of anions and cations in the TGO.

A comparison of experimental results obtained for synthetic compacted and thermally
grown alumina shows substantial differences (Balmain et al., 1997, Chevalier et al., 2005).
The diffusion of oxygen and aluminium ions is not the same in both systems.
Nevertheless, there is a point for which the results agree: alumina formation is strongly
dependent in reactive elements such as yttrium (Choquet and Mevrel, 1989, Pint et al., 1993,
Mennicke et al., 1998). The diffusion of oxygen ions at alumina grain boundaries becomes
predominant in the presence of yttrium. This leads to an enhancement of oxidation at the
BC-TGO interface (the so-called internal interface) and the columnar grain structure. Due
to the presence of yttrium in the bond coat and the TGO columnar microstructure generally
observed in NiCoCrAlY bond coat, we will assume that the oxide layer growth close to the
BC-TGO interface is controlled by the diffusion of oxygen ions through the alumina grain
boundaries. It is assumed that the TGO growth does not occur in the entire layer and is not
function of its thickness time-evolution, as reported by Balint and Hutchinson (2005).

II.2.2.4 Growth strains due to TGO formation

Alumina formation process occurs as illustrated in Fig. II.10. Here, the columnar
grain structure beneath an equiaxed initial layer supports the understanding that the
new TGO forms primarily at the bond coat interface. This is believed to happen
because oxygen diffusivity along TGO grain boundaries exceeds that of Al3+ cations, i.e.
JAl3+ � JO2− . A volumetric expansion, representing the volume increase which accompanies
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Figure II.9 : Transmission electron micrograph (TEM) showing the inner columnar alumina
layer and the outer layer with little epiaxed grains (Clarke, 2003). The respective inward and
outward diffusion of oxygen and aluminium are also shown.

the bond coat transformation to alumina at the TGO-BC interface, is associated with
the oxidation phenomena. This mechanism is one of the main stress sources (around
1 GPa) at high temperatures in TBC systems (Evans et al., 2001, Karlsson and Evans, 2001,
Nychka et al., 2004). How does the oxide volumetric expansion occur?

From a macroscopic point of view, it has been observed that, for the constrained strain
conditions as TGO is submitted, growth strains do not develop isotropically. Instead, they
develop preferentially along the direction offering the lowest resistance to that expansion, here
direction X2 in Figs. II.9 and II.10. This direction is also the preferred orientation of the
oxide grain. Nevertheless, it is not well understood whether locally the growth strains are also
anisotropic. Indeed, in an unconstrained system, the volumetric expansion can be isotropic
(Evans et al., 2001, Hille, 2009). As mentioned in the literature, growth strains accompanying
the TGO formation could also be influenced by (i) the existence of in-plane compressive
stresses (direction X1), (ii) the TGO columnar microstructure (Karlsson et al., 2003) and
(iii) dislocation climb (Clarke, 2003).

In our model, we will consider the relationship between the local growth strains occurring
at the micro-scale and the global growth strains found at the grain scale. Consider a columnar
oxide grain, 0.5 µm thick, the possible locations of new oxide nucleation are the top (zone 1),
the bottom (zone 2) and the grain boundaries of the oxide scale (zone 3), as illustrated in Fig.
II.10. For diffusion-controlled oxidation reaction, it is assumed that the plan of reaction is
oriented so that it is everywhere normal to the flux of reactants and so to the local interfaces
(Rhines, 1940, Darken, 1942, Rhines and Wolf, 1970). Rhines and Wolf (1970) assumed that,
if the oxide grows only by complete inward or outward diffusion of oxygen and aluminium
ions respectively, no transversal strains are generated at it is illustrated by Cases 1 and 2 in
Fig. II.10. Only an oxide reaction occurring at TGO grain boundaries (Case 3) could induce
in-plane stresses.

According to the initial definition of the Pilling Bedworth Ratio (PBR), π is the volume
expansion associated with the oxidation reaction of an NiAl material:

NiAl +
1

2
O2 −→

1

3
Ni3Al +

1

3
Al2O3, (II.2)
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Figure II.10 : Schematic illustration showing the new oxide associated with inward and
outward diffusion of O2− and Al3+ ions. With or without outward oxygen diffusion, new
oxide is generated respectively parallel to the BC-YSZ interface (Cases 1 and 2) inducing
normal growth strain or in grain boundary (Case 3) and gives rise to transversal growth
strain responsible for high in-plane stresses.

Using this approach, (Pilling and Bedworth, 1927), π is obtained from the ratio between the
molar volume (m3/mol) of the Al2O3 produced, V Al2O3

m , and that before oxidation, V m
Al−[cons]:

π =
V

oxide−produced
m

V
Al−consumed
m

=
V Al2O3
m

V
Al−[cons]
m

, (II.3)

with V
Al−[cons]
m being the difference between the initial atomic volume of Al in the NiAl,

noted V
Al−[NiAl]
m and the final atomic volume of Al in the Ni3Al, noted V

Al−[Ni3Al]
m :

V
Al−[cons]
m = 3V Al−[NiAl]

m − V
Al−[Ni3Al]
m , (II.4)

V
Al−[NiAl]
m and V

Al−[Ni3Al]
m can be calculated knowing (i) the number of molecules per unit

cell, Z of Al andNi for theNiAl andNi3Al, (ii) the molar volume of a unit cell corresponding
to NiAl and Ni3Al (m3/mol), respectively noted V NiAl

m and V Ni3Al
m :

V
Al−[NiAl]
m =

ZAl

ZNiAl
V

NiAl
m =

1

2
V

NiAl
m , (II.5)

V
Al−[Ni3Al]
m =

ZAl

ZNi3Al
V

Ni3Al
m =

1

4
V

Ni3Al
m . (II.6)

Note that the crystal structure is not the same for the Ni3Al and NiAl. Finally, the atomic
volume of the components V Al2O3

m , V Ni3Al
m and V NiAl

m can be calculated from:

Vm =
Naa

3

Z
, (II.7)
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where Na is the Avogadro’s number (6.02 1023 at/mol), a3 is the volume of an unit cell
(m3/at) and Z is the number of molecules per unit cell. Using the data available in the
literature (Xu and Gao, 2000), V Al2O3

m , V Ni3Al
m and V NiAl

m take, respectively, the following
values: 2.56−5 m3/mol, 2.72−5 m3/mol and 1.44 10−5 m3/mol. Finally, the value of π

associated with the Eq. II.3 is:

π = 1.73 (II.8)

This result shows that the PBR calculated for NiCoCrAlY oxidation is different from
that calculated for pure Al (π = 1.29). This high value of growth strain will generate high
stress levels during bond coat oxidation. To compare these PBR values, our reasoning should
also take into account the volumetric reduction due to β-NiAl phase transformation in the
bond coat. The estimated magnitude of the volume decrease associated with the bond coat
phase transformation is around 0.62 (Tolpygo and Clarke, 2000b) and offsets partially the
high dilatation associated with alumina formation, as illustrated Fig. II.11. This preliminary
work illustrates that the PBR approach based on its historical definition, is not the most
relevant one.
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Figure II.11 : Illustration of the volumetric expansions associated with the NiCoCrAlY

bond coat oxidation, Eq. II.2.

Another approach consists of defining the volume expansion associated with the
NiCoCrAlY bond coat oxidation (Eq. II.2) as the ratio, π�, between the atomic volume

of the produced metal/oxide, V metal/oxide−produced
m , and that before, V metal−consumed

m . It can
be formulated as follows,

π
� =

V
metal/oxide−produced
m

V
metal−consumed
m

=
V Al2O3
m + V Ni3Al

m

3V NiAl
m

. (II.9)

Here, V Al2O3
m , V Ni3Al

m and V NiAl
m have been calculated previously. Finally, the value of π�

related to the Eq. II.9 is:

π
� = 1.22 (II.10)

Based on this result, the value related to the bond coat volumetric reduction is similar to
that found by Tolpygo and Clarke (2000), namely 0.62. Also, π� has a value close to that for
the oxidation of pure aluminium (π = 1.29), discussed above. This value also indicates that
the volume increase associated with alumina formation cannot be neglected in the model.

The approach based on the Pilling Bedworth Ratio is considered sometimes too simplistic
as it does not provide any answers about the mechanisms occurring during oxidation.
Nevertheless, it has the advantage to assure that mass conservation is preserved (Eq. II.9).
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Each molar volume of the bond coat changed into oxide induces a volumetric expansion
where, oxidation takes place, at the grain boundaries or at both oxide interfaces.

Before defining the oxide growth strains, the following assumptions should be born in
mind:

• oxide growth occurs at the TGO-BC interface due to the presence of yttrium in the
oxide grain boundaries, slow down the diffusion of aluminium: JAl3+ � JO2− ,

• the TGO microstructure is composed of columnar grains close to the TGO-BC interface,

• growth strains are normal to the oxide grain interfaces, and points out the predominant
role of the TGO microstructure on oxide growth which induces anisotropic growth
strains,

• the volumetric expansion associated with the bond coat oxidation, π�, has to be
considered at the grain scale.

The relationship between π� and the growth strain components is given by the following
equation:

π
� =

Vf

V0
= (1 + ε1)(1 + ε2)(1 + ε3), (II.11)

where Vf and V0 are the respective values of the oxidised and unoxidised volume of bond
coat. Also, ε1, ε2 and ε3 correspond to the growth strains in the directions X1, X2 and X3

illustrated in Fig. II.10. Assuming the lower values of the growth strains, one finds:

π
� =

Vf

V0
≈ 1 + ε1 + ε2 + ε3. (II.12)

Locally, the respect of the mass conservation implies that the oxide growth strain tensor
associated with oxidation occurring normal to the YSZ-BC interface, ε∼

l1
φ (Case 2 in Fig.

II.10), is defined as:

ε∼
l1
φ =




ε1 0 0

0 ε2 0

0 0 ε3



 =




0 0 0

0 π� − 1 0

0 0 0



 (II.13)

In the present case, ε1 = ε3 = 0 and according to Eq. II.12, ε2 = π� − 1. The oxide growth
strain tensors at the oxide grain boundaries close to the TGO-BC interface (Case 3) are ε∼

l2
φ

and ε∼
l3
φ for the directions X1 and X3 respectively:

ε∼
l2
φ =




π� − 1 0 0

0 0 0

0 0 0



 (II.14)

ε∼
l3
φ =




0 0 0

0 0 0

0 0 π� − 1



 (II.15)
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At this scale, the grain growth accompanying the oxidation can be defined by a normal
and transversal to the bond coat-ceramic interface strain growth components, εN and εT ,
respectively. The normal and transversal directions correspond to the direction X1 and X2,
respectively.

ε∼
g
φ =




εT 0 0

0 εN 0

0 0 εT



 (II.16)

The global anisotropic growth strain ε∼
g
φ is a function of the ratio between the number of

oxidation reactions at the TGO-BC interface (N1) or at grain boundaries (N2 and N3),
illustrated respectively in Cases 2 and 3 in Fig. II.10. NT is the total number of reactions
(Eq. II.18):

ε∼
g
φ =

n=3�

i=1

Ni

NT
ε∼
li
φ , (II.17)

NT = N1 +N2 +N3. (II.18)

Mass conservation is respected locally and at the grain scale, one finds:

Tr(ε∼
l
φ) = Tr(ε∼

g
φ) = π

� − 1. (II.19)

The ratio between normal and transversal strain components characterises the relative weight
of each diffusion mechanism. Equation II.11 implies that the phase transformation strain
tensor (Eq. II.16) associated with the inward oxidation reaction can be fully described
knowing the volume evolution π� and the ratio between εN and εT . In this work, the ratio
between the normal and the transversal strain components (Eq. II.20) is taken to be that
inferred from experiments done for oxidised Ni (Huntz et al., 2002). For a NiCrAlY bond
coat, experimental work should be carried out to determine in the same way the ratio between
the transversal and normal growth strains.

εN = 87εT (II.20)

Note that, even if the growth strains at the oxidation temperature are not completely
elucidated, our approach is based on a microscopic analysis of the TGO microstructure and
physical phenomena. Finally, the transversal growth strain values (εT = 0.24%) is of the same
order of magnitude than that reported in the literature (Caliez et al., 2002, He et al., 2003,
Hille, 2009), 0.25%, 0.2% and 0.3%. Most of the time, these values are introduced to match
the measured growth stress or strain experimentaly obtained, and are not based on the
understanding of the mechanistic or physical phenomena (mass conservation).

II.2.2.5 Discussions

The understanding of oxide growth in a NiCoCrAlY TBC system was required because TGO
has a critical role on TBC damage. First, oxidation kinetics will be usefull in the numerical
simulation of oxide growth. Second, the study of the chemical composition provides us
information (i) to model the oxide mechanical properties, to be presented next in Section II.3
and (ii) the time-evolution of the oxide microstructure. The presence of yttrium enhances
inward oxidation at the TGO-BC interface and influences mainly the TGO microstructure.
Third, the growth strains associated with the bond coat oxidation has been investigated.
Growth strains which develop at the TGO grain boundaries induce stresses and is one of the
driving forces to generate damage at high temperatures close to the TGO and leading to the
subsequent TBCs spallation.
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II.2.3 Bond coat

II.2.3.1 Observations

This section attempts to identify the bond coat microstructure as a preliminary step to model
the bond coat mechanical behaviour and its time-evolution. The bond coat of interest is made
primarily of five constituents: nickel, cobalt, chrome, aluminium and yttrium, Ni 22Co 17Cr

12.5Al 0.6Y (wt%). It is deposited by EB-PVD on a CMSX-4 Ni-based superalloy substrate.
The sample corresponds to the same one used to analyse the TGO chemical composition,
exposed to 870◦C during 13,500 h. As it can be observed in Fig. II.12(a), the bond coat
microstructure could be decomposed into three different layers: (i) a 10 µm thick layer close
to the TGO, (ii) a principal layer and (iii) a 20 µm thick layer close to the substrate. The
chemical composition and the distribution of each layer in the bond coat is investigated next.

YSZ

Superalloy

BC

10µm

a)

b)

Al depleted zone

Interdiffusion zone

grain 3

grain 1

grain 2

Figure II.12 : SEM micrograph of the bond coat (a) showing the three different layers of
the bond coat and (b) a close-up view of the principal layer and the 3 grains: (1) mixed of
γ-Ni and α-Cr, (2) γ-Ni and (3) mixed of β-NiAl and γ’-Ni3Al.

Grain 1 is mostly composed of chrome (60 atom %), cobalt (27 atom %) and nickel (13
atom %), see Table II.2. This grain is present in all the bond coat but its concentration is
greater close to the bond coat-superalloy interface.

Grain 2 is composed of Ni, Cr and Co, with similar concentrations (around 30 atom %).
The chemical composition and the dispersion of each phase in the bond coat are summarised
in Table II.2. This grain is present in all the bond coat.

Grain 3 is composed of Al (34 atom %) and Ni (53 atom %). This grain is the single one
containing aluminium and there is a depletion of this phase close to the BC-superalloy and
TGO-BC interfaces.

II.2.3.2 Phase identification

In order to determine the most likely phase composition of these grains, an Al-Cr-Ni ternary
phase diagram at 850◦C is used, see Fig. II.14. It is assumed that (i) phases are stable
during the temperature range and (ii) cobalt has similar properties to nickel. Indeed, in
the chemical elements periodic table, the position of cobalt and nickel are close and their
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Table II.2 : Quantitative results of the chemical composition for the grains 1, 2 and 3 of
Fig. II.12.

Grain 1 Grain 2 Grain 3

Element Weight % Atome % Weight % Atome % Weight % Atome %

Al 0.3 0.6 2.4 4.9 19.2 34.0

Cr 57.3 60.1 29.1 30.9 4.8 4.3

Co 29.6 27.4 31.8 29.7 10.5 8.5

Ni 12.8 11.9 36.7 34.5 65.5 53.2

a) b)

c)

Grain 1

Grain 3

Grain 2
Cr

Co
CrCr

Co
Ni

Ni

Cr

Co
Ni

Cr

Co
Ni

Ni

Al
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Ni
Al

Cr Co
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Figure II.13 : SED spectrum from the grain (a) 1 mixture of α-Cr/γ-Ni, (b) 2 γ-Ni and (c)
3 mixture of β-NiAl/γ’-Ni3Al.

chemical structures are the same up to 500◦C (cubic face-centred). Therefore, the chemical
composition (atom %) of the three grains changed. Close inspection of the ternary diagram
yields three possibilities regarding the compositional nature of the various grains within the
bond coat. Grain 1: mixed phase of α-Cr/γ-Ni, 2: γ-Ni and 3: β-NiAl/γ’-Ni3Al.
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Figure II.14 : (a) Complete and (b) partial Al-Ni-Cr ternary phase diagram at 850◦C
showing the relative position of the three bond coat grains and α-Cr, β-NiAl, γ-Ni and
γ’-Ni3Al phases (Petzow and Effenberg, 1988).

II.2.3.3 Discussions

SEM and SED observations and analyses reveal that the NiCoCrAlY bond coat is not a
two-phase microstructure of β-NiAl and γ-Ni phases but is considerably more complex. Cr-
rich phase precipitates were observed to be abundant in the NiCoCrAlY bond coat. The
chemical composition of grain 3 (mixed of β-NiAl/γ’-Ni3Al β-NiAl phases) could be evaluated
with the oxidising time and the γ’-Ni3Al phase may increase. According to the literature,
γ’-Ni3Al is not an equilibrium phase at high temperatures but forms on cooling below a
temperature of 750◦C (Lapin, 1997, Czeppe and Wierzbinski, 2000). The generation of this
phase is governed by the primary oxidation reaction of the β-NiAl (Eq. II.2).

The mechanism of outward diffusion of metal cations consists in Al diffusing through the
bond coat depletes this latter of this element close to the substrate. The TGO formation
associated with the bond coat oxidation also leads to a depleted zone close to the TGO-BC
interface and a lack of β-NiAl phase. Similar observations have been made and explained
(Kim et al., 2002). The Al-depleted zone is not observed in as-prepared specimens.

Extensive microstructural characterisation carried out on the diffusion aluminide bond
coats and it has shown to undergo a martensitic transformation, with an associated volume
change, on cooling from high temperatures (Darzens et al., 2003, Karlsson, 2003). For the
NiCoCrAlY bond coats, it has been demonstrated that martensitic transformation should
not give rise to a significant volume change and does not play a significant role in the
mechanical stability of TBCs (Mendis and Hemker, 2008).
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II.3 Mechanical and thermal behaviour model of TBC
constituents

Simulation of TBC systems behaviour under in-service thermal loading requires an
understanding of the relationship between the microstructure of each TBC constituent and its
associated mechanical behaviour. The influence of ageing on EB-PVD TBC microstructure
has been presented in Section II.2. For the ceramic top coat, sintering effects have been
observed through the evolution of the ceramic layer morphology. Bond coat oxidation
generates interdiffusion with the substrate, leads to various phase evolution and creates an
Al-depleted zone close to the TGO layer. For the latter, oxidation leads to an evolution of
its thickness and to growth strains. The bond coat chemical composition influences mainly
the TGO microstructure (reactive elements such as yttrium). Motivated by the observations
and analyses of the TBC constituents, this section deals with the mechanical and thermal
behaviour model of each layer constituting the TBC system.

II.3.1 EB-PVD YSZ top coating

According to the literature, SEM micrograph observation and image-processing analysis,
YSZ top coat deposited by EB-PVD has a complex microstructure. The top coat mechanical
behaviour model has to consider: the columnar microstructure, the spatial distribution of
intercolumnar porosity and ageing effects. To achieve these tasks, two different zones are
distinguished: (i) a major part of the ceramic layer with a porous columnar microstructure,
see zone 1 in Fig. II.15 and (ii) a thin layer of ceramic close to the TGO, where external
porosity is low and microstructure is clearly non-columnar (zone 2). For each zone, the YSZ
top coat mechanical behaviour is modelled differently. The relevance of each model will be
discussed later in Section III.4.1.3.

II.3.1.1 Material properties of the transversely YSZ isotropic ceramic

According to experimental tests, the YSZ top coat columnar microstructure exhibits
anisotropic elastic properties (Johnson et al., 1998, Lugscheider et al., 2001). Following the
morphology of typical YSZ top coat microstructures, the orientation of columns will be
assumed to be vertical (direction X2) in the YSZ top coat located in Zone 1. In an elastic
transversely isotropic material, symmetry considerations imply that:

E1 = E3, G12 = G23, (II.21)

ν13 = ν31, ν13 = ν32, ν21 = ν23, (II.22)
ν21

E2
=

ν12

E1
, Gi =

Ei

2(1 + νi)
. (II.23)

In Zone 1, columns are normal to the macroscopic top coat-bond coat interface and oriented
along direction X2 (general basis). In Zone 2, columns are normal to the rough YSZ-TGO
interface (local basis). Nevertheless, the general basis is used in both cases to define the
anisotropic top coat microstructure. The local orientation of the columns is not directly
modelled in the present study as it has been done by Busso et al. (2006). Nevertheless, it is
taken into account via the anisotropic model of the YSZ mechanical behaviour. Finally, for
both zones, the transversely isotropic material can be described in terms of five independent
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Figure II.15 : After 300 h at 990◦C, (a) SEM micrograph showing two zones with different
microstructures and the associated mechanical characteristics: (1) with vertical columns and
high level of external porosity (ρe > 5%) and (2) with non-vertical columns and low porosity
(ρe < 5%), and (b) spatial distribution of the intercolumnar porosity showing the criterion
distinguishing the two zones (ρe = 5%).

elastic constants, namely E1, E2, ν1, ν21 andG2. Using Voigt notations, the elastic compliance
tensor S∼ becomes:

S∼ =





1/E1 −ν21/E2 −ν1/E1 0 0 0

−ν12/E1 1/E2 −ν12/E1 0 0 0

−ν1/E1 −ν21/E2 1/E1 0 0 0

0 0 0 1/G2 0 0

0 0 0 0 1/G1 0

0 0 0 0 0 1/G2





(II.24)

II.3.1.2 Determination of top coat mechanical properties by nanoindentation

For both zones, the five independent elastic constants for the transversaly isotropic elastic
YSZ material were determined as follows. The in-plane Poisson’s ratio ν1 is taken to be 0.1
(Chen et al., 1998). It is assumed that ν21 = ν1 which allows to obtain ν21, Eq. II.23. G2 is
approximated by G2 = (E2/E1)G1 (Busso and Qian, 2006).

The in-plane and out-of-plane Young’s moduli identifications for YSZ EB-PVD
coatings have been determined by nanoindentation tests (Jang and Matsubara, 2005,
Guo and Kagawa, 2006). Whether the out-of-plane Young’s modulus E2 is not affected by
ageing or porosity evolution, the in-plane Young’s modulus E1 is strongly dependent on the
time spent at high temperatures. Actually, due to sintering effects, the changes in the top
coat microstructure described above lead to an increase of the in-plane Young’s modulus.



II.3. MECHANICAL AND THERMAL BEHAVIOUR MODEL OF TBC CONSTITUENTS 33

Time and temperature influences on mechanical and thermal properties evolution of EB-
PVD YSZ top coat have been observed to show the sintering effect (Bouzakis et al., 2003,
Guo and Kagawa, 2006).

Porosity influence on the measured Young’s moduli has been also investigated, see Fig.
II.16 (Jang and Matsubara, 2005). According to Jang and Matsubara, in-plane Young’s
modulus has a significant dependence on the porosity, amount of the external, ρe, and internal,
ρi, porosities. The ratio between in-plane and out-of-plane Young’s modulus decreases when
porosity decreases.

II.3.1.3 Determination of top coat Young’s moduli using image-analysis

If the mechanical behaviour of the entire top coat (Zones 1 and 2) can be modelled as a
transversely isotropic material, the ratio between the in-plane and out of plane Young’s
moduli is inhomogeneous along the ceramic layer. In Zone 1, far away from the TGO layer
in-plane Young’s modulus is low and evolves with exposure time. In contrast, close to the
TGO layer (Zone 2) where external porosity is low (< 5%), the top coat is lightly affected
by sintering and is less anisotropic due to the local orientation of the columns. The different
assumptions chosen for each zone are summarized in Fig. II.15(a).

Out−of−plane
In−plane

Figure II.16 : In-plane and out-of-plane Young’s moduli as a function of porosity for EB-
PVD YSZ coatings (Jang and Matsubara, 2005).

The out-of-plane Young’s modulus corresponding to Zone 1 is taken as 200 GPa.
According to the image-processing analysis performed in Section II.2.1.3, for as-prepared
YSZ, the internal and external porosities on the top surface of the ceramic layer are assumed
to be around 10% and 17% respectively. For these values, the ratio between E1 and E2 is taken
as 0.3, see Fig. II.16, and E1 is taken as 60 GPa. Due to sintering effect, external porosity
on the top surface of the YSZ layer ranges from 17% to 10%, depending on the exposure
time and temperature. The internal porosity is assumed to be constant (ρi = 10%). Based
on the data reported by Jang and Matsubara (2005) and using the results obtained by the
image-processing analysis, the in-plane Young’s modulus time-evolution on the top surface of
the ceramic layer has been determined for temperatures ranging from 930 to 1050◦C between
0 to 1000 h, see Fig. II.17. The values obtained are in agreement with those proposed in the
literature (Jang and Matsubara, 2005, Guo and Kagawa, 2006, Zhao et al., 2006).

Concerning the top coat close to the TGO with a low external porosity, Zone 2 in Fig.
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Figure II.17 : In-plane Young’s modulus on the top surface of the EB-PVD YSZ coatings as
a function of exposure time using the external porosity provided by image-processing analysis
performed on the YSZ layer and data from Jang and Matsubara (2005).

II.15, the time-temperature dependence of the in-plane Young’s modulus is low. Indeed, the
external porosity is similar in all the tested sample, around 2%. Using the same approach as
that previously discussed, the in-plane Young’s modulus has been determined. E1 is assumed
to be independent of exposure times and temperatures and is taken as 100 GPa close to the
TGO layer (ρe = 3%).

Creep and sintering effects on the YSZ top coat mechanical behaviour are not presented
here. Indeed, close to the TGO where we are interested to predict local stresses, it is assumed
that they does not occur for such a low external porosity (ρ < 5%) and low temperatures
(< 1100◦C). Furthermore, according to the model commonly used to describe the sintering
deformation �∼

s, Eqs. II.25 and II.26, high level of stress is required to induce sintering
(Besson and Abouf, 1992, Busso and Qian, 2006). Then:

�̇∼
s =

A

T
exp

�
− Q

RT

��
L0

L

�z
b̂ (σm − σs)1

�
, (II.25)

where L is the average grain size, σm is the mean pressure and σs is the sintering potential,
defined as:

σs =
6 γ

L
ρ
2
e

�2ρe − ρ0

1− ρ0

�
. (II.26)

Here γ is the surface free energy per unit area. For ρe ≈ 1, as observed close to the TGO
layer, the sintering potential σs is too high to induce sintering. These assumptions will be
discussed and the influence of the top coat mechanical behaviour on the local stress/strain
fields close to the TGO layer will be studied in Section III.4.1.3.
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II.3.2 Thermally grown oxide

II.3.2.1 TGO elastic properties

The elastic properties of stabilized α-alumina are commonly considered to be isotropic,
even if at the grain scale the oxide microstructure is anisotropic. These elastic param-
eters have been measured for alumina (Chung and Simmons, 1968, Jaminet et al., 1992,
Fukuhara and Yamauchi, 1993, Wachtman, 1996), see Table II.3.

Table II.3 : Comparison of the Young’s modulus and Poisson�s ratio for α-alumina from the
literature (Chung and Simmons, 1968, Jaminet et al., 1992, Fukuhara and Yamauchi, 1993,
Wachtman, 1996). (Temperature in Kelvin).

Reference E (GPa) ν

(Chung and Simmons, 1968) 417-0.052T 0.23-2.10−5T

(Jaminet et al., 1992) 406-0.014T -

(Fukuhara and Yamauchi, 1993) 410-0.023T -

(Wachtman, 1996) 407-0.075T 0.23-2.10−5T

According to Table II.3, the TGO Young’s modulus ranges from 385 to 467 GPa at 20◦C
and from 296 to 452 GPa at 1200◦C. Finally, the Young’s modulus is taken as the mean
value of the experimental data from Chung and Simmons (1968), Jaminet et al. (1992),
Fukuhara and Yamauchi (1993) and Watchman (1996). It could be represented by the
following interpolation formula:

E(GPa) = 410− 0.041T T in Kelvin

As for the Young’s modulus, the mean value of the Poisson’s ratio has been determined
using experimental data from Chung and Simmons (1968) and Watchman (1996). The value
decreases with temperature and the following relation was found:

ν = 0.23− 2 10−5
T T in Kelvin

The TGO elastic properties as a function of temperature are summarised in Table II.6
and the thermal properties in Table II.7.

II.3.2.2 TGO creep properties

The lifetime of a material constituent operating at high temperatures may be limited by the
long-term creep characteristics of the material. TGO such as alumina generally exhibit a
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temperature and stress-dependent steady-state creep behaviour which can be described by a
power law relation of the form:

ė
vp = A exp

�
−Q

RT

��
σeq

σ0

�n

, (II.27)

σeq =

�
3

2
σ∼D : σ∼D

� 1
2

, (II.28)

where A(s−1) is the creep constant, n is the stress exponent, Q is the activation energy, R is
the fundamental molar gas constant (8.314 J/mol) and σ0 (MPa) is a scale parameters fixed
and equal to 100 MPa. The material constants A, n and Q are determined from experimental
data, obtained for compacted alumina. Also, σ∼D is the deviatoric stress tensor and σeq the
corresponding von Mises equivalent stress.

According to previous observations, the TGO is essentially alumina even through it
also contains increasing amounts of other oxides, distinguishable by phase contrast, and
which also seemed to form pegs into the bond coat, see Fig. II.7. According to our
metallographic analyses, these pegs are yttrium-rich. A minor addition of reactive element
such as yttrium changes the oxide growth mechanisms and microstructure (Pint et al., 1998,
Nakagawa et al., 2007, Pint and More, 2009). It has been also shown that dopant addition
can significantly improve the creep resistance of polycrystalline alumina, see Fig. II.18
(Johnson et al., 1984, French et al., 1994, Cho et al., 1997). Table II.4 lists the main
experimental results for pure and doped alumina.

Table II.4 : Reported values of the creep parameters (A, Q and n), see Eq. II.27, for
alumina (Johnson et al., 1984, French et al., 1994, Cho et al., 1997).

Material Q (kJ/mol) A (s−1) n Authors

Pure alumina 453 3.4 1010 1.8

Y-doped alumina 698 2.3 1017 1.7 (French et al., 1994)

70 wt % Al2O3 , 30 wt % Y2O3 695 1.1 1016 2.6

Mgo-doped alumina 480 1.4 1011 2.0 (Johnson et al., 1984)

Y-doped alumina 685 1.3 1016 2.0 (Cho et al., 1997)

Pure alumina 467 4.0 1010 1.7

In the numerical approach to be presented next, the alumina creep behaviour is described
by Eq. II.27. Creep parameters are taken as the average values of those experimentally
obtained for Y-doped alumina by French et al. (1994) and Cho et al. (1997):

The creep stress exponent value n = 1.85 implies a vacancy diffusion controlled by
creep mechanism in alumina. The role of vacancies, concentrated at the grain boundaries
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Figure II.18 : Creep properties of alumina at 1100◦C showing the influence of
dopant components (Y , MgO) according to different authors (Johnson et al., 1984,
French et al., 1994, Cho et al., 1997).

n = 1.85

Q = 690 kJ/mol

A = 5.1 1016

σ0 = 100 MPa

(Coble, 1961), on TGO growth strains and on the TGO creep behaviour has been investigated
by Clarke (2003). Alumina is assumed to be only visco-elastic and no plastic strain occurs.

II.3.3 Bond coat

The ability of the top coat to resist to spallation can be greatly influenced by the bond
coat creep and plastic properties. Indeed, bond coats are weak in creep and allow for
greater stress relaxation. According to our observations, NiCoCrAlY bond coat is a
multiphase material with a microstructure which evolves with oxidation time. Nevertheless,
the mechanical properties of the Al-depleted zone, generated by interdiffusion in the bond
coat, are assumed to be independent of time. To describe the bond coat microstructure close
to the oxide, the bond coat is modelled as a γ’-Ni3Al and β-NiAl isotropic material. The
elastic mechanical properties are presented in Tables II.6 and the thermal ones in Tables II.7.
To determine creep properties, an homogenisation method of the multiphase NiCoCrAlY

bond coat has been proposed (Busso et al., 2001a) based on results obtained experimentally
(Vandervoort et al., 1966, Frost and Ashby, 1979). Experimental results have been provided
by the University of Birmingham (Taylor et al., 2007) and by Lapin (1997) and listed in Table
II.5.

In the numerical approach presented in Chapter III, the bond coat creep behaviour is
described by Eq. II.27. Creep parameters are taken as the average value of those reported
by Lapin (1997) and Busso et al. (2001):
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Table II.5 : Reported values of the creep parameters (A, Q and n), see Eq. II.27, for
NiCoCrAlY bond coats (Lapin, 1997, Busso et al., 2001a, Taylor et al., 2007).

Q (kJ/mol) A (s−1) n Authors

301 3.2 107 4.1 (Lapin, 1997)

263 2.1 109 4.1 (Busso et al., 2001a)

929 2.9 1017 12.5 (Taylor et al., 2007)
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Figure II.19 : Creep properties of the bond coat at 1100◦C according to different authors
(Lapin, 1997, Busso et al., 2001a, Taylor et al., 2007).

n = 4.1

Q = 282 kJ/mol

A = 1.1 108

σ0 = 100 MPa

The inelastic behaviour of the bond coat is assumed to have, in addition to the rate-
dependent behaviour, a rate-independent perfectly-plastic component. The temperature
dependence of the bond coat rate-independent yield stress, taken from Cheng et al. (1998),
is presented in Table II.6.
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Table II.6 : Elastic and plastic properties of the bond coat (Lapin, 1997, Busso et al., 2001a)
and the thermally grown oxide (Chung and Simmons, 1968, Jaminet et al., 1992,
Fukuhara and Yamauchi, 1993, Wachtman, 1996).

T(◦C) Material

Bond coat Oxide

E (GPa) ν σY (Nm−2) E (GPa) ν

25 117 0.24 420 404 0.23

600 104 ↓ 360 370 0.22

800 99 260 355 0.21

1000 94 190 325 0.20

1100 92 120 320 0.20

Table II.7 : Thermal properties α (10−6 ◦C) of the top coat (Chen et al., 1998), the
TGO (Chen et al., 1998), the bond coat (Panat et al., 2003) and of the CMSX-4 superalloy
substrate.

T(◦C) Material

Top coat Bond coat TGO Substrate

25 9.7 12.3 8.0 13.9

600 9.9 15.2 8.7 14.0

800 10.0 16.3 9.0 14.5

1000 10.1 17.2 9.3 16.0

1100 10.1 17.7 9.5 16.1
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II.4 Simulation of the TGO morphology

Top coat spallation resistance is limited by one of the oxide interfaces toughness.
Many analyses have pointed out the role of the oxide type on the adhesion resistance
(Tolpygo and Clarke, 2000b, Tolpygo et al., 2004). It has been observed that locally a minor
variation in the TGO morphology can result in a difference in stress field close to the oxide
and so increase the probability for damage to nucleate and growth. However, a rough oxide
interface inhibits the damage to propagate hence increasing the TGO interface toughness
(Pint et al., 1998) and TBC lifetime (Spitsberg et al., 2005). The complex influence of the
oxide roughness on TBC lifetime is a good illustration of the need to take into account micro
and macroscopic phenomena occurring in EB-PVD TBC systems. This section attempts
to characterise and to model the TGO morphology after 13,500 h at 870◦C and to provide
preliminary information for the simulation of stress and strain fields close to the oxide layer.

II.4.1 Oxide interface roughness

II.4.1.1 Image-processing analysis

a) TGO morphology characterisation: methodology

The first step to obtain a realistic simulation of the oxide morphology is to characterise the
TGO roughness. Image-processing tools have been developed to analyse the oxide morphology
along a 800 µm long profile. The length of this window has been chosen to be wide enough
to be representative of the global specimen. Furthermore, its length should not be too large
so as to validate the assumption that thermo-mechanical loading is homogeneous along this
small part of the sample.

The method consists of extracting the TGO layer from a SEM micrograph. As for the
extraction of the top coat ceramic external porosity, Section II.2.1.3, an initial picture of
a SEM micrograph, Fig. II.20(a), is encoded by pixels in a 8 bits format. To extract the
black pixels belonging to the TGO layer, a binary picture of the initial SEM is required and
is obtained by a binairisation procedure, Fig. II.20(b). The black pixels belonging to the
external porosity in the YSZ layer and to the β-NiAl phase of the bond coat have been also
extracted. For that reason, only the oxide layer needs to be extracted from the binary picture
using a geometrical percolation procedure. Only black pixels belonging to the TGO percolate
from the right to the left of the binary picture, Fig. II.20(c). There are still black pixels that
belong to the top coat external porosity. To resolve this problem, the oxide layer is smoothed.
A close-up view of the final binary picture of the TGO layer is represented in Fig. II.20(d).

b) Oxide roughness criteria

Prior to obtain a signal corresponding to the TGOmorphology, the TGO thickness is required.
A numerical analysis has been conducted to determine the average oxide thickness and its
associated distribution, from the final extracted oxide layer along a 800 µm long window,
illustrated in Fig. II.20(c). Knowing the oxide thickness, a numerical procedure gives the
oxide mean position (vertical position) as a function of the horizontal position along the
TGO layer. The oxide mean profile is represented by a white curve, see Fig. II.20(e). As
shown in Fig. II.20(e), the YSZ-TGO and BC-TGO interface profiles are also extracted using
image-processing.
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Figure II.20 : (a) Initial SEM micrograph of the EB-PVD TBC cross section, (b) binary
representation of the micrograph, (c) extraction by a percolation method of the dark TGO
pixels and smoothing of the obtained TGO layer, (d) close-up view of the smoothed extracted
TGO layer and (e) the two TGO interfaces profiles (YSZ-TGO and BC-TGO) and oxide mean
profile.

In this work, we have chosen two classical roughness criteria to characterise the TGO
morphology. The absolute roughness, Ra, is defined by:

Ra =
1

L0

�

L0

|f(x)| dx, (II.29)

where f(x) is a function describing the profile and L0 the observation window’s length (here
800 µm). The lineal roughness (tortuosity), Rl, is defined as the ratio between the profile
length, L, and, L0 (see Eq. II.30):

Rl =
L

L0
. (II.30)



42 CHAPTER II. EB-PVD TBC SYSTEM CHARACTERISATION

c) Analysis of a sinusoidal profile

Using Ra and Rl, three profiles roughness been determined for the 800 µm long micrograph
of the EB-PVD TBC specimen, see Table II.8. It is observed that the TGO-YSZ interface
roughness is the lowest one. It is assumed that the TGO-YSZ interface roughness remains
unchanged with oxidation time and is equal to the TGO-BC interface roughness before any
exposure time. In contrast, the TGO internal interface roughness Rl increases with exposure
time, from 1.036 to 1.086.

Knowing the TGO mean roughness, it is necessary to calibrate the amplitude, a, and the
wavelength, w, of a sinusoidal profile commonly used to characterise the oxide morphology.
The objective behind this part of the work is to perform and optimise a finite element
mesh representative of the TGO morphology. From the image-processing analysis, the mean
wavelength is determined for the oxide mean profile, namely 11.72 µm. To determine the
mean amplitude, we have applied both roughness criteria to a sinusoidal profile. The result
obtained from the absolute roughness Ra is independent on the signal amplitude. For this
reason, the equivalent amplitude has been obtained using the lineal roughness, Rl:

f(x) = a.cos

�
2πx

w

�
, (II.31)

L =

� x=L0

x=0

�
1 + [f �(x)]2dx. (II.32)

To solve the problem numerically a mean amplitude of 0.864 µm associated with the given
wavelength w is obtained, see Table II.8.

Table II.8 : TGO interfaces and oxide mean profiles roughness in terms of the absolute
Ra and lineal Rl roughness criteria. The equivalent sinusoidal amplitude a is also presented
(w = 11.27 µm). Lint and Lsup are the YSZ-TGO and BC-TGO profile lengths.

Profile Ra (µm) Rl a (µm)

TGO-YSZ interface 0.71 Lsup

L = 1.036 0.715

Mean 0.74 Lmean
L = 1.052 0.864

TGO-BC interface 0.99 Lint
L = 1.086 1.127

According to the literature, the TGO presents a roughness (Ra) of the order
of 1 µm (Ibégazène-Ouali et al., 2000, Wen et al., 2006, Balint et al., 2006) which can
increase with exposure time (Tolpygo and Clarke, 2004b, Tolpygo and Clarke, 2004c). For
(Pt,Ni)Al bond coats, a rumpling mechanism can occur due to the martensitic phase
transformation induced by the cyclic thermal loading (Karlsson, 2003, Zhang et al., 2003,
Balint and Hutchinson, 2003, Poulain et al., 2006).

This phenomenon is not observed in NiCoCrAlY systems (Hemker et al., 2008).
Nevertheless, roughness could also increase due to the (i) oxide growth (Karlsson et al., 2002,
Balint and Hutchinson, 2005), (ii) bond coat plastic/creep strains (Panat et al., 2003), (iii)
bond coat multiphase composition generating zones where diffusion is greater (boundary



II.4. SIMULATION OF THE TGO MORPHOLOGY 43

grain) and (iv) bond coat volume change associated with to the β-γ
�
phase transformation

(Darzens et al., 2003).

II.4.2 Representative elementary length of the TBC system studied

To determine representative of oxide roughness, it is necessary to analyse micrograph along a
sufficiently long section (800 µm). However this is incompatible with a reasonable calculation
time. Image-processing analysis enables a representative elementary length (REL) of the
global micrograph to be determined based on the covariance C of the oxide layer. The
covariance is a scalar function defining the covering ratio between an initial picture X and
the same picture translated X+h by a vector h, as illustrated in Fig. II.21. For a group of
pixels X and for a given vector h, the covariance C(X,h) is defined as:

C(X,h) = X ∩X+h (II.33)
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Figure II.21 : Illustration and graph of the covariance C of the EB-PVD TBC sample and
value of the representative elementary length, LREL = 16 µm.

The covariance of the pixel group belonging to the TGO has been determined, see Fig.
II.21. Its value decreases from 22% (h = 0 µm) to 16% (corresponding to h = 800 µm).
According to the literature (Serra, 1988), a value of the representative elementary length
corresponds to the critical point at the end of the significant decrease, as shown by the dotted
line in Fig. II.21. For this EB-PVD TBC sample, 16 µm is chosen for the corresponding
REL value. In other words, the TGO morphology could be modelled by a 16 µm long length,
without significant lost of information. Note that this value is close to the mean wavelength
previously obtained for a sinusoidal profile, namely w = 11.72 µm.

II.4.3 Model of a realistic TGO morphology

A preliminary model of the TGO morphology based on a simply 2D sinusoidal simulation
might provide a relevant compromise between local precision of mechanical fields and CPU
time. With this type of approach, we assume that an elementary unit cell could be
representative of the entire TBC system. Nevertheless we have observed many heterogeneities
along the TGO-BC interface which might be critical regions where porosities or microcracks
can nucleate and grow.
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II.4.3.1 Generation of a 2D FE mesh representative of the realistic TGO
morphology

a) Fourier analysis of the TGO morphology

The objective of this section is to model the oxide morphology using a realistic finite element
mesh. The approach consists of transforming the oxide mean profile given by the image-
processing analysis, Fig. II.20(e), into Fourier series. A 16 µm long region of the global
profile, having the same roughness (Rl = 1.052), was extracted to apply a Fourier analysis.
This REL is periodic, continuum and representative of the global TGO layer. First, the signal
of the oxide mean profile, P (x), is transformed in a discrete Fourier transform, F (x), where
x is the horizontal position along the oxide:

P (x) = F (x) =
a0

2
+

∞�

k

akcos

�
k
2πx

L0

�
+ bksin

�
k
2πx

L0

�
(II.34)

It has been chosen to decompose the signal in 512 frequencies. Then, P (x) is formulated as:

P (x) ≈ F1(x) =
a0

2
+

512�

k

akcos

�
k
2πx

L0

�
+ bksin

�
k
2πx

L0

�
. (II.35)

For the developed numerical tool, the spatial frequency spectrum of the oxide mean profile
is required and is shown in Fig. II.22 (only the first hundred frequencies). The weight of
each spatial frequency is given. It appears that six frequencies have more influence than the
others.
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Figure II.22 : Spatial frequency spectrum of the TGO mean profile and the six frequencies
having the higher weight.

b) Reconstitution of the TGO mean profile by Fourier analysis

In order to simplify the Fourier series which defined the oxide mean profile, only six spatial
frequencies (Fig. II.22) are kept: k

L0
, for k = [1 − 6]. These six frequencies correspond to

the six frequencies which have the most important weights. It means that all the yttrium
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heterogeneities in the TGO are taken into account but not the default induced by the
numerical procedure used to extract the oxide mean profile, Section II.4.1.1. The TGO
mean profile can be then defined by the twelve parameters (ak, bk) and the six frequencies
which are related to the Fourier series (Table II.9).

P (x) ≈ F2(x) =
a0

2
+

6�

k

akcos(k
2πx

L
) + bksin(k

2πx

L
). (II.36)

Table II.9 : The six associated spatial frequencies and associated Fourier’s coefficients (ak,
bk) of the TGO mean profile.

fk ak bk

1
L -0.25 -0.03

2
L -0.016 -0.25

3
L 0.04 -0.17

4
L 0.2 -0.12

5
L 0.01 -0.09

6
L -0.03 0.05

A comparison between the oxide mean profiles from the processing-image method and
its Fourier transform is represented in Fig. II.23. It can be seen that a good correlation is
founds between the two curves. The profile obtained by Fourier transform takes into account
the observed heterogeneities.

c) FE meshing of a representative oxide morphology

A numerical tool has been developed to generate automatically a realistic FE mesh simulating
the TGO morphology. The 16 µm-long domain modelled is representative of the irregular
oxide geometry, Fig. II.24(a). Using the previous Fourier decomposition, an initial regular
finite element mesh, Fig. II.24(b), has been distorted into a mesh consistent with the TGO
morphology, Fig. II.24(c). In order to simulate the TGO-BC interface roughness increase, as
it occurs during oxidation, the procedure was improved. The roughness evolution has been
implemented and is assumed to increase as a linear function of the vertical position ranging
from the YSZ-TGO to the final BC-TGO interface, 1.036 and 1.086 µm, respectively.
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and (c) the compliant or distorted FE mesh representative of the initial micrograph.
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II.5 Concluding remarks

The individual study of each TBC constituent morphology has shown that their
microstructures and mechanical/thermal behaviour are strongly time dependent. Using
image-processing analysis, the columnar microstructure of the EB-PVD YSZ top coat has
been investigated. The intercolumnar porosity spatial distribution is influenced by the
EB-PVD deposition process and affected by the thermal exposure time. The top coat
microstructure is non-homogeneous along its thickness, close to the TGO, the top coat is
a a very low porous material (< 5%) and might not be concerned by sintering effects. In
contrast, most of the ceramic close to the top surface can be affected by sintering. Based on
these considerations, the mechanical behaviour associated with the top coat is differentiated
between the ceramic part close to the TGO and the remaining part of this layer.

In the TBC system of our interest, the NiCoCrAlY bond coat has a complex multiphase
microstructure. Associated to the oxide growth and diffusion phenomena, an Al-depleted
area appears close to the TGO. An evaluation of the β-NiAl volume fraction as a function
of the oxidation time should be addressed to study the strong effect of exposure time on the
bond coat microstructure.

The bond coat has also a great influence on the TGO time-evolution. Due to the presence
of reactive element such as yttrium, the TGO grows by inward oxidation (JAl3+ � J02−),
yttrium heterogeneities are observed at the BC-TGO interface and the TGO has columnar
microstructure. The growth strains associated with the bond coat oxidation reaction
is assumed to be anisotropic, influenced by the TGO microstructure and the boundary
conditions.

The investigation of the TGO morphology is predominant because it is expected that the
TGO may have a great influence on the local stress/strain fields and on the critical oxide
interface toughness. To model the TGO morphology, its roughness has been simulated by
a sinusoidal profile. The mean wavelength (w = 11.72 µm) and amplitude (a = 0.864 µm)
have been obtained by image-processing analysis. A representative elementary length has
also been determined (LREL = 16 µm) and has been simulated using Fourier analysis.
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CHAPTER III. NUMERICAL APPROACH TO PREDICT STRESS AND STRAIN FIELDS IN

EB-PVD TBC SYSTEM

III.1 Introduction

Thermal barrier coating (TBC) spallation is expected to occur on cooling when the stored
elastic strain energy per unit area reaches the toughness of one of the thermally grown
oxide (TGO) interfaces. It is reported in the literature that the interface resistance
decreases with exposure time at high temperatures and with the number of thermal cycles
(Spitsberg et al., 2005). Initiation and growth of micro-damage (porosity, microcrack) close
to the TGO can be responsible for the weakening of the oxide interfaces toughness, leading to
top coat spallation. One of the aim of the present thesis is to establish a relationship between
the local stress/strain fields close to the TGO, the oxide interfacial damage and the decrease
of the TGO interfaces toughness.

During service, stresses in TBC are generated (i) on cooling by volumetric expansion due
to the thermal expansion mismatch between the superalloy substrate and the others layers
(bond coat, TGO and top coat) and (ii) at high temperatures by the growth strains associated
with the TGO formation. The mechanical response also depends on the continuous evolution
of the TBC constituents microstructure, as explained in Chapter II.

Several numerical studies have shown that the local stresses close to the TGO layer are
function of the TBC morphology, TGO growth strains and thermo-mechanical properties of
the TBC constituents. Few of them simulate the oxide growth, time-dependent mechanical
properties and time-evolution of the TGO roughness as a continuous function of time.
Moreover, numerical analyses mostly focus just on the stress field analysis after cooling,
arising the growth strains because it does not affect the stress fields at low temperatures
(Chen et al., 1998, Bialas, 2008).

In NiCoCrAlY TBC systems, heterogeneities are observed at the TGO-BC interface,
which can be sites of local stress concentration and therefore potential sites for damage
initiation (Stiger et al., 1999, Xu et al., 2004). For this reason, TGO morphology modelled
as a simple 2D sinusoidal profile and which does not take into account the heterogeneities
and oxide roughness evolution may not be sufficient. Zhu et al.(2005) have published the
results of the stress fields close to oxide pegs and have analysed the conditions under which
cracks may initiate and growth. Nevertheless, the stress/strain fields were obtained for
elastic/perfectly plastic TBC constituents and without continuous model of the oxide growth
(Zhu et al., 2005).

In this work, we propose to use a realistic simulation of the TGO morphology and a
relevant finite element model to predict the stress/strain fields. It accounts for: (i) oxide
growth, (ii) growth strains associated with bond coat oxidation, (iii) 2D and 3D realistic
oxide morphology, (iv) oxide roughness increase, (v) bond coat creep and plastic behaviour,
(v) TGO creep and (vi) EB-PVD top coat microstructural morphology. In Section III.2, the
methodology to model the oxide growth and to determine stress/strain fields close to the
moving TGO-BC interface is presented. Then, stress and strain fields resulting from a 2D
sinusoidal simulation of the TGO morphology are obtained numerically. The influence of the
parameters characterising the mechanical behaviour, TGO morphology and thermal loading
on the stress/strain fields is analysed in Section III.4. Section III.5 deals with the need to rely
on a realistic and complex simulation of the oxide morphology. To achieve this goal, a more
representative model of the oxide morphology based on Fourier analysis of a TBC micrograph
has been presented in Section II.4. For the latter case, the stress and strain fields obtained
numerically is compared with a 2D and 3D sinusoidal model of the TGO morphology.
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III.2 Methodology to model numerically the oxide growth and
the stress/strain fields

III.2.1 Oxide growth model

It has been reported that grown alumina is made of a columnar layer and a thin equiaxed layer,
respectively, close to the BC-TGO and YSZ-TGO interfaces, see Section II.2.2.3. The duplex
morphology of alumina films is related to the fact that alumina growth is ensured by diffusion
of aluminium cations and oxygen anions. The columnar grain structure beneath an equiaxed
initial layer indicates that new TGO forms primarily at the interface with the bond coat
(inward oxidation). This is believed to happen because oxygen diffusivity along TGO grain
boundaries exceeds that at Al3+ cations. Reactive elements such as yttrium in NiCoCrAlY

bond coats segregate at the TGO grain boundaries and suppress outward transport of
aluminium along oxide grain boundaries (Haynes et al., 1999, Nychka and Clarke, 2005). For
this reason, only the inward oxidation is modelled in the current work. The oxide growth is
assumed to occur close to the TGO-BC interface and not in the entire TGO layer, see Section
II.2.2.4.

A numerical model of oxide growth requires the knowledge of the TGO oxidation kinetics.
The experimental work performed by the University of Birmingham (Taylor et al., 2006)
provides data of TGO thickness time-evolution at different temperatures (from 950 to
1150◦C), see Section II.2.2.1. The parameters defining the TGO oxidation kinetics (kn and
n) are function of the temperature, see Eq. II.1 and directly input in the procedure. For
simplicity, we have chosen to implement directly oxide growth, based on the experimental
data. It could have been possible to introduce a diffusion-reaction model, but this approach
does not allow to model the oxide roughness time-dependence generated by the complex
bond coat or TGO microstructures. Such approach would have required data to describe
the complex relationship between stress and diffusion, which are not available. A phase-field
approach could certainly provide a way to model this problem (Wu et al., 2004).

III.2.1.1 Methodology

Once the oxidation kinetics is known, the development of a method to drive the motion of
the inward oxidation front during oxidation in a FE mesh is required. For the stress and
strain fields calculation, it is necessary to know to which TBC constituent each integration
point belongs to in the FE mesh so as to associate the appropriate material behaviour to the
integration point.

In each finite element, a parameter representing the oxide volume fraction, fox, defines
its belonging to one of the TBC constituents. When fox = 0 the element is not oxidised and
belongs to the top coat or the bond coat. When fox = 1, the material is assumed to be fully
oxidised, hence it is within the TGO. The TGO-BC interface is modelled by a transition zone
corresponding to a FE row, seen in Fig. III.1. When the oxidation front is within a given
finite element, its position is defined by the variable fox which ranges continuously from 0
to 1. The algorithm used to determine the oxide volume fraction is as follow: at each time
increment, the position of the oxidation front, yox, the size of the oxidised FE, hox, and, N ,
the numbers of FE already oxidised, are known. Thus it is possible to determine the distance
between the actual position of the oxidation front, yox, and that of the FE which is being cut
by the oxidation front, N.hox:

hf = yox −Nhox, (III.1)
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where hf is the relative position of the oxidation front in the oxidised FE. The expression
for the oxide volume fraction, fox, in the transition FE is defined by the ratio between the
relative position of the oxide front in the FE element, hf , and the FE size, htran:

fox =
hf

htran
, (III.2)
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Figure III.1 : (a) Value of the variable fox representing the oxide volume fraction in a 2D
FE mesh, (b) and (c) close-up views of the transition zone corresponding to the TGO-BC
interface for two different oxidation times.

Note that fox is homogeneous within the FE being oxidised, i.e. crossed over by the
oxidation front, and it depends on the evolution of the transition FE size. As discussed
in Section II.2.2.4, the bond coat oxidation induces a volumetric expansion of 22%. The
method proposed here to model the TGO front motion has the advantage to be applied to
both the inward and the outward oxidation fronts and for any profile chosen to model the
TGO morphology, either in 2D or in 3D.

III.2.1.2 Application to a rough TGO profile

In Section II.4, we have proposed to take into consideration the oxide roughness due to its
influence on TBC lifetime. The method has been improved to simulate the oxide growth in a
FE mesh where the TGO morphology is described by a 2D sinusoidal profile. Its geometry is
defined by two parameters: a sinusoidal wavelength, w, and an amplitude, a, see Fig. III.2(a).
Here, the FE mesh is generated with chosen values for w and a, and the oxide front motion is
adapted to the TGO sinusoidal shape. Figures III.2(a), (b) and (c) show the evolution of the
oxide volume fraction, fox, along the rough oxide for three different oxidation times, namely
500 h, 2000 h and 5000 h at 950◦C.
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The simplicity of this approach is sufficient for a preliminary study of stress/strain fields in
TBC system requiring a reasonable CPU time for its calculation. Nevertheless, it is assumed
that the oxide thickness is constant along the oxide layer and the roughnesses of both TGO
interfaces are identical and constant with time. The method has been improved to reach a
more representative description of the oxide morphology, to be detailed in Section III.5.
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Figure III.2 : Gauss point value plots of the oxide volume fraction, fox, in a rough FE mesh
at different oxidation times: (a) 500 h, (b) 2000 h and (c) 5000 h at 950◦C.

III.2.1.3 Growth strains due to TGO formation

The volumetric expansion represents the volume increase upon converting the bond coat to
alumina at the TGO-BC interface, which induces compressive stresses at high temperatures.
The formulation of the anisotropic growth strain (ε∼φ) has been discussed in Section II.2.2.4.
The new oxide grows close to the BC-TGO interface, normally to the YSZ-BC interface and
to the oxide grain boundary. This phenomenon induces respectively a normal, εN , and a
lateral growth strain, εT . The ratio between the normal and transversal strain components
characterises the weight of the diffusion mechanisms occurring in the TGO layer (εN/εT = 87,
see Eq. II.20). To respect mass conservation, the volumetric expansion is determined using
an approach based on the Pilling Bedworth Ratio, and applied to the oxide scale. In the
present study, the direction normal to the YSZ-BC interface is the direction X2, see Fig.
III.2.

III.2.2 Stress determination at the TGO-BC interface

As previously presented in Section I.3.3, the decrease of the oxide interface toughness can
be explained by the local high stress level which is found close to the critical TGO-BC
interface where micro-damage is observed. This point justifies the need to propose an accurate
methodology for stress evaluation. Stresses are generated first during cooling by thermal
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properties mismatch between the substrate and the others TBC constituents (BC, TGO
and YSZ). At high temperatures, stresses are triggered by the oxide growth strains. The
volumetric expansion can be expressed in the form proposed in Eq. III.3. It comprises a
component normal to the oxide layer and lateral components, εN and εT respectively. The
high normal growth strain value (εN = 21.5%) in this transition zone requires that a finite
strain framework be used. In presence of two materials in the transition zone (BC and TGO),
the equivalent behaviour is determined using a Voigt homogenisation.

The first step of the methodology is to determine the global strain gradient tensor in
finite strain F̂∼ . This tensor, is the product of the strain gradient tensor due to mechanical
effects, F∼ m, and the oxidation strain gradient tensor, F∼ φ, see Eq. III.4. The oxidation strain
gradient tensor, F∼ φ, is a function of the oxide volume fraction in a finite element, fox, and
of the growth strain tensor, ε∼φ, Eq. III.5. Finally the stress tensor is determined using the

Voigt method (Eq. III.6), where σ∼TGO and σ∼BC are the stresses calculated using the material
models, respectively, for the TGO and the bond coat. When the oxide volume fraction ranges
from 0 and 1, the material behaviour in the transition zone is assumed to be given by that
of the homogenised material. Thus,

ε∼φ =




εT 0 0

0 εN 0

0 0 εT



 (III.3)

F̂∼ = F∼ m.F∼ φ, (III.4)

F∼ φ = I∼2 + foxε∼φ, (III.5)

σ∼ = σ∼TGOfox + σ∼BC(1− fox). (III.6)

In summary, the material behaviour attached to each Gauss point located in the transition
zone is determined using a Voigt approach, in finite strain and takes into account the
anisotropic volumetric expansion. Since the growth strains are applied to each Gauss point
in a FE during oxidation, fox has to be homogeneous in all the FEs. Indeed, a discontinuous
value of the oxide volume fraction in the same FE might generate high stress gradients
incompatible with the element shape functions.

III.2.3 Description of the thermal loading and finite element mesh

III.2.3.1 Thermal loading

The previous FE model is applied to simulate the TBC mechanical response for 200 day-long
thermal cycles, typical of land based turbine gas. The initial state of the TBC system is taken
to approximate that the NiCoCrAlY bond coat is deposited on the substrate. The bond coat
is assumed to be stress-free in the as-processed stated. The EB-PVD top coat elaboration
process is modelled by a free stress state at the deposition temperature, step followed by a
cooling down to room temperature. The growth of the thin TGO formed during deposition is
also simulated (h0 = 0.5 µm). During top coat deposition, the blade, the bond coat and the
top coat have the same temperature (400◦C). This process temperature is lower than that
currently used, but corresponds to industrial data. The influence of the temperature during
the EB-PVD process on the stress and strain fields is investigated in Section III.4.3. The top
coat deposition process and the cyclic thermal loading are represented in Fig. III.3. In all the
simulations carried out in this study, the temperature is assumed to be uniform throughout
the layered system.
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Figure III.3 : Cyclic thermal loading including the top coat deposition process and the in-
service thermal loading imposed on the TBC system during the simulation. A cycle consists
of a 22 h-40 min period at high temperature and 40 min cooling/heating phases.

III.2.3.2 Finite element mesh

In a preliminary approach and according to the image-processing analysis performed on
tested samples, see Section II.4.1.1, the TGO morphology is modelled by a representative
sinusoidal profile, as shown in Fig. III.4. It provides the advantages to be a simple and a fast
approach, yielding comparable results to those in the literature. The mean wavelength, w,
and amplitude, a, of the sinusoidal function has been determined by image-processing given
11.72 µm and 0.864 µm, respectively. The ceramic layer and bond coat are, respectively,
45 µm and 25 µm thick. It is not usefull to model the entire bond coat and ceramic thicknesses
because local stresses close to the TGO might not be affected by the top of the YSZ and by
the bottom of the bond coat. This point will be discussed in Section III.3.2.1. The superalloy
substrate is modelled via the relative thermal expansions of each TBC constituent. The FE
mesh consists in 12,603 quadratic elements with full integration and 76,184 degrees of freedom
(DOF). The FE mesh is subjected to plane-strain and boundary conditions, determined using
symmetries and periodicity of the problem, see Fig. III.4. It is assumed that the substrate
rigidity and thickness are high enough to impose its own deformation to the other layers
during the mechanical and thermal loads. According to an investigation of the size influence
of FE crossed over by the oxidation front, the element size in the area prone to oxidation has
to be smaller than a critical value of 0.05 µm. The influence of the blade rotational speed
and the gas pressure are assumed to be negligible in comparison with the other stress sources.
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Figure III.4 : Finite element mesh using a 2D sinusoidal TGO morphology and boundary
conditions. Wavelenght (w): 11.72 µm and amplitude (a): 0.864 µm.
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III.3 Predicted stress and strain fields in TBC system

It is expected that the local strain and stress fields close to the TGO generated at high and low
temperatures exert a central influence on the micro-damage initiation or propagation. Thus,
one of the objective of the numerical calculations is to obtain estimations of the critical stress
conditions responsible for the oxide interfaces damage and hence for the TBC toughness
decrease. The results from the FE analyses are presented and discussed in this section.
They will include the associated effects of bond coat oxidation, in-service thermal loading
and material behaviour of the BC (elasto-visco-plastic), the TGO (elasto-viscous) and the
YSZ (elastic transversaly isotropic). The objectives are to study at room (20◦C) and peak
temperatures, close to the TGO layer the (i) in-plane σ11 and out-of plane σ22 stresses along
the direction X1 and X2 due to oxide growth and thermal cycling, (ii) traction (normal to the
oxide interface) σnn and the shear-stress σtt at the two TGO interfaces,(iii) time-evolution of
the normal traction and (iv) accumulated bond coat plastic and creep strains.

III.3.1 In-plane stress field

In a preliminary approach the magnitudes of the in-plane compressive stresses in the TBC
constituents at high and low temperatures are analytically and numerically determined. This
study is necessary as the stored elastic strain energy per unit area driving to the TBC
spallation is directly function of the in-plane compressive stresses.

At low temperatures, in-plane stresses are generated by the thermal expansion mismatch
between the superalloy substrate and the others layers constituting the system. Due to
its large thickness in comparison with the others TBC constituents, it is assumed that the
substrate imposes its own deformation to the other layers during thermal loading, see Fig.
III.5. At high temperatures, in-plane stresses are generated by the growth strains associated
with the bond coat oxidation.

YSZ

TGO

Sub

Ceramic

Bond coat

Substrate

Ceramic

Bond coat

Substrate

High temperature Low temperature

=

BC

Figure III.5 : Drawing illustrating the thermal expansion mismatch between the superalloy
substrate and the others layers constituting the system.

This approach allows to determine the stress order of magnitude inside each TBC layer
and to study the influence of each TBC constituent mechanical behaviour. The comparison
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between in-plane stress fields obtained numerically and analytically (marked by a star in
Table III.1) is also made. In the latter case, each TBC constituent is assumed to be only
elastic. Assuming plane strain conditions, in-plane stresses at high temperature in the TGO-
BC transition zone can be formulated as follows:

σ
ox
11 =

εT

1− ν
E1, (III.7)

where E1 is the in-plane Young’s modulus and εT the the oxide growth strain due to the
bond coat oxidation. The in-plane stresses generated by the thermal expansion mismatch are
marked by (1) in Table III.1 and expressed as:

σ
th
11 =

∆εth

1− ν
E1, (III.8)

where∆ εth is the relative thermal expansion between each TBC constituent and the substrate,
see Fig. III.5 and given by:

∆ε
i
th = ε

i
th − ε

sub
th = ∆α

i(T )∆T , with i = YSZ, TGO and BC (III.9)

where∆ αi(T ) the relative coefficient of thermal expansion between each TBC constituent
and the substrate.∆ αi(T ) depends on temperature and the considered TBC constituent.
Two cases have to be distinguished for the stresses induced by thermal expansion. In Eq.
III.8,∆ T could be the relative temperature (∆Ta) between the EB-PVD deposition and the
in-service temperatures, respectively noted Tdep and T thus:

σ
th
11 =

∆αi(T )∆Ta

1− νi
E

i
1 =

∆αi(T )[T − Tdep]

1− νi
E

i
1, with i = YSZ and BC (III.10)

This equation could be applied to all the TBC constituents except for the new oxide formed at
high temperatures. In this case, marked by (2) in Table III.1,∆ T is the relative temperature,
noted∆ Tb, between the in-service and peak temperature Th:

σ
th
11 =

∆αi(T )∆Tb

1− νi
E

i
1 =

∆αi(T )[T − Th]

1− νi
E

i
1, with i = TGO. (III.11)

From the analysis of in-plane stresses resulting from the analytical and numerical analyses of
a flat mutli-layer TBC system (Table III.1), some points should be stressed:

• according to the numerical simulation, no in-plane stresses develop at high temperatures
in the bond coat and the TGO (few MPa). Bond coat and TGO creep behaviour enable
stress relaxation. In contrast, the analytical approach based on elastic assumptions,
provides high in-plane stresses value at high temperatures, -242 MPa in the bond coat,
and −1220 MPa in the oxide layer, due to the high value of the oxide Young’s modulus
(≈ 400 GPa).
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• In the transition zone simulating the TGO-BC interface, the bond coat and TGO
creep behaviour enable the stress relaxation and thus explain the lower in-plane stresses
obtained numerically (0 to -810 MPa) in comparison with the analytical approach (-242
to -1120 MPa).

• Compressive stresses develop in the YSZ and TGO layers after cooling , −142 MPa and
−2736 MPa, respectively. About the in-plane stress in TGO, the difference between
the analytical and numerical results is high but is only due to the difference at the peak
temperature (σox

11 = −1220 MPa). The stress induced by the cooling (σth
11) is similar

to both models. Note also that creep relaxation is inhibited when the temperature
decreases even under high stress levels.

Table III.1 : In-plane stresses (MPa) in the TBC constituents and the TGO-BC transition
zone at high (950◦C) and low temperatures (20◦C) after 200 days of cyclic thermal loading.
(∗) corresponds to stresses obtain analytically for elastic TBC constituents, (1) for stresses
generated at high temperatures due to oxide growth (Eq. III.7) and (2) for the new formed
oxide (Eq. III.11).

T(◦C) Material

BC TGO YSZ Trans. zone

evp elas.(∗) ev elas.(∗) elas. evp/ep elas.(∗)

20 -246 -60 -2736 (2) -3955 (2) -142 / /

950 5 -242 3 (1) -1220 (1) 280 0 to -810 -242 to -1220 (1)

Figure III.6(a) shows the contours of the oxide volume fraction, fox, and the in-plane stress
component, σ11, evaluated at 950◦C and 20◦C, Figs. III.6(b) and (c), respectively, after 200
day-long cycles at 950◦C. At in-service temperatures, a high compressive in-plane stress level
is generated by the growth strains associated with bond coat oxidation (around 1 GPa),
see Fig. III.6(b). The highest stress is concentrated in the transition zone modelling the
TGO-BC interface. At room temperature, the oxide roughness associated with the thermal
strain mismatch strongly influences the in-plane stress fields, see Fig. III.6(c). Compressive
in-plane stress ranges from 1.8 to 4.5 GPa and illustrates the need to take into account the
TGO morphology in the stress fields calculations. Actually, the average in-plane stress for
a flat oxide was found to be around 2.7 GPa, see Table III.1. This latter value should be
compared to the minimal and maximal in-plane stress values predicted for a rough oxide, 1.8
to 4.5 GPa, respectively.

In conclusion, low stresses occur at high temperatures in TBC system, excepted at the
TGO-BC interface due to the oxide expansion linked to the bond coat oxidation (-1 GPa).
At low temperatures, the YSZ and TGO layers are under compression (respectively 0.25 and
2.7 GPa). These high values of compressive stresses point out the need to include in-plane
stress in a lifetime model, thanks to the stored elastic strain energy per unit area. The
comparison between numerical and analytical stress simulations done for a flat TBC system
shows the absolute necessity to consider the creep and plastic behaviour of the TGO and bond
coat to predict in-plane stress fields, especially at high temperatures. The oxide roughness
influence on in-plane stress fields has been also demonstrated.
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Figure III.6 : (a) Value of the oxide volume fraction fox and Gauss point plot of in-plane
stress component σ11 at (b) 950◦C and (c) 20◦C after 200 day-long cycles at 950◦C.

Using photo-stimulated luminescence piezo-spectroscopy (PLPS), developed by Clarke et

al. (Christensen et al., 1996, Clarke et al., 1997), growth stresses within the TGO have been
measured using near-field luminescence and the compressive stress ranges from 0.8 to 1.6 GPa
at high temperatures and between 3 to 4 GPa at room temperature (Tomimatsu et al., 2004).
The compressive stress level is dictated by the TGO creep strength. In comparison with the
predicted stress obtained using our approach, qualitative results are similar. In-plane stresses
close to the top coat are lower than that close to the bond coat. This is in agreement with a
larger thermal strain mismatch between the TGO and bond coat, as illustrated in Fig. III.5.

To go further in the analysis of the stress induced by the bond coat oxidation (σox
11 ) and

the associated growth strains, in-plane stress time-evolution in a fixed finite element at the
peak temperature crossed over by the oxidation front is plotted in Fig. III.7. For this study,
the thermal loading is isothermal at 950◦C. Initially the FE belongs to the bond coat (Zone
1) and due to creep relaxation, the in-plane stress is close to zero. When the oxidation front
crosses over the chosen FE, the in-plane stress ranges from 12 MPa (the FE belongs to the
bond coat) to a maximal value, σmax, Zone 2. Finally, when the FE belongs to TGO, stresses
decrease due to the TGO creep relaxation, Zone 3. The maximal compressive in-plane stress
value decreases with exposure time. Oxide growth rate decreases with time and allows a
greater stress relaxation in the bond coat and the oxide. In following the internal oxide front
motion, a high value of in-plane compressive stress σ11 = [0.6 − 1.1] GPa is induced by the
oxide growth strains. The TGO and bond coat creep or plastic deformations enable to limit
the stress consequences of the oxide growth strains.
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Figure III.7 : Evolution of in-plane stress σox
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bond coat and crossed by the oxidation front at 950◦C. Zones 1, 2 and 3 define the material
of which the FE belongs to, respectively the bond coat, the transition zone and the oxide.

III.3.2 Out-of-plane stress field

The out-of-plane stress is defined to be the stress in the direction X2, see Fig. III.6. Figure
III.8 shows the Gauss point value plot of the out-of-plane stress component, σ22, evaluated
before and after cooling after 200 day-long cycles at 950◦C. At the peak temperatures, it can
be seen that the most highly stressed region is close to the TGO-BC interface (-300 MPa)
where bond coat oxidation occurs. Out-of-plane stresses are also observed at the TGO-
YSZ interface (100 MPa). The out-of-plane stress magnitude increases during cooling down.
At room temperature and at the TGO-BC interface, the peak zone is under tensile stress
(512 MPa) while the valley zone is under compression (-325 MPa), see Figs. III.8 (b) and
(c). Opposite results are observed at the TGO-YSZ interface, -365 MPa and 275 MPa in the
peak and valley zones, respectively. Quantitatively, the out-of-plane stresses are higher close
to the TGO-BC interface than at the TGO-YSZ one.

A quantitative stress distribution has been previously determined by many authors
(Sfar et al., 2002, Caliez et al., 2002, Bialas, 2008). It has been observed that high tensile
stresses occur at the top of the interface (peak zone) and ranges from 200 to 750 MPa.
According to Caliez et al. (2002), the ratio between stress at high temperature σ22 (1100◦C)
induced by the introduction of 1 GPa of growth stress (simulating the oxide growth)
and the maximum stress computed at ambient temperature, σmax, has been found to be
σ22/σmax = 0.4. With our approach, the ratio is around 0.6 but the zones where maximal
stresses occur at low and high temperatures are not the same and make it difficult to have a
relevant comparison.

III.3.2.1 Out-of-plane stresses through the layered TBC system

Out-of plane stresses through the three layers of the TBC system close to the TGO-BC
(A-A view) and TGO-YSZ (B-B view) interfaces have been investigated. Figures III.9(a)
and (b) show the out-of-plane stress profile at 20◦C after 200 thermal day-long cycles at
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Figure III.8 : Gauss point value plot of the out-of-plane stress component σ22 at (a) 950◦C
and (b) 20◦C after 200 day-long cycles at 950◦C. The peak and valley regions are marked by
the arrows, A-A and B-B, respectively.

950◦C on both sides of the TGO interface in the peak and valley zones, i.e. A-A and B-B.
The out-of-plane stress field at room temperature is also illustrated in Fig. III.9(c). As
observed in Fig. III.8(b), stress fields extracted at 20◦C in the peak and valley zones have
an opposite distribution. Close to both interfaces, out-of-plane stresses strongly reach to
maximum values. Due to the high stress gradient observed close to both oxide interfaces, it
is difficult to extract a relevant value for the oxide interface normal traction. Moreover, the
stress value is extracted in the Gauss’s point and not exactly at the oxide interfaces. The FE
size has also an influence on the interface stress fields. These points show the difficulty to
define a microscale criterion for micro-damage initiation.

From the type of results shows in Fig. III.9, it can also be observed that at 3 µm away
from each oxide interface, the out-of-plane stress is equal to zero. This is in agreement with
the fact that the out-of-plane stress close to the oxide is only due to the TGO roughness. For
this configuration of parameters, the influence of the top coat and bond coat thicknesses has
been analysed. The latter point was addressed in the following manner: the normal traction
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in the peak zone at the TGO-BC interface, which is equal to σ22, has been extracted from a
FE mesh built with the thickness reference values for the top coat and bond coat, 135 µm
and 90 µm respectively. Then, the top coat and bond coat thicknesses were progressively and
proportionally decreased and the obtained normal tractions in the peak zone were compared
to the reference one. According to this analysis, it is sufficient to model only 45 µm and
25 µm of the ceramic layer and bond coat, respectively. Then, the difference between the
normal traction obtained with an entire TBC system model are found to be less than 2%. We
can conclude that: (i) out-of-plane stresses may not be affected by the mechanical phenomena
which takes place far away from the TGO such as top coat sintering and (ii) it is sufficient
for a representative FE model to include only a part of the bond coat and the YSZ thickness.
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in the valley regions (B-B) at 20◦C after 200 day-long thermal cycles at 950◦C. Gauss point
value plot of σ22 at ambient temperature.

III.3.3 Normal tractions along the TGO interfaces

To understand micro-damage initiation and growth, one of the principal focus is on the
normal tractions at the TGO interfaces because they govern crack growth parallel to the
oxide interfaces. The normal traction at the TGO interfaces, σnn, is a scalar resulting from
the stress tensor σ∼ and of the interface normal vector �n. Corresponding normal tractions are
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evaluated as a function of the relative position (2x/w) along the two TGO interfaces at 20◦C
and 950◦C (noted LT and HT, respectively), see Fig. III.10.

Normal traction is higher at ambient temperature than before cooling, and follows the
in-plane stress time-evolution, see Fig. III.9. After cooling at 20◦C, the two normal traction
distributions at the two TGO interfaces are inversed, as mentioned previously. It can be
seen that the maximum tensile traction at the internal TGO-BC interface occurs in the peak
region (482 MPa), while the maximum tensile traction along the TGO-YSZ interface is found
at the valley region (274 MPa). These maximum values are lightly inferior than the maximal
ones observed in Fig. III.10 (respectively 512 MPa and 275 MPa). Indeed, these latter values
have not been exactly extracted at the TGO-BC interface, see Fig. III.9.

At the peak temperature, due to the bond coat creep/plastic behaviour, normal tractions
are close to zero at the BC-TGO interface, whereas it ranges from -79 to 45 MPa at the
YSZ-TGO interface. The influence of the top coat mechanical behaviour on normal traction
at the external oxide interface will be investigated in Section III.4.1.3.
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ambient temperature (20◦C) as a function of the relative position (2x/w) along the oxide
interfaces after 200 day-long thermal cycles at 950◦C.

In comparison with the values obtained by Busso and Qian (2006 and 2009), our approach
gives similar spatial distribution of the normal tractions along both oxide interfaces. At high
temperatures, the predicted normal traction σnn ranges from -20 to 10 MPa at both oxide
interfaces.

III.3.3.1 Time-evolution of normal tractions

The time evolution of the maximum normal traction in the peak zone, point A, at the TGO-
BC interface is represented in Fig. III.11. The point A position follows the oxidation front
motion through the FE mesh, as illustrated in Fig. III.11. The normal stress increases
with exposure time in the first thousand hours from 370 to 460 MPa and then slowly
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converges to an asymptotic regime (σnn = 480 MPa). After long times characterising blade
in-service conditions, at the TGO-BC interface, σnn, one of the driving force for micro-damage
initiation or propagation, is constant. Identical observation has been done for other numerical
simulations (Xu et al., 2004).
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Figure III.11 : Normal traction in the peak zone (point A) at the moving TGO-BC interface
at low temperature (20◦C) as a function of the oxidation time after 200 day-long thermal
cycles at 950◦C.

These investigations suggest that TBC failure would have initiated at the TGO-BC
interface close to the peak region or at the TGO-YSZ interface close to the valley region.
However, since it was not possible to ascertain from the results whether TBC failure was
initiated in this manner, our predictions can only provide an insight into the local driving
forces for interfacial failure. For instance, the fact that even if the largest tensile traction was
found close to the peak region at the TGO-BC interface after cooling should not rule out the
possibility that failure of the TGO-YSZ interface or elsewhere at the TGO-BC interface may
occur first at high temperatures. Furthermore, the predicted normal tractions are constant
after thousand hours and do not increase with exposure time.

III.3.4 Shear stress along the oxide interfaces

Normal traction is not the only driving force which generates damage. Shear stress can be
considered as another parameter influencing TBC system lifetime. The difference of thermal
expansion coefficient between the TBC constituents induces shear stress at the two oxide
interfaces. Figure III.12 represents the shear component, σtt, of the normal stress t along
both TGO interfaces at 20◦C (LT) and 950◦C (HT) after 200 day-long thermal cycles.

At both temperatures, the significant shear stress occurring at the TGO-YSZ and TGO-
BC interfaces are concentrated between the peak and valley zones, contrary to the maximal
normal tractions present in there zones. The maximum shear stress at room temperature at
the TGO-YSZ and TGO-BC interfaces ranges from 0 in the peak and valley zones to 530 MPa
and 433 MPa, respectively. At high temperatures, the shear stress is higher at the TGO-BC
interface (from -30 to 133 MPa) than at the TGO-YSZ one (from -31 to 41 MPa), due ti
the growth strains at the TGO-BC interface. The simulated high shear-stress value suggests
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that, combined with elasto-visco-plastic bond coat and elasto-viscous TGO behaviours, it
could generate creep and plastic strains close to the BC-TGO interface. These predicted
shear stresses might be also employed for lifetime prediction, especially to understand damage
evolution at high temperatures.
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20◦C (LT) and 950◦C (HT) after 200 day-long thermal cycles at 950◦C.

III.3.5 Bond coat accumulated creep and plastic strains

The bond coat is a layer with several functionalities: from a chemical point of view, it
constitutes a reservoir of aluminium cations, necessary to protect the substrate. From a
mechanical point of view, bond coat guarantees the good adherence properties between the
top coat and the substrate. Owing to its creep and plastic behaviour, it also relaxes stresses
associated with the oxide growth and the cyclic thermal loading as previously detailed in
Section III.3.1. This point is often mentioned in the literature (Evans et al., 2001) but the
following results are going to give more information on the key role of the bond coat creep and
plastic behaviour in relaxing the stresses close to the BC-TGO interface. The accumulated
irreversible strain, εiacc, is defined using the irreversible strain rate, ε̇i, for the creep and
plastic strains and formulated as:

ε̇
i =

�
2

3
ε̇∼
i : ε̇∼

i

� 1
2

with i = creep or plastic, (III.12)

where ε∼
i is the irreversible strain tensor. The plastic and creep strain rate tensors are

distinguished and noted ε̇∼
p and ε̇∼

c, respectively.

The predicted bond coat accumulated creep (εcacc) and plastic (εpacc) strains close to the
BC-TGO interface are shown in the Fig. III.13 after 10, 100 and 200 day-long thermal
cycles at 950◦C. The creep and plastic accumulated strains occur in the valley zones during
thermal loading due to the high stresses generated by the oxide growth strains and thermal
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expansion. A few microns thick long zone of bond coat is affected and follows the oxidation
front displacement.

The maximal accumulated plastic strain values are at the same order of magnitude than
the accumulated creep strain (around 70%) and the plastic/creep strain fields are similar, see
Fig. III.13. Their spatial distributions increase with the number of cycle and oxidation time.
After 200 days, accumulated creep strain decreases from 69% close to the TGO-BC interface,
relaxing the stress generated by the alumina growth strain, to 1.5% where the bond coat
only relaxes its relative thermal expansion with respect to the substrate. The need for the
TBC system to have a so large bond coat thickness (90 µm) is not due to mechanical but to
chemical reasons: the high level of aluminium provides a sufficient reservoir of scale-forming
aluminium over a long period of time without depleting the substrate alloy.

These results are in good agreement with those obtain by Chen et al. (1998) for the
equivalent plastic strain in the bond coat after cooling (around 2% for 1 cycle) and with the
numerical investigation performed by Karlsson and Evans (Karlsson and Evans, 2001). For
these authors, accumulated plastic strain in the bond coat after 12 cycles has been determined
for different values of the bond coat’s Yield strength. Also, εpacc was found to approx 8% in
the valley zone.

For a given fixed FE located in the valley zone close to the BC-TGO interface, see point B
in Figs. III.13 and III.14(b), accumulated plastic and creep strains are presented as a function
of exposure time, Fig. III.14(a). As expected and previously shown, accumulated creep and
plastic strains have similar evolutions. A close-up view done for a cycle shows that in detail
their evolutions are different: the accumulated plastic strain only increases by step due to
thermal cycling and the accumulated creep strain increases due to the combination of the
oxide growth and thermal cycling. The homogenisation approach used to model the material
at the TGO-BC interface explains the low accumulated plastic or creep strains increase when
the FE belongs to the transition zone.

The predicted results previously presented are in agreement with those obtained by
He (He et al., 2002), which focused only on plastic strain evolution in the bond coat as a
consequence of the stresses. Plastic strain is not developed during TGO growth at high
temperatures as the study was limited to the plastic strain. The present analysis is able to
differentiate the plastic and creep strains which allows to understand the effects of the oxide
growth strains at high temperatures.
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100 and 200 day-long thermal cycles at 950◦C.
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III.4 Parametric study on stress and strain fields

To improve our knowledge of EB-PVD TBC system behaviour and to predict their lifetime,
a parametric study of the influence of material parameters is carried out. In Section III.3.1 a
preliminary investigation discussing the influence of the TGO and bond coat creep and plastic
behaviour on the in-plane stress fields, has been performed. To go further in this analysis,
we now investigate the influence of: (i) the mechanical behaviour of each TBC constituent,
(ii) the TGO roughness and (iii) the thermal loading on local stress and strain fields close to
the oxide interfaces.

III.4.1 Influence of TBC constituents material parameters

III.4.1.1 Effect of bond coat parameters

Bond coat mechanical functionality has been mentioned previously through a preliminary
analysis dealing with the creep and plastic strains role on relaxing stresses. In more detail and
in differentiating the bond coat elastic, creep/plastic behaviour, analyses of normal tractions
and in-plane stresses close to the TGO are investigated. The TGO is modelled as an elasto-
viscous material, see Section II.3.1. Table III.2 summarises the different mechanical behaviour
combinations used in this part of the parametric study. In all the simulations carried out in
this study, the thermal loading contain slow heat up and cool down period (40 min each) and
200-day long thermal cycles at 950◦C.

Table III.2 : Different combinations of the bond coat mechanical behaviour model.

Case BC TGO YSZ

n◦1 Elasto-visco-plastic (evp) Elasto-viscous Iso-transverse elastic

n◦2 Visco-elastic (ev) Elasto-viscous Iso-transverse elastic

n◦3 Elastic (e) Elasto-viscous Iso-transverse elastic

a) Influence of BC parameters on the normal traction at the TGO-BC interface

The objective is to analyse the influence of the bond coat creep and plastic behaviour on the
normal tractions along the TGO-BC interface at high (950◦C) and low (20◦C) temperatures.
The results are summarised in Fig. III.15.

At high temperatures, normal traction distributions along the internal oxide interface are
almost zero and identical for the Cases n◦1 and 2 (evp and ev bond coat). When bond coat is
modelled as an elastic material, high normal traction appears along the TGO-BC interface,
from -100 MPa in the peak zone to 200 MPa in the valley zone. As expected, only the creep
component in the bond coat mechanical behaviour the relaxes stresses due to growth strains
at high temperatures.

At room temperature, normal tractions are lower for an elastic bond coat (Case n◦3) than
an evp or an ev bond coat (Cases n◦1 and 2). This non-expected result could be explained by
the fact that even if the normal tractions increase more when the temperature decreases for
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an elastic bond coat (around 530 MPa), at ambient and high temperatures they have opposite
distributions. Normal traction at peak temperature (-100 MPa) decreases the normal traction
at ambient (430 MPa). Close to the valley zone (2x/w = 1), where creep or plastic strains
develop in the bond coat, the predicted normal tractions for an evp or a ev bond coat are
different (-310 MPa and -470 MPa). It points out the combined role of the bond coat creep
and plastic deformation in stress relaxation during cooling.

Busso and Qian (2006) have investigated the effects of the bond coat properties on normal
tractions along the TGO interfaces at 20◦C but do not point out the specific role of the bond
coat creep behaviour in valley zones. More recently, this point has been studied in more details
for different bond coat compositions: (Ni, P t)Al and NiCoCrAlY (Busso et al., 2008). The
conclusions are similar for the normal traction distribution at low temperature.
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b) Influence of the BC parameter on the in-plane stress at high temperatures

Figure III.16 shows the time-evolution at peak temperature (950◦C) of the in-plane stresses
generated by the oxide growth strains σox

11 in a given FE which belongs initially to the bond
coat and is crossed over by the internal oxidation front. The in-plane stress evolutions are
similar for an ev and evp bond coat, showing that plastic deformation is not activated at
high temperatures. If the bond coat is modelled as an elastic material (Case n◦3), when
the element belongs to the bond coat, the in-plane stress increases from 0 to 380 MPa due
to the thermal expansion mismatch and then slowly increases, from 380 to 440 MPa due to
oxide growth. The stress, generated by both thermal loading and oxide growth strains is
not relaxed by the bond coat creep behaviour as it is observed when the chosen bond coat
mechanical behaviour is evp or ev.

When the FE is in the transition zone, the maximal compressive stress is identical for
all the cases (760 MPa). Then, the in-plane stress follows the same evolution than for an
evp bond coat (Case n◦1) because the element belongs to the TGO and is not affected by
the bond coat behaviour model. Nevertheless, the final compressive in-plane stress value is
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greater for an elastic bond coat than for an evp or ev bond coat. In conclusion, bond coat
creep behaviour relaxes stresses at high temperatures when the oxide growth strains generate
in-plane stresses and no plastic strains are observed.
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different combinations of the bond coat mechanical behaviour are tested. The TGO is
modelled as an elasto-viscous material.

III.4.1.2 Effect of TGO behaviour

As previously done for the bond coat, the influence of the TGO creep behaviour is investigated
here, especially on the normal traction along the BC-TGO interface after cooling and on the
in-plane stresses generated at high temperatures due to the oxide growth strains. The most
complete TGO behaviour model, the elasto-viscous Case n◦1 is compared to an elastic TGO,
Case ◦4. In the simulations to be shown next, the bond coat is modelled as an elasto-visco-
plastic material, see Table III.3.

Table III.3 : Different combinations of the TGO mechanical behaviour model.

Case BC TGO YSZ

n◦1 Elasto-visco-plastic Elasto-viscous (ev) Iso-transverse elastic

n◦4 Elasto-visco-plastic Elastic (ev) Iso-transverse elastic

a) Influence of the TGO parameters on the normal traction

Figure III.17 shows the normal tractions along the TGO-BC interface at 20◦C for two different
combinations of the TGO mechanical behaviour. The spatial distribution of the normal
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tractions are similar and the results show that, as expected, normal tractions are higher in
the peak zone (638 MPa for an elastic TGO) and normal traction is higher in the valley zone
(-376 MPa for an elastic TGO).
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mechanical behaviour are tested. Case n◦1: elasto-viscous, n◦4: elastic. In both cases, the
bond coat is modelled as an elasto-visco-plastic material.

b) Influence of the TGO parameters on the in-plane stress at high temperatures

Figure III.18 shows the time-evolution at peak temperature (950◦C) of the in-plane stresses
generated by the oxide growth strains σox

11 in a given FE which belongs initially to the bond
coat and is crossed over by the internal oxidation front. At the peak temperatures, in-plane
stress time-evolution is mainly different. When the FE belongs to the bond coat, in-plane
stresses are identical. When the oxide front goes through the FE, in-plane compressive stress
increases from 0 to 7 GPa. This point also illustrates the influence of the TGO creep behaviour
on stress relaxation.

The parameters defining the TGO creep behaviour influence mainly the stress fields
at high and low temperatures. Unfortunately, these parameters are difficult to obtain
experimentally and do not allow to have an accurate prediction of the stress fields. The
TGO creep influence has been investigated in detail by Schwarzer (Schwarzer et al., 2004),
for an APS TBC system. That study shows the crucial influence of the oxide creep behaviour
on the stress fields at high temperatures, up to 1100◦C.

III.4.1.3 Effect of YSZ behaviour

The typical columnar microstructure of the EB-PVD YSZ top coat has already been
investigated by image-processing analysis of SEM micrograph in Section II.2.1.3. It shows
that the top coat microstructure is non homogeneous. Close to the TGO, external porosity
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between the columns is low (ρe < 5%) and columns are non vertical. The top coat layer has
been modelled as a transversaly isotropic material. The ratio between the in-plane and out-
of-plane Young’s moduli is function of the external porosity, see Section II.3.1.3. Here, the
effects of sintering and the YSZ anisotropy on the stresses are investigated. To that purpose,
in addition to the behaviour considered thus far, the predicted stress fields are compared for
three different models of the EB-PVD top coat mechanical behaviour, presented in Table
III.4. The new YSZ materials are modelled as: Case n◦5, a fully dense (no porosity, no

Table III.4 : Different combination of YSZ mechanical behaviour model.

Case BC TGO YSZ

n◦1 Elasto-visco-plastic Elasto-viscous Iso-transverse (no sintering)

n◦5 Elasto-visco-plastic Elasto-viscous Isotropic (200 GPa)

n◦6 Elasto-visco-plastic Elasto-viscous Iso-transverse (sintering)

sintering) ceramic with isotropic elastic properties (200 GPa) and Case n◦6 a transversaly
isotropic ceramic submitted to sintering effects. The ratio E1/E2 evolves with oxidation time
from 0.3 to 0.4, for the respective values of the external porosity, ρe, 17% and 10% after 0 h
and 1000 h at 950◦C.

When compared with the results given in Section III.3 for a transversaly isotropic material,
the top coat mechanical behaviour has no effect on the normal tractions and shear stresses
at the TGO-BC interface at 20◦C. At the YSZ-TGO interface, normal tractions have similar
evolution but stresses are higher for an isotropic (Case n◦5) and lower for an isotropic
transverse porous top cot ceramic affected by sintering effect (Case n◦6) than the reference one
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(Case n◦1), Fig. III.19. This qualitative conclusion was expected because in-plane Young’s
modulus does not mainly influence normal tractions. Sintering effects increase of 12% and 15%
the normal traction in peak and valley zones at the TGO-YSZ interface, see Fig. III.19(a).

This point has been study by Busso (Busso and Qian, 2006, Busso et al., 2008). If the
spatial distribution of the normal traction at the YSZ-TGO interface is similar to the present
approach, the quantitative values are different, principally because we have chosen to take
into account the low external porosity of the EB-PVD YSZ layer close to the oxide.

Predicted results show that the combined effects of YSZ sintering and anisotropy have
a considerable influence on the shear-stress at the outward oxide interface, as it is shown in
Fig. III.19(b). In comparison with the Case n◦1, the maximal shear stress increases by 30%
in the Case n◦5 (isotropic) and decreases of 53% in the Case n◦6 (porous material submitted
to sintering effect).

In conclusion, the model taking into account the top coat sintering effect is a necessity
in regard of its influence on the local shear-stress occurring at the YSZ-TGO interface.
Nevertheless, sintering does not influence the local stresses at the other TGO interface. Keep
in mind that from a macroscopic point of view, sintering effects should be take into account
to predict the stored elastic strain energy per unit area.
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function of the relative horizontal position along the interface. Three different combinations of
the top coat mechanical behaviour have been tested. Case n◦1: transversaly isotropic with no
sintering effect, n◦5: isotropic (Young’s modulus=200 GPa), n◦6: transversaly isotropic and
porous material submitted to sintering phenomenon (E1 = [60−75] GPa and E2 = 200 GPa).

Table III.5 summarises the influence of the mechanical behaviour of each TBC constituent.
To study the effect of the TGO and bond coat mechanical behaviour influence, the normal
traction, σnn, and the shear-stress, σtt, are extracted at the TGO-BC interface. Because the
top coat ceramic has no influence on stress field at the TGO-BC interface, the values are
given at the TGO-YSZ interface and noted by a star in the table, Cases n◦5 and 6.

III.4.2 Influence of the TGO morphology

According to the observations presented in Section II.4.1.1 and the literature, TGO
morphology evolves with exposure time. Previous investigations have demonstrated a strong
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Table III.5 : Influence of the mechanical behaviour of each TBC constituent on the maximal
normal traction, σnn, shear-stress, σtt at low temperatures and the maximal in-plane stress
at peak temperature in the transition zone σox

11 (MPa). In the Cases n◦5 and 6, noted by
a star, the local stresses have been determined at the TGO-YSZ interface. The Case n◦1 is
taken as the reference to determine the given comparative values.

Case BC TGO YSZ σnn peak σnn valley σttmax σ11

n◦1 evp ev Iso-trans. elas. 482 -319 527 760

n◦2 ev ev Iso-trans. elas. 487 (+1%) -462 (+45%) 544 (+3%) 765

n◦3 e ev Iso-trans. elas. 430 (-11%) -240 (-25%) 588 (+12%) 772

n◦4 evp e Iso-trans. elas. 638 (+32%) -376 (+18%) 7152 7121

n◦5� evp ev Iso.(200 GPa) -378 (+15%) 274 (+??%) 685 (+30%) -

n◦6� evp ev Iso-trans. sint. -321 (+12%) 220 (+??%) 248 (+53%) -

dependency of the TGO roughness on the out-of-plane stress field (Caliez et al., 2002). The
TGO morphology influence on the in-plane stress field has also been investigated in Section
III.3.1. The influence of the internal oxide roughness and its time-evolution on the normal
traction along the moving TGO-BC interface is presented for two different models of the
oxide morphology: a constant and a time-dependent TGO-BC interface roughness.

III.4.2.1 Time-independent TGO-BC interface roughness

In a preliminary approach, we have considered that the TGO roughness is unchanged
with exposure time and that it has been characterised by two sinusoidal parameters, the
wavelenght, w, and the amplitude, a. In the simulations to be discussed next, the wavelength
is kept constant (w = 11.72 µm) and the amplitude ranges from 0.216 to 1.296 µm. Figure
III.20 shows the normal traction along the relative horizontal position at the TGO-BC
interface for different values of the amplitude on the wavelength ratio (r = a/w). Due
to the boundary conditions and the geometry of the problem, normal traction is equal to zero
if the interface is perfectly flat. Normal tractions increase with the roughness as expected, see
Fig. III.20(a). For high values of the ratio r, the normal tractions at the TGO-BC interface
reaches a constant value.

The maximum normal tractions after the 200 day-long thermal cycles at 950◦, in the
peak zone at the TGO-BC interface, noted point A’ in Fig. III.20, increases linearly with the
roughness for low values of the oxide roughness (r < 0.07), see Fig. III.20(b). It ranges from
0 to 482 MPa when the amplitude varies from 0 to 0.864 µm. For high oxide roughnesses
(r > 0.07), normal traction reaches a maximal value, as previously observed.

The bond coat regions where accumulated plastic and creep strains develop, are unchanged
by oxide interface roughness. Nevertheless, the maximal value of accumulated creep/plastic
strains in the valley zone (point B in Fig. III.20) is strongly influenced by the TGO roughness.
Actually, εpacc and εcacc increase with roughness. The results are presented in Table III.6.
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200 day-long thermal cycles at 950◦C.

Table III.6 : Maximum accumulated creep and plastic strains, εcacc and ε
p
acc, in the valley

zone (point B, see Fig. III.20) as a function of the TGO-BC interface roughness.

Roughness (r = a/w) εcacc ε
p
acc

0.02 0.02 0.03

0.06 0.45 0.46

0.07 0.69 0.70

0.09 0.85 0.89

0.11 0.97 1.07

III.4.2.2 Time-dependent TGO interface roughness

In order to simulate the TGO-BC interface roughness evolution, as it occurs during oxidation,
the numerical tool implemented to simulate the oxide growth has been improved. Using the
standard criterion previously presented to define the TGO roughness (Rl = L/L0 is the
ratio between the oxide mean profile and window length), image-processing analysis gives

an initial Rini
l and final Rfin

l interface roughness after 200 days of exposure time, 1.036 and
1.054 respectively, see Section II.4.

The objective is to follow the time-evolution of the normal tractions at the moving TGO-
BC interface when the TGO-BC interface roughness increases. Oxide roughness evolution
has been implemented and is assumed to increase as a linear function of the vertical position
(direction X2). The representative FE mesh is shown in Fig. III.21(a). The final interface

roughnesses R
fin
l are equal for a time-independent and time-dependent TGO-BC interface

morphology, namely 1.054.
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Figure III.21 : (a) Finite element mesh simulating a sinusoidal oxide interface morphology
of whose roughness increases with exposure time and (b) the oxide volume fraction fox. The
YSZ-TGO and the final BC-TGO interface roughnesses defined by Rl = L/L0 take the values
of 1.036 and 1.054.

In a similar way to that previously used for a constant TGO interface roughness, Fig.
III.11, time-evolution of the maximal normal tractions in the peak zone of the moving TGO-
BC interface has been predicted in point A, shown in Fig. III.22. It can be seen that the
magnitude of σnn decreases by 5% when the oxide roughness increase is modelled. The
convergence of the two curves was expected at the end of the thermal loading when the
roughnesses are identical. It concludes on the importance of modelling the time-evolution
of the TGO roughness and not only its final value. In the case of NiCoCrAlY bond coats,
no rumpling phenomenon occurs, roughness evolution is not substantial and the local stress
fields are not affected. The same numerical analysis performed on a rough (Pt,Ni)Al TBC
system might give interesting results.

III.4.3 Influence of thermal loading

As for the TBC constituents mechanical behaviour and the TGO morphology, the influence
of in-service thermal loading on the stress/strain fields is investigated in this section. For
simplicity bond coat chemical composition or YSZ top coat microstructure are assumed to
remain unchanged by temperature. Here, a purely mechanical approach is investigated. The
influence of four parameters is discussed: the top coat deposition process temperature Tdep,
the in-service peak temperature (between 950 to 1150◦C), the cyclic thermal loading and the
temperature gradient during heating up and cooling down.
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III.4.3.1 Effect of the top coat deposition process temperature

According to the literature, the deposition temperature, Tdep, for an EB-PVD top coat could
reach 1100◦C (Schulz and Schmücker, 2000). If the effects of EB-PVD process on the top
coat morphology have been studied experimentally (Kato et al., 2005), these investigations
focused only on the effects for the top coat morphology and not on stresses resulting in
TBC. This section deals with the influence of this initial condition on the macroscopic in-
plane stresses inside each TBC constituent and locally, on the normal traction at both TGO
interfaces.

To study the influence of Tdep on the macroscopic in-plane stresses, the TBC system is
assumed to be flat. As previously presented in Section III.3.1, in-plane stresses occurring
inside each TBC constituent are function of the relative temperature ∆Ta between the EB-
PVD deposition Tdep and the in-service temperature, T , as explained previously, see Eq.
III.8. For Tdep = 1100◦C, after 200 days, no in-plane stresses occur in the bond coat and
TGO layer at high temperatures and the in-plane compressive stresses in the TGO and bond
coat are 2.7 GPa and 0.2 GPa, respectively. In the top coat, σ11 ranges from -80 to -487 MPa
before and after cooling, respectively. These values should be compared to the previous ones
obtained for Tdep = 400◦C. For the bond coat and the TGO, the values are similar, for the
top coat, σ11 ranges from 280 MPa to -142 MPa, respectively after and before cooling. For
Tdep = 1100◦C, the ceramic layer is under compressive in-plane stresses at room temperature
and the stored strain elastic energy per unit area is higher than that found with Tdep = 400◦C.
In conclusion, it is preferable to depose the top coat layer at low temperature to reduce the
stored energy.

σnn and σtt at the BC-TGO and YSZ-TGO interfaces are not influenced by the deposition
process temperature, due to the bond coat and TGO layers ability to relax after few hours the
stresses due to the top coat deposition process. To illustrate this point, normal tractions in the
peak zone (point A) at the moving TGO-BC interface at room temperature are determined
as a function of the oxidation time for Tdep = 400◦C and 1100◦C, see Fig. III.23.
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Figure III.23 : Comparison between the normal tractions at the moving TGO-BC interface
in the peak zone, point 1 in Fig. III.22, at ambient temperature (20◦C) as a function of
the oxidation time after 200 day-long thermal cycles at 950◦C for an EB-PVD deposition
temperature of 400◦C and 1100◦C.

III.4.3.2 Effect of the in-service temperature

Using the same thermal loading (200 day-long cycles) but for different values of the maximum
temperature (1050◦C and 1150◦C), two additional numerical simulations have been carried
out. FE mesh and TBC constituents mechanical behaviours are identical with the previous
simulations, only the oxidation kinetics are changed. The results of these simulations are
compared to the reference one, simulating a 950◦C in-service temperature, see Fig. III.24.
When compared with the results given in Section III.3.3 for a low in-service temperature,
T = 950◦C, the results obtained are similar close to the valley regions, due to creep and
plastic strains in the TGO and bond coat layers occurring in this part of the FE mesh. In the
peak zone, the maximum normal traction increases with in-service temperature: 550 MPa
and 605 MPa at 1050◦C and 1150◦C, respectively.

III.4.3.3 Effect of thermal gradient during cooling and heating transients

To study the influence on the bond coat and TGO creep and plastic strains of the TBC
cooling and heating transients, the creep and plastic strains have been determined for thermal
loadings comprise a fast and low heating up and cooling down (4 min and 40 min respectively)
and cyclic thermal loading includes 1 day exposure at a peak temperature (950◦C). For a fast
heating up and cooling down, the bond coat εcacc and ε

p
acc are 75% and 64% and 70% and

69% for a low heat up and cool down, as previously predicted in Section III.3.5.

III.4.3.4 Effect of thermal cycling

According to the previous results, thermal cycling does not play an important role in the
normal traction time-evolution at the TGO interfaces, see Section III.3.3.1. Nevertheless,
it has been demonstrated that cooling and heating during thermal cycling can induce creep
and plastic strains in the bond coat. For two thermal loading simulations, with or without
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thermal cycling, the accumulated creep strain fields as a function of the exposure time, are
presented in Fig. III.25. The accumulated plastic strain field is not presented because no
plastic deformation develops at high temperatures. Creep deformation is predominant for
low stresses at high temperatures, inhibiting plastic strain.

The accumulated creep strains in the bond coat remain unchanged during isothermal
loading. Also, εcacc is greater between the peak and valley zones. Its maximal value is constant
≈ 4%. In comparison with the accumulated creep strain obtained for a cyclic thermal loading,
the εcacc field distribution and is very different, see Fig. III.25(b). εcacc was concentrated in
the valley regions and increased with exposure time to 70%. This study illustrated that
the bond coat creep and plastic strains are not developed in the same area at high and low
temperatures, as it might be the case for the damage.

III.4.4 Discussions

EB-PVD TBC system behaviour and their lifetime could be influenced by many parameters,
from the bond coat chemical composition to the insulator top coat deposition temperature.
At the same time, depending on the in-service thermo-mechanical loading, the mechanical
behaviour of each TBC constituent can be affected. The present parametric study attempts to
clarify the influence of each mechanical, morphological or thermal loading parameters. It does
not take into account all the parameters (bond coat microstructure evolution, interdiffusion
in the bond coat, etc...), but it identifies the parameters which are expected to influence
locally the stress/strain fields close to the TGO and the in-plane stresses.

The parametric study results are summarised in Table III.7. It shows the influence of each
parameter on the macroscopic in-plane stresses, σox

11 (at 950◦C) and σth
11 (at ambient) and on

the local stress/strain fields at ambient temperature. From this table, it can be established
that:
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Figure III.25 : Accumulated creep strain εcacc in the bond coat after 50 and 200 days of (a)
isothermal and (b) cyclic thermal loading at 950◦C.

• at high temperatures, in-plane stresses in the TGO are influenced by (i) TGO and bond
coat mechanical behaviour (creep strain) and (ii) the in-service temperature,

• at room temperature, in-plane stresses in each TBC constituent are affected by (i) their
own mechanical behaviour, as expected, (ii) the oxide roughness and (iii) the top coat
deposition process. The latter only effects the compressive in-plane stresses at low
temperature and hence the stored strain energy per unit area,

• local stress fields at the TGO-BC interface are mainly influenced by the oxide roughness,

• shear stresses at the YSZ-TGO interface are affected by the YSZ sintering. The latter
does not affect the local stress/strain fields close to the TGO-BC interface,

• bond coat creep/plastic strains are function of the oxide roughness and the thermal
loading (cycling),

• thermal cycling only influences the creep/plastic strains, and not on the stress fields,

• no plastic deformation are developed for isothermal loading at 950◦C,

• the oxide roughness appears as the most critical parameter.
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Table III.7 : Summary of the parametric study: σox
11 , in-plane stress at peak temperature

in the TGO due to the growth strain, σth
11, in-plane stress due to thermal expansion at

room temperature; σnn and σtt, normal traction and shear stress at both oxide interfaces
at low temperature; Tdep. and Tser., are the respective top coat deposition and in-service
temperatures. The number of + defines the level of influence of a parameter.

Mechanical TGO Thermal

behaviour roughness loading

BC TGO YSZ r = a/w Tdep. (◦C) Tser. (◦C) Cycl.

σox
11 + ++ 0 0 0 0 0

σth
11 + ++ + ++ ++ + 0

TGO-BC

σnn + + 0 +++ 0 + 0

σtt + + 0 ++ 0 + 0

TGO-YSZ

σnn 0 0 + ++ 0 0 0

σtt 0 0 ++ ++ 0 0 0

εcacc, ε
p
acc + 0 0 ++ 0 ++ +++
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III.5 Investigation of the relative importance of modelling a
realistic TGO morphology

The previous numerical study, based on a simply 2D sinusoidal simulation of the TGO
morphology, provided a relevant compromise between information on the general TBC system
behaviour and CPU time. There, we assumed that an elementary 2D unit cell could be
representative of the entire TBC system. Nevertheless, many heterogeneities have been
observed along the TGO-BC interface (Section II.2.2) and can be critical regions where
porosities or microcracks initiate and grow (Brumm and Grabke, 1993).

This section deals with a numerical simulation of the oxide morphology based on (i) a
realistic 2D FE mesh obtained from a representative SEM micrograph and modelled using
the Fourier decomposition presented in Section III.5 and (ii) a 3D sinusoidal FE mesh. In
both cases, stress fields resulting of these simulations are compared to the preliminary 2D
sinusoidal simulation performed in Section III.3.

In all the simulations carried out in this study, the thermal loading comprises a slow heat
up and cool down (40 min each) and a 1 day exposure at a peak temperature (950◦C). The
FE size in the area prone to oxidation is the same as that used previously (0.05 µm). The
top coat and bond coat layers have initial thickness of 45 and 25 µm. To compare the results,
the TGO-BC interface roughness is assumed identical for all the profiles chosen to model the
TGO morphology and to be time-independent.

III.5.1 2D realistic simulation of the TGO morphology

In this section, the stress/strain fields in TBC system close to the TGO layer is obtained for a
2D realistic simulation of the oxide morphology and will be compared with the results obtained
for the 2D sinusoidal case. The FE mesh of the realistic oxide morphology is composed of
37,803 quadratic generalised plane strain elements with full integration (227,400 DOF).

III.5.1.1 Oxide growth model

In order to simulate the oxide front motion along a representative FE mesh, the numerical
tool implemented to model the oxide growth in Section III.2.1.1 has been improved. Using
the standard criterion previously presented to define the interface roughness, (Rl = L/L0 is
the ratio between the oxide mean profile and window length), image-processing analysis gives
an oxide mean profile roughness of 1.052. Figure III.26 shows the simulation of the TGO
growth along the 2D FE mesh.

III.5.1.2 Analysis of the stress/strain fields

a) In-plane stress fields

In-plane stress component, σ11, has been evaluated at 950◦C and 20◦C, respectively in Figs.
III.27(a) and (b). At high temperatures, around 1 GPa of compressive in-plane stresses are
generated at the TGO-BC interface due to the growth strains associated with the bond coat
oxidation, see Fig. III.27(a). At low temperatures, the oxide roughness associated with the
thermal strain mismatch strongly influences the in-plane stress fields, as illustrated in Fig.
III.27(b). Compressive in-plane stress ranges from 0.7 to 5.8 GPa and when compared with
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the results given in Section III.3.1 for a sinusoidal simulation, σ11 = [1.8− 4.5], the difference
in the maximum in-plane stresses is 30%.
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Figure III.27 : Gauss point value plot of the in-plane stress component σ11 at (a) 950◦C
and (b) 20◦C after 200 day-long cycles at 950◦C.

b) Out-of-plane stress fields

Figure III.28 shows the out-of-plane stress component σ22 (direction X2) evaluated before
and after cooling, respectively, at 950◦C and 20◦C. At high temperatures, it can be seen
that the most highly stressed region is close to the TGO-BC interface, points n◦2 and 4
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in Fig. III.28(a). At room temperature peak zones at the TGO-YSZ interface are under
compression (points 6 and 8) and valley zones are subject to tensile stresses (points 5 and
7), see Fig. III.28(b). The opposite stress distribution is observed at the TGO-BC interface,
where peak (points 2 and 4) and valley zones (points 1 and 3) are respectively subject to
tensile and compressive tractions. The high normal traction gradient close to the peak zone
at the TGO-BC interface is still present in this simulation as it has been observed in Section
III.3.3. Normal tractions along the TGO-BC interface range from -365 to 572 MPa. The
result is 17% greater in the peak zone and 14% in the valley one when compared with the
results found for a 2D sinusoidal case. Nevertheless, the present simulation based on the
realistic description of the oxide morphology is four times more expensive in CPU time than
the sinusoidal profile case.
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Figure III.28 : Gauss point value plots plot of the out-of-plane stress component σ22 at (a)
950◦C and (b) 20◦C after 200 day-long cycles at 950◦C.

III.5.1.3 Accumulated creep and plastic strains

Accumulated creep and plastic strains have been predicted for a realistic representation of the
TGO morphology. The predicted values of εcacc and ε

p
acc are 90%. Nevertheless, the spatial

distribution is different. In the sinusoidal case presented in Section III.3.5, accumulated
creep and plastic strains only developed in the bond coat close to the valley region. Here,
accumulated plastic/creep strains also occur between the valley and peak zones,

III.5.2 3D sinusoidal simulation of the TGO morphology

The 2D simulation of the oxide morphology previously reported in Section III.3, was based
on plane-strain conditions. Indeed, due to its rigidity and thickness, the substrate imposes
its own deformation to the other layers during mechanical and thermal loading. The in-plane
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Figure III.29 : Accumulated creep, εcacc, and plastic, εpacc, strains of the bond coat after 200
days of cycling thermal loading at 950◦C.

strain assumption implies that the 2D morphology of the oxide is projected in the direction
X3. Thus, it does not account for the roughness in the direction X3. A numerical simulation
based on a 3D simulation of the TGO morphology is performed in this final part and the
results are compared to those obtained for the 2D sinusoidal case.

III.5.2.1 Oxide growth model along a 3D FE mesh

To compare the results obtained for the 2D and 3D simulations of the TGO layer, the oxide
interface roughness has to be identical for any chosen model. The standard criterion defining
the interface roughness (Rl = L/L0) for a 2D profile is applied to a 3D profile. Here:

Rl =
L

L0
=

S

S0
. (III.13)

Using the value of wavelength w = 11.72 µm along X1 and X2, the amplitude, a, for a 3D
simulation of the oxide roughness has been determined. Here, f(x, z) is a function describing
the profile with L0 = w.

S =

� z=L0

z=0

� x=L0

x=0
dS, (III.14)

S =

� z=L0

z=0

� x=L0

x=0

�

1 +

�
∂f(x, z)

∂x

�2
�

1 +

�
∂f(x, z)

∂z

�2
dxdz, (III.15)

f(x, z) = a.cos(
2πx

w
) + a.cos(

2πz

w
). (III.16)

Based on the amplitude value numerically obtained (a = 0.604 µm) associated to w, the
sinusoidal 3D FE mesh consists of 23,030 quadratic generalised plane strain elements (302,814
DOF) with full integration, and is subjected to symmetry and periodic boundary conditions,
see Fig. III.30(a).
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Figure III.30 : (a) Finite element mesh simulating a 3D sinusoidal TGO morphology and
(b) the oxide volume fraction fox after 20 days exposure time at 950◦C.

III.5.2.2 Stress/strain fields for a 3D TGO interface morphology

The predicted compressive in-plane stresses along X1 ranges from 1.2 to 5.0 GPa at room
temperature and are similar to those obtained in the 2D sinusoidal case (Section III.3). Figure
III.31 shows the contours of the out-of-plane stress component (σ22) evaluated at 20◦C after
200 day-long cycles at 950◦C. Predicted results show the considerable influence of the 3D
simulation of the TGO morphology. It can be seen that the stress field is different that in
the 2D case. The most highly stressed region is close to the peak zone. The tensile stress
reaches 635 MPa at the TGO-BC interface while the TGO-YSZ interface is under compression
(-1170 MPa). In comparison with the results given in Section III.3, the maximal tensile out-
of-plane occurs in the same region as that for the sinusoidal case but its value increases by
30%. The compressive out-of-plane stress found close to the peak zone at the TGO-YSZ
interface is two times greater for the 3D simulation of the TGO morphology than the 2D
case. It is also observed that 6 µm and 7 µm away from the respective TGO-BC and TGO-
YSZ interfaces, the out-of-plane stress is equal to zero. These values are two times greater
than those previously obtained for a 2D simulation.

Table III.5 summarises the influence of the TGO morphology at low temperature on the
maximal normal traction σnn (MPa) and the maximal in-plane stress in the TGO layer σth

11

(GPa).
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Figure III.31 : Gauss point value plot of the out-of-plane stress component σ22 at (a) 950◦C
and (b) 20◦C after 200 day-long cycles at 950◦C.

Table III.8 : Influence of the TGO morphology on the simulation of the maximal normal
traction σnn (MPa) and the maximal in-plane stress at low temperature in the TGO σth

11

(GPa).

Simulation σnn (MPa) σ11 (GPa)

Sinu. 2D 482 4.5

Sinu. 2D progressive 465 (-5%) 4.4 (-2%)

2D Fourier 572 (+17%) 5.8 (+29%)

Sinu. 3D 635 (+35%) 5.0 (+11%)
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III.6 Concluding remarks

This chapter has described the methodology and the FE implementation of a numerical tool
simulating the TGO growth in an EB-PVD TBC system. The tool has been improved to
be applied to any FE mesh simulating the oxide morphology evolution (2D and 3D) and
taking into account the TGO roughness increase. To determine the stress field in the critical
oxide TGO-BC interface area, the anisotropic growth strains associated with the bond coat
oxidation is modelled. The stress and strain fields for a 2D sinusoidal FE mesh simulating
the TGO morphology have been obtained. For this configuration of parameters and from the
analysis of the results obtained, it points out that:

• at high temperatures, in-plane and out-of-plane stresses in the transition zone
simulating the TGO-BC interface develop principally due to the growth strains. At
room temperature, the oxide roughness associated with the thermal strain mismatch
strongly influences the compressive in-plane stress fields,

• 3 µm away from each TGO interface, the out-of-plane stress drop to zero,

• only a part of the ceramic layer and bond coat have an influence on the local stress field
close to the TGO, 45 µm and 25 µm, respectively,

• at room temperature, the maximum traction is found along the TGO-BC interface at
the peak region. Normal tractions increase with exposure time in the first thousand
hours and then reaches an steady state,

• significant shear-stresses occur at the TGO-YSZ and TGO-BC interfaces, concentrated
between the peak and valley zones,

• the bond coat accumulated creep and plastic strains develop during cooling, in the
valley regions of the TGO-BC interface.

A parametric study of the different parameters influencing the mechanical behaviour of
TBC system has been investigated. The respective role of the creep and plastic strain in the
phenomenon of stress relaxation during cooling has been shown. Unfortunately, the TGO
creep properties are difficult to obtain experimentally. The YSZ sintering has no influence on
the stress/strain fields at the TGO-BC interface but strongly influences the shear-stress at
the TGO-YSZ interface. Bond coat accumulated creep/plastic deformations are generated by
(i) the thermal gradient during cooling from high temperatures and then develop in the valley
regions, and (ii) by the TGO growth strains at high temperature and then develop between
the peak and valley regions. Finally, the TGO roughness was also tested and appears as the
most critical parameter, see Table III.7.

Previous 2D numerical simulation of the oxide morphology has provided a relevant
compromise between information on the general TBC system behaviour and CPU time. To
take into account the influence of the TGO roughness, stress/strain fields have been predicted
based on a 2D model of the TGO, generated by a numerical tool using SEM micrograph and
a Fourier decomposition. This approach allows to simulate the heterogeneities observed at
the TGO-BC interface. The same approach has been applied to a 3D sinusoidal profile of
the oxide morphology. In comparison with the 2D sinusoidal case, a difference of 17% in the
maximal normal traction is predicted. In the case of the 3D sinusoidal simulation of the oxide
morphology, the difference reaches 35% and the out-of-plane stress field is rather different.
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IV.1 Introduction

The end-life of TBC systems corresponds to the spallation of a visible area of the insulator top
coat (few mm2). Among one of the plausible scenario proposed to explain top coat spallation,
the common idea is that planar compressive stresses generated during the system cooling by
thermal properties mismatch between the substrate and the others TBC constituents, are
responsible for top coat spallation.

According to A.G. Evans et al. (1983), if an interfacial crack is already present at a
brittle interface, spallation occurs when one of the oxide interface toughness becomes lower
than the stored elastic strain energy per unit area (J/m2). Another approach to explain
TBC spallation has been proposed by H.E. Evans (1989). The high compressive stress levels
may trigger the propagation of cracks through the top coat and oxide layers. In this case,
spallation occurs due to the weak oxide layer and the strong interface toughness. Other
models have been proposed to describe the final spallation failure. Nevertheless, they do not
model continuous interfacial damage (Siegler, 1993, Tolpygo and Grabke, 1994, Suo, 1995).
The understanding of the macroscopic spallation mechanisms does not explain how the TGO
interfaces toughness could be affected by the presence of microscopic defects, such as porosities
(Dalgleish et al., 1989), microcracks (Reimanis et al., 1990) or heterogeneities along the oxide
interfaces. Due to combined high levels of stress and temperature, damage evolution can
proceed by porosity growth or brittle microcrack propagation.

Two distinct steps leading to TBC spallation can be identified: (i) micro-damage appears
close to the TGO, resulting on the oxide interfaces toughness decrease, following (ii) by
macroscopic top coat spallation driving by the high level of stored strain energy per unit
area. The relative influence of each mechanism is also crucial to understand TBC systems
spallation.

The objective of this chapter is to examine the interfacial micro-damage evolution
responsible for the oxide interface toughness decrease and the macroscopic spallation
mechanism. In particular, the nature of the micro-damage close to the TGO interfaces is
analysed. This study is fundamental to develop a predictive TBC lifetime model, integrating
macro and microscopic failure mechanisms. This is fundamental to develop a predictive
TBC lifetime model, integrating macro and microscopic failure mechanisms. Observations
are made on a TBC consisting in an EB-PVD top coat and a NiCoCrAlY bond coat tested
under isothermal conditions.

Section IV.2 introduces the tested samples and the describes the characterisation of the
top coat spallation mechanism. The TBC end-life obtained experimentally, as a function of
the temperature (from 930 to 1110◦C), exposure time (from 24 h to 1000 h) or TGO thickness
is presented. In Section IV.3, additional observations are made on cross-section micrographs
located close to the TGO where interfacial micro-damage is present. The aim here is to
identify the oxide interfacial defects responsible for interface debonding and to understand
oxide interface damage evolution. Finally, measurements of the oxide interface toughness for
NiCoCrAlY bond coat published in the literature are discussed.
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IV.2 Macroscopic failure of an EB-PVD TBC system

IV.2.1 Experimental procedure

Specimens used to characterise failure of EB-PVD TBC systems deposited on samples
representative of blades existing in a gas turbine and having different radii of curvature, see
Fig. IV.1. The bond coat thickness is approximately 90 µm and has an overall composition
of Ni 22Co 17Cr 12.5Al 0.6Y (wt%). The EB-PVD top coat has a nominal thickness of
135 µm. Isothermal loading comprises slow heating and cooling transients (15 min each)
and an exposure time at a peak temperature, ranging from 930 to 1110◦C. After testing,
cross-sections were polished using a precision polishing system to maintain flatness. Micro-
cloth with multi-crystalline diamond spray (3, 1 and 0.1 µm) was used for final polishing to
preserve the fine structure near the TGO. After sectioning and preparation, the specimens
were observed using scanning electron microscopy (SEM).

10mm
Figure IV.1 : Picture of a sample representative of blades existing in a gas turbine.

IV.2.2 Literature review of top coat spallation mechanisms

First, let us remain the definitions of delamination and spallation terms. Delamination
consists in a large separation (> 100 µm) of one of the TGO interfaces due to mechanical
effects. Spallation occurs when an entire zone of a few mm2 of the top coat is completely
peeled off the remaining TBC system. As background to understand the end-life of multilayer
systems, final delamination/spallation mechanisms reported in the literature are summarised
in Fig. IV.2 (Evans et al., 1983, Evans, 1989).

Spallation mechanisms of thin films could be classified into two categories, depending on
whether the interface is more or less brittle than the thin film, top coat spallation will occur
by buckling/edge delamination, see Figs. IV.2(a) and (b), or by cracking, see Fig. IV.2(c).

Top coat spallation induced by buckling-delamination occurs when two conditions are
fulfilled: (i) a horizontal crack is present at one of the TGO interfaces and (ii) the stored
elastic strain energy per unit area is greater than one of the oxide interfacial toughness. Then
vertical cracks propagate in the YSZ ceramic layer, leading to its spallation, as illustrated
in Fig. IV.2(a). When top coat spallation is induced edge-delamination, a vertical crack is
present in the top coat before it spalls and propagates in Mode II along one of the damaged
oxide interface, see Fig. IV.2(b). In both cases, top coat spallation relaxes the stored elastic
strain energy. When the interface is strong, horizontal microcracks appear in the oxide layer
and vertical cracks propagate in the YSZ layer (Yanar et al., 2006). Top coat spallation
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occurs when the two cracks coalesce as illustrated Fig. IV.2(c).
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Figure IV.2 : Literature review of EB-PVD TBC spallation mechanisms: when the interface
is brittle, (a) buckling or (b) edge delamination (A.G. Evans, 1983) and (c) when the interface
is strong, shear crack (H.E. Evans 1989).

IV.2.3 Observation of the studied TBC system

SEM micrograph observation of non-spalled TBC samples shows that no vertical cracks are
present in the ceramic or in the bond coat. For this reason, spallation emanating from these
vertical cracks, corresponding to the cases illustrated in Figs. IV.2(b) and (c), will not be
addressed in the present study.

For the TBC system of interest here, spallation seems to be caused by a buckling
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delamination phenomenon. Indeed, the first signs of the TBC spallation after high
temperature exposure times (Figs. IV.3 and IV.4) shows clearly a buckling of the top coat.
Spallation of a top coat part also leads to the propagation of a large horizontal delamination
crack at both TGO interfaces, illustrated in Fig. IV.4 and shown by the dotted circles in Fig.
IV.2(a). The influence of buckling on the local stress fields close to the delamination crack
tip have been addressed by Choi et al. (1999).

Delamination is in our case mostly observed at the TGO-BC interface, see Fig. IV.3.
When it occurs at the external oxide interface, it can result from the top coat spallation.
Delamination at the YSZ-TGO interface is only observed close to TBC zones which have
already spalled off, as shown in Fig. IV.4.

Bond coat

Top coat

Superalloy100µm

TGO

YSZ

BC10µm

Resine

Figure IV.3 : SEM micrographs showing the horizontal delamination and its localisation (at
the TGO-BC interface) in an EB-PVD TBC system tested at 1110◦C after 24 h of exposure
time.

IV.2.4 TBC lifetime experimental results

Before analysing in detail the lifetime experimental results obtained for the present TBC
system it is important to understand the relationship between the delamination and spallation
stages. From SEM micrographs observations, spallation and delamination mechanisms are
observed simultaneously. Furthermore, no bucking delamination has been observed on non-
spalled TBC systems. The TBC system is unstable and is defined by two states: 1) non-
spalled but with micro-damage close to the TGO layer and 2) spalled with large horizontal
delamination close to the TGO, see Fig. IV.3. The delaminated zones are only observed close
to spalled top coat zones due to the dynamic nature spallation phenomenon, see Figs. IV.3
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TGO−BC interface
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Figure IV.4 : SEM micrograph showing the horizontal delamination at both TGO interfaces
induced by to the dynamic nature of the top coat spallation.

and IV.4.

Times at which top coat delamination/spallation was observed experimentally after
cooling from the peak temperature (930 to 1110◦C) are presented in Figs. IV.5. TBC states
(spalled or not spalled) as a function of temperature and exposure time are shown in Fig.
IV.5(a). At 930◦C no spallation is observed even after 1000 h. At 990◦C and 1050◦C, the
YSZ top coat failed at 1000 h and 300 h respectively. After 24 h of exposure time at 1110◦C,
top coat spallation is observed.

According to the plot representing the TBC state as a function of temperature and TGO
thickness hox, see Fig. IV.5(b), it is possible to extract a critical TGO thickness value for
which the TBC spallation occurs, between 1.92 µm and 2.15 µm. According to the Figure
IV.5(b) the TGO thickness is an important parameter in the TBC lifetime, nevertheless it
is not relevant to limit a TBC lifetime model to this parameter, especially during thermal
cycling.

IV.2.5 Discussions

General observations of delaminated and spalled parts of the TBCs studied, indicate that:
(i) even if interface toughness decreases and stored elastic strain energy increases can be
continuous mechanisms, when conditions to spall are fulfilled, spallation is a brittle fracture
mechanism. In the observed TBC samples, buckling delamination and spallation were seen
to be the final events in TBC failure, (ii) spallation and delamination occur simultaneously
in a relative short time, and the stage illustrated by the Step II in Fig.IV.2(a) is assumed
to be negligible compared to time to reach the critical TGO interface damage leading to
spallation. The studied TBC system has been assumed to be defined by a binary state:
spalled or not. Due to the different radii of curvature of the sample, a non-spalled TBC
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Figure IV.5 : TBC state (spalled or not spalled) as a function of isothermal loading ranging
from 930 to 1110◦C and (a) exposure time or (b) TGO thickness.

system can be locally damaged, and (iii) the TGO-BC interface is the weaker one. For these
reasons, our attention will be focused on the mechanisms involved in the progressive decrease
of the TGO-BC interface toughness with thermal exposure.
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IV.3 Microscopic interfacial damage close to the TGO layer

The TBC final failure mechanisms (delamination and spallation) previously presented do not
explain the oxide interface toughness decrease, induced by interfacial damage. The present
section studies the effect of microscopic interfacial damage on the TGO interface fracture
resistance or toughness.

IV.3.1 Literature review

For EB-PVD TBC systems, the degradation mechanisms under thermal loading are confined
to a zone located between the ceramic and the bond coat. Damage initiation could be induced
by several mechanisms, as summarised in Figs. IV.6(a) and (b). In addition to the vertical
separation which can be present along the YSZ ceramic columns and out-f-plane cracks in
the bond coat, Cases 2 and 5 in Figs. IV.6(a) and (b), damage could also initiate at both
oxide interfaces (Cases 1 and 6). Indeed, high normal traction levels generated by the oxide
interfaces roughness constitute the driving forces for micro-damage initiation, as discussed in
Section III.3.2. The EB-PVD deposition can create voids at the TGO-YSZ interface (Case 3).
Interfacial voids or porosities (Case 4) are also observed at the TGO-BC interface and might
also appear due to chemical phenomena as vacancy diffusion (Ibégazène-Ouali et al., 2000).
When the interface is stronger than the oxide, microcracks appear in the TGO, especially
during cyclic thermal loading (Case 7) (Yanar et al., 2006).

Propagation of oxide interfacial damage generally observe close to the TGO is presented
in Figs. IV.6(c) and (d). Microcracks could coalesce along the oxide interfaces by propagation
(Cases I and V), through the TGO (Mumm and Evans, 2000) or through the top coat
(He et al., 2004) (Cases III and IV). A vertical separation in the top coat might coalesce
with an interfacial crack (Case II), leading to edge delamination. Finally, damage could
increase by the simple growth of interface porosities (Case VI) (Harvey et al., 2008).

Numerous experimental studies dealing with interfacial damage in (Ni,Al)Pt bond coats
have been reported in the literature. Most of the time, in-plane cracks nucleate and extend
along the TGO-YSZ interface and through the top coat (Newaz et al., 1998, Bi et al., 2000,
Spitsberg et al., 2005). TBC systems constituted of a NiCoCrAlY bond coat and EB-PVD
top coat have already been studied. Imperfections close to the TGO have been observed by
Mumm and Evans (2000). According to these authors, the failed oxide interface has a brittle
appearance, micro-fracture progresses along the BC-TGO interface and no void are observed.
Microcracks nucleate around morphological imperfections in the TGO. In another study,
burner ring specimens have been observed after 14,000 h and in regions where the oxide is
thin and uniform, cracks are located at the TGO-BC interface, (Xu et al., 2004). Porosities at
the TGO-BC interface have also been observed after 100 cycles at 1000◦C (Yang et al., 2001)
and at 1100◦C (Kim et al., 2002).
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Figure IV.6 : Schematics of possible micro-damage mechanisms in an EB-PVD TBC system:
(a, b) initiation and (c, d) propagation.

IV.3.2 Observation of micro-damage on the TBC system

IV.3.2.1 Analysis of SEM micrographs

In order to understand and to characterise interfacial damage evolution, cross-sections of TBC
specimens after exposure to high temperature (from 930◦C to 1110◦) and for 24 to 1000 h
were analysed using SEM techniques.

At 930◦C, no porosities have been observed, even after 1000 h. At 990◦C, porosities whose
size is under 3 µm were present after 300 h and seemed to have grown after 1000 h, leading to
spallation of a small part of the specimen. The presence of porosities for high temperatures
( > 990◦C) illustrates the likely relationship between interfacial porosities and interdiffusion
in the bond coat due to its oxidation.

After 120 h at 1050◦C, porosities whose size is under 3 µm were observed in the non-
spalled part of the TBC, see Fig. IV.7(a). In another part of the specimen, the porosity
size is 10− 20 µm and they were seen to be close to the coalescence stage, see Fig. IV.7(b).
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Close to the spalled top coat zone, large voids were observed and were seen to have joined
together with interface cracks certainly as a result of the top coat spallation mechanism, see
Figs. IV.7(c) and (d). After 300 h, large delamination regions are developed in the whole
specimen, and it was not possible to identify the micro-damage mechanisms.

After a short exposure time at high temperatures (24 h at 1110◦C), porosities are observed
along the entire sample at the TGO-BC interface, see Fig. IV.8. Size voids range from 3
to 30 µm. Since there is no proof of void coalescence, we can assume that large voids
(> 3 µm) are the result of void coalescence. Unfortunately, the TBC specimens was seen to
have completely spalled on the sample tested after 96 h at 1110◦C and does not give us more
information.

IV.3.3 Interfacial micro-damage characterisation

In this section, the study of the oxide interfacial damage, limited to the porosities will be
carried out. Indeed, for the TBCs studied and for isothermal loading, microcracks were not
observed for any oxidation times and temperatures tested. In the case of spalled samples,
microcracks have been induced by top coat spallation mechanisms.

The effect of thermal exposure time on interfacial porosity evolution is presented in Figs.
IV.9(a) and (b). There are four different types of damaged TBC systems: 1) no oxide
interfacial damage, 2) small porosities (< 3 µm), 3) large porosities and 4) total spalled
TBC. To establish the relationship with the previous results, the figure representing the TBC
states (spalled or not) is also shown, Fig. IV.9(a). It is important to note that, in the same
sample, one part of the TBC can be seen to have spalled whereas another was only locally
damaged at the TGO-BC interface. This is in correlation with the different radii of curvature
of the samples.

Even if no damage was present at 930◦C, small porosities were seen to have nucleate at
990◦C after 300 h and to have grown after 1000 h. Certainly, due to interdiffusion mechanisms
in the bond coat, the higher the temperature, the earlier the porosities appeared to have
developed and grown. After 120 h at 1050◦C, large porosities were observed and seemed to
have seriously damaged the TGO-BC interface. The presence of interfacial porosities might
imply that the local damage mechanism is ductile. It also illustrates the progressive damage
mechanism of the TGO-BC interface, leading to a decrease of the TGO interface toughness.
The nucleation of interface porosities could result from a small interfacial crack (mechanical
effect) or from the coalescence of vacancies due to, for instance, interdiffusion. The particular
round morphology of the porosities focuses our attention on the chemical effect inducing
porosity nucleation and growth.

IV.3.4 Void nucleation and growth

For the analysed isothermal loadings, oxide interfacial damage was seen to be limited to
porosity nucleation and growth. The present section proposes physical and mechanical
mechanisms explaining the interfacial damage evolution. The relationship between the
observations and the model of the local interfacial damage time-evolution presented in
Chapter V is addressed.
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Figure IV.7 : SEM micrographs of an EB-PVD TBC system after 120 h at 1050◦C showing:
(a) the presence of initial porosities at the TGO-BC interface (marked by arrows), (b) grown
porosities and (c) cracks between large porosities near the spalled zone, probably caused by
the dynamic mechanism of top coat spallation.

IV.3.4.1 Porosity nucleation: Kirkendall effect

The diffusion processes involved in the bond coat can lead to volume changes, aluminium
depletion and phases dissolution, as discussed previously in Section II.2.3. An additional
consequence of the inward oxygen diffusion through the TGO is the formation of interfacial
porosities which could be explained by the different mobilities of the bond coat constituent
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Figure IV.8 : SEM micrograph showing large damaged zones (porosities) at the TGO-BC
interface after 24 h oxidation at 1110◦C.
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at the TGO-BC interface as a function of peak oxidation ranging from 930 to 1110◦C and
exposure time.
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species (Brumm and Grabke, 1993). Indeed, bond coat oxidation is associated with the
respective outward and inward diffusion of Ni and Al, Fig. IV.10(a). Since the diffusion
of nickel is three times greater than aluminium in nickel-rich NiAl alloy, see Fig. IV.10(b),
the vacancy flux induced by the imbalance between JAl and JNi leads to void formation, see
Fig. IV.10(a). The unbalanced material flows is known as the Kirkendall effect. It has been
proposed that voids can nucleate by vacancy coalescence (Hindam and Smeltzer, 1980).
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Figure IV.10 : (a) Schematics illustrating the interdiffusion of Ni and Al in the bond coat
responsible for porosity nucleation at the TGO-BC interface, (b) ratio between Al and Ni

diffusivity in NiAl as a function of the Al concentration and (c) quantitative values of the
interdiffusivity as a function of temperature (Kumar et al., 1974).

IV.3.4.2 Porosity growth

In the continuity of this latter approach, porosity growth can be explained by the Figs.
IV.10(b) and (c) (Kumar et al., 1974): the decrease of aluminium concentration in the bond
coat with oxidation time also induces an increase in the aluminium interdiffusivity in the
bond coat and in the ratio JAl/JNi. The Kirkendall phenomenon is inclined to increase with
exposure time and temperature, accelerating the nucleation and growth of porosities. This
analysis agrees with the porosity evolution with exposure time and temperature seen in the
experimental observations previously discussed, see Fig. IV.9.

How can stress state, thermal loading and the TBC constituents mechanical behaviour
explain the particular spherical morphology of the interfacial voids? According to Cocks and
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Ashby (1982), voids at a grain boundary could grow either by boundary, surface diffusion or
by power-law creep. A combination of these three mechanisms is also possible. The voids grow
on grain boundaries when diffusion is involved and within the grain as well when power-creep
law is dominant. The same explanation could be employed to model TGO-BC interfacial void
growth. If void growth is controlled by a boundary diffusion mechanism, voids should remain
spherical, see Fig. IV.11(a), which is in disagreement with our observations, Figs. IV.7 and
IV.8. Indeed, the typical void morphologies observed in our experiments implies that surface
diffusion and the power-law creep are likely the void growth dominant mechanisms.

a) Boundary diffusion c) Power−law creepb) Surface diffusion

TGO

BC

TGO

BC

TGO

BC

1

2

22 22 22

Figure IV.11 : Illustration of the mechanisms controlling void growth: (a) boundary
diffusion, (b) surface diffusion and (c) power-creep law (Cocks and Ashby, 1982).

Oxidised species might be transported around the void in regions where a void has
nucleated (Smialek, 1978, Hindam and Smeltzer, 1980). This assumption is based on
surface porosity observations which suggest that surface diffusion occurs (Théry et al., 2007,
Théry et al., 2009). Considering the Cocks and Ashby model, surface diffusion controls void
growth for low out-of-plane stress values (σ22 in Fig. IV.11), high temperatures and low void
sizes. Power-law creep is the dominant mechanism under high stress levels and high void
sizes. With time, voids growth can be controlled by a combination of both mechanisms, see
Fig. IV.12.

IV.3.4.3 Discussions

The nucleation of nano-porosities (< 0.1 µm) at the TGO-BC interface can be associated with
the interdiffusion of Al and Ni in the bond coat (Kirkendall effect), resulting from bond coat
oxidation. Depending on the void size, stress and temperature, the mechanisms controlling
void growth are not the same. To explain the void nucleation and growth mechanism, from a
nano-porosity (< 0.1 µm) to a large one (> 3 µm), the following observations can be made:

• at high temperatures, the Kirkendall phenomenon is the dominant mechanism leading
to the nucleation and growth of nano porosities,
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Figure IV.12 : Damage rate as a function of (a) stress and (b) damage, when the void
growth is limited by surface diffusion and power-law creep (Cocks and Ashby, 1982).

• coupling to the Kirkendall effect and still at high temperatures, surface diffusion may
control void growth. Indeed, the void morphology is ellipsoidal, see Fig. IV.8, its size
is still small (< fewµm) and stresses are relatively low,

• when stresses develop at high temperatures or when the porosity size is large enough
(> few µm), void growth can be controlled by power-law creep. According to Figures
IV.7 and IV.8 voids appear in the valley zones, supporting, the assumption that void
growth is due to the coupling of physical and mechanical phenomena.

Based on interfacial porosities observations, the model of micro-damage time-evolution at
the TGO-BC interface should take into consideration porosity nucleation and growth. The
latter assumes to be a function of stress and plastic/creep strains close to the TGO. The
model should also be able to distinguish damage generated during cyclic thermal loading and
that at high temperatures related to chemical effects and to the growth strains associated
with bond coat oxidation.
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IV.4 TGO interface toughness

In this section, the recent measurements of oxide interface toughness, Gc, presented in
the literature are studied, and more especially for TBC systems based of an EB-PVD
YSZ top coat and on a NiCoCrAlY bond coat. There are many different methods to
determine the interface stickiness (Volinsky et al., 2002). Based on a fundamental fracture
approach, mechanical tests (four-point bent, compressive test, indentation, barbing...)
provide measurements of the delamination fracture resistance. A significant mode-dependence
of the interface toughness of brittle interfaces has been observed in experimental studies of
the interface fracture. Gc increases with the mode mixity parameter, Φ, and the interface
toughness is significantly larger in Mode II than in Mode I (Hutchinson and Suo, 1992,
Volinsky et al., 2002). For EB-PVD TBC systems, delamination is caused by compressive
in-plane stresses and spallation occurs under Mode II loading. The experimental data can be
separated into two parts: (1) the TGO interface toughness for as-prepared and undamaged
sample (no interfacial microcracks or porosities) and (2) for samples thermally exposed. In
both cases, Gc has been determined at room temperature.

IV.4.1 TGO interface toughness for as-prepared specimens

Interface adhesion has been measured for alumina scales bonded to Au substrates. The
reported values for Gc range from 80 to 125 J/m2 (Reimanis et al., 1991) and from 50 to
70 J/m2 (Mao and Evans, 1997). For Al2O3 on Ni − Cr alloy, Gaudette et al. (1997) have
used experimental values from J. Stolken (unpublished research at UCSB) and Gc was found
to be around 100 J/m2 (Gaudette et al., 1997). More recently, based on a barb pullout
method, Guo et al. have found that the measured interface adhesion for undamaged TBC
system ranges from 60 to 90 J/m2 (Guo et al., 2005, Guo et al., 2007).

IV.4.2 Time-evolution of the TGO interface toughness

Measurements of the influence of exposure time on TGO interface toughness for NiCoCrAlY

bond coats have been reported by Vasinonta and Beuth (2001). Interface toughness results
were also obtained from indentation tests. According to the authors, the results would be
affected by changes in the TBC system properties. The quantitative results are dependent
on the model and the low interface toughness measured in undamaged TBC systems
(Gc = 49 J/m2) illustrates the disadvantage of this method. Nevertheless, the results show
a significant decrease of the interface toughness with exposure, ranging from 49 to 4.3 J/m2

after 0 and 56 h of exposure time at 1200◦C, see Fig. IV.13.

To improve the quantitative evaluation of interface toughness, Kim et al. (2007) have
determined experimentally interface adhesion using a push out method, for exposure times
ranging from 0 to 200 h at 1150◦C. And Gc ranges from 115 to 13 J/m2, the interface
toughness decrease becomes significant after 100 h thermal exposure, see Fig. IV.13.
Note that the interface adhesion before thermal exposure does not follow the curve trend.
Nevertheless, initial oxide toughness is in agreement with the values previously presented.

A comparison between the methods used to determined Gc and the results obtained for a
NiCoCrAlY bond coat leads us to calibrate our lifetime model with the experimental results
provide by Kim et al. (2007).
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Figure IV.13 : Plots of the interface toughness as a function of thermal exposure
time for a NiCoCrAlY bond coat and EB-PVD top coat (Vasinonta and Beuth, 2001,
Kim et al., 2007).

IV.5 Concluding remarks

For isothermal loading and for the TBC tested specimens, micrograph observations and
analysis show that:

• among all the plausible scenari, top coat buckling is the mechanism retained to explain
TBC spallation,

• top coat spallation is associated with the buckling delamination of the TGO-BC
interface,

• top coat delamination and spallation may occur simultaneously and suddenly,

• TGO-BC interface delamination, leading to spallation, is a brittle phenomenon,

• EB-PVD TBC system is defined by a binary state: non-spalled or spalled,

• the TGO-BC interface is the weakest one due to the presence of interfacial damage in
our system (porosities),

• porosities are observed in the valley regions at the TGO-BC interface,

• interfacial damage initiation could be due to interdiffusion phenomenon (Kirkendall
effect) occurring in the bond coat,

• the Kirkdendall effect associated with the stress field could also explain porosity growth,

• porosity growth may be controlled by surface diffusion, or by power-law creep and may
generate the observed spherical morphologies of interfacial porosities.

The last chapter of the present thesis will consist in establishing the relationship between
the microscopic (porosity) and macroscopic (delamination/spallation) damage observed in
the TBC studied and the lifetime model. The latter should be based on the results of the
stress and strain fields simulations presented in Chapter III.
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V.1 Introduction

The ability to predict the lifetime of TBC systems protecting gas turbine blade is among
the highest priorities for gas turbine manufacturers. Despite considerable experimental
work, the understanding and the prediction of TBC lifetime is still a demanding task. The
main difficulty is to model the relationship between the microscopic mechanical and physical
phenomena occurring close to the TGO-BC interface and the high stored energy generated
by macroscopic in-plane stresses present in TBCs. Due to their multiple structures (APS
or EB-PVD top coats, NiCoCrAlY or (Pt,Ni)Al bond coats) and their complexity, TBCs
exhibit multiple failure mechanisms, as discussed in Chapter IV. A lifetime assessment has to
be based first on damage observations, related to the TBC system of interest. The second step
is to model the observed damage evolution and to take into account the influent parameters
of the system such as oxide interface toughness and stored elastic strain energy per unit area.
Finally, calibration and validation of the lifetime model are required.

TBCs life assessment has been proposed in the literature for APS top coats based on
fracture mechanics approaches (Busso et al., 2001b, Traeger et al., 2003, Aktaa et al., 2005,
Arai et al., 2006, Brodin and Eskner, 2004). Damage evaluation takes place in terms
of fatigue cracks initiation/growth and its evolution is modelled using a Paris’ law
(Brodin and Eskner, 2004). Also using rupture concept, microcrack propagation is governed
by the buckling of the YSZ ceramic and oxide layers. This approach allows to model
the interface delamination (Evans et al., 1983, Hutchinson and Suo, 1992). Taking into
consideration that TGO delamination could drive a macroscopic failure, intensive works
have been achieved to evaluate interfacial energies using first principles calculations
(Evans et al., 1993, Evans et al., 1997, Carling and Carter, 2007). For EB-PVD TBC
systems and based on numerical approaches, cracking through or at the TGO interfaces
has been described using cohesive zone elements (Qiu et al., 2001, Yuan and Chen, 2003,
Caliez et al., 2003, Bialas et al., 2005). This approach has been improved using the partition-
of-unity method (Hille et al., 2009a, Hille et al., 2009b). Lifetime model has been proposed
based on a local stress criterion (Busso and Qian, 2006, Busso et al., 2007). These numerical
approaches allow to model oxide interfacial damage using a numerical simulation of stress
fields close to the TGO, where micro-damage is known to appear. Nevertheless, this type of
general damage development is not observed in the TBC system studied here. Due to the
brittle nature of TGO-BC interface, no crack propagation is observed and thus a rupture
approach is not relevant. Furthermore, if the existence of an interfacial micro-damage is
a necessary condition for top coat spallation to occur, it is not sufficient to explain TBC
spallation.

This final chapter proposes a multi-scale predictive model of the EB-PVD TBCs lifetime.
It establishes the relationship between a local approach of the TGO-BC interfacial micro-
damage, which leads to its interfacial toughness decrease and an energetic approach which
takes into account the effects of macroscopic in-plane stresses. This work brings together all
the previous considerations dealing with the TBC microstructure (oxide roughness, YSZ top
coat sintering), observation of damage mechanisms and numerical simulations of the local
stress/strain fields close to the TGO.

In Section V.2, a TBC spallation predictive method, based on a global energetic approach,
is presented. Interface adhesion is defined, as well as the spallation mechanisms and the
criterion defining time spallation. Time-evolution of the stored elastic strain energy per unit
area is formulated and applied to EB-PVD TBCs. In Section V.3, time-evolution of TGO-
BC interface toughness is modelled. A phenomenological definition of interfacial damage,
using a standard mesoscopic variable D is presented. D is related to both TGO-BC interface
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toughness and to the local damage present along the TGO-BC interface. The interfacial
micro-damage rate Ḋloc is defined as a function of the stress/strain fields close to the TGO-
BC interface using a model previously developed by Lemaitre (1992). The model takes into
consideration the interfacial damage evolution along the moving TGO-BC interface. The
main challenge in the application of the damage model to a TBC comes from the need to
conserve interfacial damage along a moving interface and to integrate the historic effects
of thermal loading. Finally, in Section V.4, the relationship between the interfacial micro-
damage Dloc at each Gauss point and the phenomenological variable, D, is defined. The
calibration and validation of the model are carried out using experimental data provided by
our database and by the literature.

V.2 Global energetic approach for TBC spallation

This section deals with the approach proposed to predict TBC spallation using a global
energetic principle. To this purpose, it is assumed that there are two necessary conditions for
spallation of an unstable multi-layer system after cooling: (i) the stored elastic strain energy
per unit area, G (J/m2), must be greater than the TGO-BC interface toughness, noted Gc

(i.e.macroscopic criterion) and (ii) micro-damage must be present (i.e.microscopic criterion).
It should also be noted that the stored elastic strain energy per unit area is released during
top coat spallation.

First, interface adhesion and the energy available in a multi-layer system is presented in
order to define the spallation criterion. In the case of TBC systems, the stored energy or
driving force for coating spallation increases with exposure time whereas the critical interfacial
energy decreases due to the degradation incurred during service (Smialek et al., 1994). The
stored energy takes into account the high in-plane stress levels which arise from thermal
loading and the microstructured degradation, such as sintering of the YSZ and the oxide
layer growth. Time evolution of the TGO-BC interface toughness, affected by oxide interfacial
micro-damage, is studied in the Section V.3.

V.2.1 Global energetic TBC lifetime approach

V.2.1.1 Interface adhesion

The interface toughness is one of the main properties which controls the mechanical integrity
of a multilayer system. The interface decohesion resistance, Gc, is defined as the amount of the
thermodynamic (Wther) and the dissipated mechanical (Wdiss) energies (Volinsky et al., 2002,
Théry et al., 2007, Théry et al., 2009). The first one is the intrinsic interface resistance and
represents the true work of adhesion. Without any dissipative phenomena such as plasticity
and interfacial friction, Wther should be equal to the interface decohesion resistance, Gc. With
dissipative phenomena, Gc represents the practical work of adhesion and is expressed as:

Gc = Wther +Wdiss. (V.1)

In the present study, the oxide interface toughness Gc is taken as the practical work of
adhesion and no distinction will be done Gc and Wther or Wdiss.
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V.2.1.2 Spalling criterion

In the presence of micro-damage at the TGO-BC interface and of high in-plane compressive
stress states, the oxide and top coat are susceptible to spall, as illustrated in Fig.
V.1. In our system, top coat spallation is known to occur by buckling delamination
(Evans et al., 1983). As explained in Section IV.2, the delamination and spallation
mechanisms occur simultaneously and suddenly. In our approach, we suppose that the TBC
is an unstable system defined by two states: the initial one which exists before spallation,
with a damaged TGO-BC interface (Step II in Fig. V.1) and a second one where the top coat
has already spalled, (Step IV). Because of buckling Step (III) is assumed to be very short in
time, it will not be considered in our approach.

TGO

YSZ

IV Spallation

II Interfacial damageI As−deposited

III Buckling−delamination

BC

BC

YSZ

YSZ

YSZ

BC

BC

Porosities

Figure V.1 : Schematics representation of the TBC system spallation mechanism: (I) safe
TBC system, (II) damaged TGO-BC interface, (III) buckling-delamination and (IV) top coat
spallation.

TBC lifetime can be determined by knowing (i) the evolution of the stored elastic strain
energy per unit area, G (J/m2) and (ii) the critical interfacial TGO energy, Gc, which
represents the coating spallation resistance. Top coat spallation occurs when the stored
energy reaches the interface oxide energy. Note that the proposed approach assumes the
existence of micro-damage prior to final failure and that a complete release of stored energy
at the TGO-BC interface occurs during top coat spallation. Thus, the spallation criterion is
given by:
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Gc = G (V.2)

The conditions leading to the critical conditions defined by this criterion are illustrated in
Fig. V.2.

Spallation
G = Gc

Oxide interface toughness, Gc

tfOxidation time 

energy per unit area, G
Stored elastic strain

O
xi

de
 in

te
rfa

ce
 to

ug
hn

es
s G

c 
(J

/m
²)

St
or

ed
 e

ne
rg

y 
pe

r u
ni

t a
re

a 
G

Figure V.2 : Schematic evolution of stored elastic strain energy per unit area and oxide
interface toughness with oxidation time, leading to the critical condition, G = Gc, for the
onset of spallation.

V.2.1.3 Formulation of the stored elastic strain energy per unit area

For an unbuckled and flat TBC system, under plane strain conditions, the stored strain elastic
energy per unit area (J/m2) is defined by:

G =
1

S

�

V
σ∼ : ε∼elasdv =

σ2
11(1− ν2)

2E1
h, (V.3)

where σ11 is the macroscopic in-plane stress, in the direction X1 parallel to the macroscopic
bond coat and the YSZ ceramic interface. Here, σ11 is assumed to be homogeneous inside
each TBC layer, ν the Poisson’s ratio, E1 the in-plane Young’s modulus and h the thickness.

In a preliminary approach, G is analytically formulated in terms of the oxide and top coat
thicknesses, their elastic properties and the macroscopic in-plane stresses. As delamination
initiates at the TGO-BC interface, the energy released during spallation is that previously
stored in the TGO and YSZ layers. Here, the total stored elastic strain energy per unit area,
Gtot, can be expressed in terms of the amount of those in the TGO and the top coat, noted
GTGO and GY SZ , respectively (Théry et al., 2007, Théry et al., 2009). Thus:

Gtot = GTGO +GY SZ . (V.4)

Using Eq. V.3, Eq. V.4 can be rewritten as:
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Gtot =
σ2
TGO(1− ν2)

2ETGO
1

hTGO +
σ2
Y SZ(1− ν2)

2EY SZ
1

hY SZ . (V.5)

Here, ETGO
1 and EY SZ

1 are the in-plane Young’s moduli of the oxide and ceramic, respectively.
In TBC systems, the in-plane stresses σ11 are generated by thermal and mechanical property
mismatch and can reach a few GPa. When TBC constituents are assumed elastic, with plane
strain conditions and a flat TBC morphology, compressive in-plane stresses inside each layer
are given by:

σ
i
11 =

∆αi(T )∆T

(1− ν)
E

i
1, (V.6)

where∆ iα(T ) is the relative coefficient of thermal expansion between each TBC constituents
and the substrate, and formulated as in Section III.3.1. Then:

∆ε
i
th = ε

i
th − ε

sub
th = ∆α

i(T )∆T with i = YSZ, TGO and BC, (V.7)

As previously explained in Section III.3.1, two cases need to be distinguished for stress induced
by thermal expansion. In equation V.6,∆ T can be the relative temperature (∆Ta) between
that during EB-PVD deposition and the in-service temperature, Tdep and T , respectively.
Equation V.6 can then be rewritten as:

σ
i
11 =

∆αi∆Ta

(1− ν)
E1 =

∆αi(T )[T − Tdep]

(1− ν)
E

i
1 with i = YSZ and BC. (V.8)

This equation could be applied to all the TBC constituents except for the new oxide which
forms at high temperatures, Th. In such case,∆ T is the relative temperature, noted∆ Tb,
between the peak temperature Th and in-service thermal loading temperature T . Then:

σ
i
11 =

∆αi∆Tb

(1− ν)
E1 =

∆αi(T )[T − Th]

(1− ν)
E

i
1 with i = TGO. (V.9)

The top coat is expected to spall during cooling when the driving force for spallation
reaches its peak value. Nevertheless, damage and toughness degradation can also take place
at high temperatures. Thus, the stored elastic strain energy per unit area, G(J/m2) is (i)
a function of the EB-PVD deposition temperature (Tdep) and the in-service temperatures
(T ), (ii) greater at low temperatures, (iii) a function of macroscopic TBC parameters such as
high in-plane stress fields and TGO thickness, (iv) made up of contributions from the stored
elastic strain energies in each TBC constituents (YSZ and TGO) and (v) takes into account
top coat sintering effects via the time-evolution of the YSZ in-plane Young’s modulus.

The oxide interface toughness, Gc, is an intrinsic property of the interface and decreases
with exposure time due to interfacial micro-damage. It can also be a function of oxide growth,
local stress/strain fields at the oxidising temperatures and during thermal transients and may
be affected by a fatigue component introduced by thermal cycling.
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V.2.2 Time evolution of the stored elastic strain energy per unit area

As a preliminary study, a comparison of the stored strain energy per unit area, obtained by
analytical and numerical approaches, has been made for a flat TBC system. The results show
that stored energies are similar for both approaches, which implies thatG is not affected by the
creep and plastic deformation of the bond coat and oxide layer. This result is consistent with
the investigation of creep and plastic behaviour influence on in-plane stress states, previously
presented in Section III.3.1. The same study has been performed for a rough TGO layer, and
the analytical and numerical approaches give identical results.
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Figure V.3 : Time-evolution of the stored elastic strain energy per unit area at room
temperature determined analytically using Eq. V.5, after thermal exposure at (a) 950◦C and
(b) 1150◦C.

To compare the respective influence of the top coat and TGO layer on the total stored
energy (Eq. V.4), its evolution inside each layer has been estimated analytically for the EB-
PVD TBC system, at 950◦C and 1150◦C , the results are shown in Fig. V.3. At 950◦C, the
low effects of YSZ sintering is reflected by the light increase of GY SZ , from 33 to 42 J/m2

after 2000 h oxidation, see Fig. V.3(a). The TGO layer contribution increases with exposure
time, from 8 to 38 J/m2. GTGO increase from 20% to 47% of the total stored energy after
2000 h oxidation. Despite its small thickness, the high contribution of the TGO layer is due
to the difference between the relative temperature (∆Ta<∆Tb, see Eqs. V.8 and V.9) and
the low top coat in-plane Young’s modulus. In conclusion, at 950◦C, the total stored elastic
energy per unit area arises mainly from the oxide layer and its relative contribution to the
overall driving force increases with oxidation time. At 1150◦C, the qualitative results are
different than at 950◦C. The contribution of the top coat is higher and represents 20% and
84% of the total stored energy per unit area, respectively, after 0 and 2000 h, Fig. V.3(b).
The top coat sintering has a light influence on the stored energy evolution, GY SZ , which
ranges from 33 to 60 J/m2.

Figure V.4(a) illustrates the effect of sintering at 950◦C and 1150◦C. The effects are
greater at 1150◦C, as expected. The contribution of the YSZ top coat sintering is around
30 J/m2. In spite of its low relative influence on the stored elastic strain energy per unit
area, the top coat sintering behaviour has to be modelled so as to determine not only the
local stresses close to the oxide but also the macroscopic stored elastic strain energy.

Figure V.4(b) shows the influence of the in-service temperature on G, taking into account
top coat sintering, oxide thickness growth and the thermal loading. The temperature effect
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Figure V.4 : Time-evolution of the elastic stored strain energy per unit area showing the
influence of (a) sintering at 950◦C and 1150◦C on G, (b) in-service peak temperature and (c)
EB-PVD top coat deposition temperatures, Tdep.

is evident and G increases from 80 to 381 J/m2 when the peak temperature increases from
950◦C to 1150◦C.

The influence of the EB-PVD deposition temperature, Tdep, has also been analysed for
an in-service temperature of 950◦C, Fig. V.4(c). This parameter affects only GY SZ , and G

ranges from 80 to 298 J/m2 after 2000 h of exposure. Then, the contribution of the top coat
represents 96% and 87% of the total stored energy, respectively, after 0 and 2000 h oxidation.
This result illustrates the strong influence of the EB-PVD process temperature on the top
coat stored energy. Note, that the EB-PVD process temperature has a greater influence than
top coat sintering.

In this section, it has been shown that the EB-PVD TBCs lifetime can be modelled
following an energy approach, which is in turn based on the description of the coating’s driving
force for top coat spallation, G, and the oxide interface toughness, Gc. It is important to
note that this failure criterion, G = Gc assumes implicitly the existence of interfacial micro-
damage.
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V.3 Time evolution of the TGO-BC interface toughness

In the previous section, a relation between top coat spallation and oxide interface toughness
was proposed following an energetic approach. And the stored elastic strain energy per unit
area was analytically predicted. One of the main difficulties to model TBC systems lifetime
remains to formulate the relationship between the interfacial TGO micro-damage and the
oxide interface toughness. In order to model the oxide interface toughness decrease, local
stress/strain fields close to the damaged zone need to be investigated along a representative
interface profile, modelling the TGO morphology. Based on the predicted stress and strain
fields, a model has been develop to describe the evolution of the critical TGO interface energy
needed in the energy-based TBC lifing approach.

From observations of TBC damage evolution and from results published in the literature,
it is known that the oxide interface toughness decreases with exposure time. Note that, even
if spallation is known to occur at room temperature when the stored energy is maximal,
interfacial damage can generally evolve at high temperatures and during cooling. In this
section, a formulation of the TGO-BC interface damage model is first proposed. The TGO-BC
interface adhesion is linked to a mesoscopic damage variableD, determined on a representative
elementary interfacial length (LREL). Here, D is related to both the TGO-BC interface
toughness and the local damage Dloc present along the TGO-BC interface which is a function
of the local stress and strain fields (Lemaitre, 1992). The model distinguishes damage (i)
at high temperatures due to the oxide growth strains and (ii) during cyclic thermal loading.
Next, the micro-damage evolution following the TGO-BC interface is modelled. Note that
Dloc is history dependent so as to include the accumulation of the local damage due to the
thermal cycling (i.e. thermal fatigue).

V.3.1 Formulation of the mesoscopic interfacial damage model

The formulation of the TGO-BC interface toughness could be done following a mesoscopic
damage approach expressed in terms of a mesoscopic scalar damage variable D and is defined
as:

Gc = (1−D)G0
c , (V.10)

where G0
c is the oxide interface toughness in the as-deposited state. Here, it is assumed that

the damage is isotropic and represents the relative reduction of the TGO-BC interface area.
It can be defined as the ratio between the undamaged and damage surfaces, Ss and Sd:

D =
Sd

Ss
. (V.11)

In our study, it is assumed that the TGO-BC interface degradation is generated by porosity
growth or by an intrinsic decrease of its interfacial toughness. Let the mesoscopic damage D

be defined as the mean value of the local damage, Dloc, in an integration surface, Sint, close
to the TGO-BC interface, as shown in Fig. V.5. The local damage describes the damage in
each finite element close to the TGO-BC critical interface. The advantage of this approach is
that a relationship between micro and mesoscopic damage can be proposed so as to take into
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account the damage along the entire TGO-BC interface and not just close to the peak region,
where normal tractions are positives and maximum. Locally, a small part of the TGO-BC
interface could fail when Dloc = 1 without leading to top coat spallation. The integration
surface, Sint, is a parameter of this model and will be discussed later on. The mesoscopic
damage, D, can be expressed in terms of the integration surface, Sint, and the local damage,
Dloc, as:

D =
1

Sint

�

Sint

DlocdS. (V.12)

Sint

TGO

BC

YSZ

Figure V.5 : Schematic showing the integration surface Sint on which Dloc is integrated to
determine the mesoscopic damage D.

V.3.2 Formulation of the microscopic interfacial damage model

In Section IV.3, porosities have been observed at the TGO-BC interface and a suitable
mechanism has been proposed to explain void nucleation and growth. Local damage rate Ḋloc

can be defined as a combination of the damage rate due to physical (Ḋoxi
loc ) and mechanical

(Ḋmec
loc ) phenomena. Then:

Ḋloc = Ḋ
oxi
loc + Ḋ

mec
loc . (V.13)

According to the micrograph presented in Chapter IV, the porosities nucleate and grow in
the valley regions where the bond coat is submitted to high levels of stress and to plastic and
creep deformations. For long exposure times typical of land based gas turbine, the damage
induced by chemical phenomena may be assumed to be negligible when compared to porosity
growth damage (Doxi

loc � Dmec
loc ). Furthermore, our interest is to predict the TGO-BC interface

toughness after long exposure times when the TGO-BC interface is considerably damaged. Gc

time evolution in the first hours is not interesting in the present study. It could be relevant to
add a term to account the nucleation and growth of interfacial microcracks when the system
is cooling down. Nevertheless, according from our observations, no interfacial crack have been
observed, except due to the dynamic nature of the top coat spallation and therefore it will
not be modelled in the present study.
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To simulate damage growth at the TGO-BC interface, a model which accounts for stress
and creep/plastic strain fields has been chosen. The local damage rate, Ḋloc, is determined
incrementally at each Gauss point, based on a thermodynamic approach. According to the
work of Lemaitre (1992), a thermodynamic approach gives an expression of the local damage
rate:

Ḋloc = Ḋ
mec
loc =

�
Y

A

�β

ṗ, (V.14)

where Y (N/m2) is the energy density release rate associated with the local damage (Eq.
V.17), ṗ is a scalar representing the equivalent creep and plastic strain rate at the TGO-BC
interface (Eq. V.15) A and β are the damage material parameters.

ṗ =

�
2

3
ε̇∼
i : ε̇∼

i

� 1
2

, with i = creep or plastic (V.15)

Here, ṗ is controlled by the bond coat visco-plastic behaviour. To complete the damage
formulation, the concept of an effective stress needs to be recalled. Bearing in mind that the
nominal stress σ∼ acts on a damaged interfacial area, then the effective stress σ̄∼ can be defined
as:

σ̄∼ =
σ∼

1−Dloc
. (V.16)

The energy density release rate, Y , is a function of the local elastic strain energy density,
which can be expressed in terms of both the stress and strain states:

Y =
1

2
ε∼ : σ̄∼ =

σ̄∼
2
eqRv

2E
, (V.17)

σ̄∼eq =

�
3

2
σ̄∼D : σ̄∼D

� 1
2

, (V.18)

Rv =
2

3
(1 + ν) + 3(1− 2ν)

σ̄∼H

σ̄∼eq

, (V.19)

where σ̄∼eq is the von Mises equivalent stress, σ̄∼D is the deviatoric part of the stress tensor

(σ̄∼), σ̄∼H is the hydrostatic stress and Rv is a function that introduces the triaxiality function,
Tx = σ̄∼H/σ̄∼eq.

In this approach, the global damage rate Ḋ is assumed to decrease with exposure time in
order to be consistent with the expected decrease of the oxide adhesion energy. Thus, it is
possible to model the damage at high temperatures (low Y , high ṗ) and during the cooling
or heating transients (high Y , low ṗ).

Table V.1 summarises the relationships and the relative scale between the different
formulations used to model the stored elastic strain energy per unit area G, TGO-BC interface
toughness Gc, mesoscopic damage D and microscopic damage Dloc.
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Table V.1 : Summary of the different formulations used, namely the stored elastic strain
energy per unit area G, TGO-BC interface toughness Gc, mesoscopic damage D and
microscopic damage Dloc.

TGO-BC interface toughness Gc

Micro scale Eq. Meso scale Eq. Macro scale Eq.

Ḋloc =

�
Y

A

�β

ṗ V.14 D =
1

Sint

�

Sint

DlocdS V.12 Gc = (1−D)G0
c V.11

Y =
1

2
ε∼ : σ̄∼ V.17 D =

Sd

Ss
V.11

σ̄∼ =
σ∼

1−Dloc
V.16

Stored elastic strain energy per unit area G

Macro scale Eq.

G =
1

S

�

V
σ∼ : ε∼elasdv V.3

Gtot = GTGO +GY SZ V.4

σ11 =
∆α(T )∆T

(1− ν)
E1 V.6

V.3.3 Conservation of micro-damage during the TGO-BC interface motion

An important point to know is whether the TGO-BC interface damage (i) follows the
oxidation internal front, (ii) is locally conserved or (iii) is healed at each step at high
temperatures due to oxidation (Schutze M., 1991). According to observations on tested
samples, the TGO-BC interface damage is seen to follow the inward oxidation front and
to increase with oxidation time and temperature. The methodology developed to model the
conservation of the microscopic interface damage is presented and illustrated next with a flat
TBC interface.

V.3.3.1 Methodology

The formulation of the oxide growth model requires the development of a method to drive
the inward oxidation front motion during oxidation in the FE mesh, see Section III.2. This
method allows to know the position in the FE mesh of the transition zone between the
oxidised and non-oxidised material, see Fig. V.6(a). The FE mesh is generated so as to
contain vertical and horizontal rows of finite elements. When the oxide front position reaches
a new element, the initial damage of the element to be oxidised is defined as:
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D
i+1
loc−ini = D

i
loc−final, (V.20)

where i is the index of the last element fully oxidised, i+1 is the index of the next element to
be oxidised and the subscripts final and ini correspond, respectively, to the final and initial
damage values of the given finite element. The Figure V.6 illustrates this method which takes
into account the previous local damage due to the oxide growth strains and thermal loading.
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Figure V.6 : (a) Value of the oxide volume fraction (fox) in a flat 2D FE mesh, and (b), (c)
close-up views of the transition zone showing the damage values in the FEs and the damage
assigned to the new oxidised FE.

V.3.3.2 Application to a flat TBC system

To illustrate the FE approach to model the moving TGO interfaces, the previous methodology
proposed to determine micro and mesoscopic TBC damage has been applied to a flat TBC
system, see Fig. V.7. The values of the two parameters A and β in Eq. V.14, which are used
to calibrate the damage evolutions, are for the moment arbitrarily chosen, namely A = 100
N/M2 and β = 1. Their calibrations will be done in the next section.

The thermal history imposed on the TBC consists of 200 day-long cycles, with an in-
service temperature of 950◦C. Figure V.7 shows the the local damage Dloc evaluated at each
Gauss point at three different oxidation times. Since the oxide interfaces are flat, Dloc is
constant in the transition zone of the TGO-BC interface. Here, the mesoscopic damage D,
characterising the average damage at the BC-TGO interface, is not presented. Note that,
Dloc increases with oxidation time, see Eq. V.20 and that its maximal value is located at the
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Figure V.7 : Predicted distribution of the local damage, Dloc, at 20◦C after 50, 100 and
200 day-long cycles at 950◦C.

moving BC-TGO interface.

For a given FE belonging to the row i and crossed over by the oxidation front, the time-
evolution of the local damage Dloc and oxide volume fraction fox are presented in Fig. V.8.
Initially, the FE belongs to the bond coat, that is for fox = 0. When the oxide front begins
to cross the given FE row, the initial local damage value Di

loc−ini is set to the final local

damage value D
i−1
loc−fin of the previous oxidised FE belonging to the FE row i− 1. Then, the

growth strains associated with the oxide volume expansion leads to an increase of the local
damage. The damage jump seen in Fig. V.8 corresponds to the damage due to a thermal
cycle occurring during the motion of the oxide front along this FE row. Finally, the damage
continues to grow until fox = 1 at which time Dloc reaches its final value, Di

loc−fin. This

latter value is assigned to the new oxidised FE row, Di+1
loc−ini = Di

loc−fin.

Note that, the model used to describe the local damage at the moving TGO-BC interface
takes into account the damage (i) at high temperatures due to the oxide growth strains
associated with the bond coat oxidation and (ii) that due to the thermal cycling during the
cooling and heating transients. Furthermore, the local damage remained along the moving
TGO-BC interface and models the history-dependence. This approach can be calibrated by
setting appropriate values for the parameters A, β and Sint.

V.3.3.3 Application to a sinusoidal TGO morphology

The predicted local damage (Dloc) defined in Eq. V.14, is shown in Fig. V.9 after 20, 50,
100 and 200 days at 950◦C with or without cyclic thermal loading. The prediction of Dloc

is done for a 2D sinusoidal simulation of the TGO morphology. This periodic unit cell is
considered as a representative elementary volume and its geometry is similar to the one used
in Section III.3. The lifetime model parameters are still arbitrarily chosen, A = 100 N/M2
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Figure V.8 : Plot of the local damage value Dloc and the oxide volume fraction fox time-
evolution for a chosen FE belonging to the FE row i and crossed over by the oxide front.

and β = 1. Figure V.9 shows that the predicted local damage field increases with exposure
time and that it follows the internal oxidation front motion. It is significant in the oxide zone
located between the peak and the valley regions for isothermal loading, see Fig. V.9(a) or a
low number of thermal cycles Fig. V.9(b). After 100 cycles, damage is observed in the valley
region. The local damage field can be separated into two parts: (i) damage due to the growth
strains occurring at high temperatures, located between the peak and the valley regions at
the TGO-BC interface and (ii) damage due to thermal cycling located in the valley regions.
This point is illustrated in Fig. V.10. The predicted damage field is in agreement with the
SEM observations presented in Section IV.3. Porosities have been observed to nucleate and
grow in the valley regions and between the peak and valley regions, see Figs. IV.7 and IV.8.
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V.4 TBC lifetime simulation

This section reports the calibration of the lifetime model parameters A, β and Sint defining the
local damage in Eqs. V.12 and V.14 and the validation of the model using the experimental
results previously presented in Section IV.2.4. For the calibration stage, the methodology
followed consists in:

• modelling the thermal loading applied experimentally to each TBC samples,

• simulating the predicted stress and strain fields,

• using the post processing approach to calculate the microscopic local damage fields Dloc

close to the TGO-BC interface, the mesoscopic damage D and the TGO-BC interface
toughness Gc.

For the validation stage, the prediction of the stored elastic strain energy per unit area G

was performed using the analytical formulation, given by Eq. V.3.

Prediction of the stress, strain and local damage fields was carried out for a 2D sinusoidal
profile of the TGO morphology. This periodic unit cell is considered as a representative
elementary volume, its geometry is similar to the one used in Section III.3. First, definition
of the integration surface, Sint, is discussed and is followed by the calibration of the lifetime
model parameters (A and β) using experimental data from the literature. Second, the lifetime
model is validated based on TBC lifetime results obtained experimentally, see Section IV.2.4
and Fig. IV.5.

V.4.1 Characterisation of the relationship between the micro and
mesoscopic interfacial damages

The mesoscopic damage D has been defined as the average value of the local damage (Dloc)
over the surface Sint, see Eq. V.12. To propose a relevant choice of Sint, an analysis of
the local damage field needs to be done first. Accordingly, the local damage field, only the
transition zone localised between the TGO and the bond coat has been retained to determine
D. The transition zone (Strans) corresponds to the TGO-BC interface and has been defined
in Section III.2.1.1. Eq. V.12 could be rewritten as:

D =
1

Sint

�

Sint

DlocdS =
1

Strans

�

Strans

DlocdS. (V.21)

V.4.2 Calibration of the damage model parameters

Calibration of the TBC lifetime model parameters A and β in Eq. V.14 is based on the
experimental results reported on a NiCoCrAlY bond coat by Kim et al. (2007), presented
in Section IV.4.2. The oxide interface toughness has been determined experimentally for
exposure times ranging from 0 to 200 h at 1150◦C. The heating rate to the exposure
temperature (+6◦C/min) and the cooling rate (−1◦C/min) have been simulated.

To calibrate the model parameters, the criteria used were: (i) to respect the initial and
final values of the oxide interface toughness and (ii) to model the significant decrease of Gc in
the first hours. The parameter A affects the final value of Gc and β its evolution. The increase
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Figure V.11 : Comparison between the experimental (Kim et al., 2007) and simulated
TGO-BC interface toughness as a function of exposure time at 1150◦C.

of Gc after 10 h exposure time has not been taken into account to calibrate the model. Finally,
after a post processing calculation based on the stress and strain fields obtained numerically,
the optimum parameters A and β are found to be 70 N/m2 and 0.4. For this parameter
combination, the numerical results are compared to the experimental data in Fig. V.11.
Experimental and predictive results of the TGO-BC interface toughness both start from a
maximal value, namely 120 J/m2 which corresponding to the TGO-BC interface toughness
of the as-deposited specimen and then decreases to a final value between 15-20 J/m2 after
200 h.

V.4.3 Validation of the lifetime model

To validate the lifetime model, a comparative study between the experimental results and
those obtained by the lifetime model is carried out. For each isothermal loading case
ranging from 930 to 1110◦C, evolution of the stored elastic strain energy per unit area (G) is
analytically determined using Eq. V.3. The oxide interface toughness (Gc) is simulated based
on the predicted stress/strain fields and using the post processing tool previously developed
in this work and calibrated. Time-evolution of G and Gc are presented in Fig. V.12 for each
isothermal loading. As expected, with thermal exposure time, the stored elastic strain energy
per unit area G increases and the oxide interface toughness Gc decreases. According to the
energy-based TBC lifing approach, the top coat spallation occurs when G = Gc, see Fig.
V.12(b). According to these predictions, no top coat spallation is expected to occur before
1000 h at 930◦C. The top coat is expected to spall after 460 h, 165 h and 34 h isothermal
loading at 990◦C, 1050◦C and 1110◦C respectively, see Fig. V.12.

The predicted times to TBC spallation are compared to those experimentally obtained
in Fig. V.13. For the isothermal case at 930◦C, the spallation time is predicted using the
interpolation of the G and Gc time evolution, namely 1600 h. For isothermal loading at
930◦C, 990◦C and 1050◦C, the TBC lifetime model predictions are accurate. Indeed, the
predicted spallation times are within the boundaries defined by a spalled or not spalled
TBC states, as illustrated Fig. V.13. Nevertheless, at 1110◦C, the top coat spallation is
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predicted at 34 h whereas spallation is observed experimentally before 24 h. This observation
was expected since the model calibration was focused on long exposure times. It has been
assumed that void nucleation is negligible in comparison with void growth. Nevertheless, for
short exposure times and at high temperatures, void nucleation contribution in the TGO-BC
interface damage cannot be neglected. In Figure V.13, the predicted boundary between the
non-spalled and spalled TBC system is shown. For short oxidation times, a more restrictive
hypothetical boundary is proposed, illustrated by the dotted line in Fig. V.13, that is not
taken into account by the previous model.
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V.5 Concluding remarks

TBC lifetime can be predicted knowing the time-evolution of the driving force for coating
spallation and the degradation of the TGO-BC interface toughness. Here, delamination
is assumed to occur at the internal oxide interface, as it has been observed in Chapter
IV. The stored elastic strain energy is analytically formulated, considering time-evolution
of the ceramic in-plane Young’s modulus (sintering effect) and the oxide growth. The
stored energy increases mainly due to the TGO growth and is influenced by the EB-PVD
process temperature. Our approach provides an improvement in the prediction of the oxide
internal interface toughness for long in-service loading. This TGO-BC interface toughness is
numerically predicted based on a multi-scale approach of the damage. It requires knowing
the relationship between the microscopic interfacial damage and the mesoscopic damage of
a unit cell. Based on experimental work and identification of the TBC failure mechanisms,
this model allows to link the predicted microscopic interfacial damage to the macroscopic
interface toughness. The advantage of the proposed model is that it can account for history
effects on the interfacial damage, accumulated locally during cycling.

This approach also allows to simulate the damage at high temperatures due to the TGO
growth strains and during cooling. The model is validated for isothermal tests and should be
also tested for cyclic thermal loading. In this case, an additional term must be formulated to
model the crack propagation which may occur during thermal cycling.
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Lifetime assessment of TBC systems protecting gas turbine blades requires to distinguish
firstly the mechanical and physical phenomena responsible for microscopic degradations at
the TGO interfaces and secondly the determination of the high level of macroscopic stresses
which drive top coat spallation. For long exposure times typical of land based turbine gas
(> 50.000 h), ageing effects such as sintering of the YSZ ceramic, evolution of the bond coat
microstructure, oxide growth and TGO morphology, have to be taken into consideration.

The present lifetime model is based on an energetic approach applied to a multilayer
EB-PVD TBC system. According to observations and analyses of the tested samples, it is
assumed that there are two necessary conditions for spallation of an unstable TBC system:
(1) the stored elastic strain energy per unit area must be greater than the TGO-BC interface
toughness and (2) a local damage has to be present at the delaminated interface. This
approach is relevant since it takes into consideration the multi-scale phenomena occurring in
TBC system. A critical point in this model is the fact that the stored energy and interface
toughness for the TBC system to be considered. In particular, the interface toughness and
the failure mechanisms (local interfacial damage or top coat spallation) are related to the
TBC system studied and to the thermal loading.

A numerical tool predicting the stress/strain fields and the local damage close to the
TGO layer has been developed. Associated to experimental work and identification of the
TBC failure mechanisms, this model allows to correlate the predicted microscopic interfacial
damage to the macroscopic interface toughness. This model is capable of taking into account
the thermal loading history on the interfacial damage evolution.

Main results

The results presented in this work can be divided in four parts related to each chapter: (i)
a preliminary work based on the knowledge of each individual TBC constituent, (ii) the
numerical prediction of the stress/strain fields close to the TGO and a parametric study, (iii)
the observation of TBC failure mechanisms and (iv) the multi-scale predictive model of the
EB-PVD TBCs lifetime.

(i) The energy-based TBC lifing approach requires a preliminary work based on the
knowledge of each individual constituent material properties and the evolution of the oxide
morphology. To this purpose, image-processing analysis has been used to characterise the
microstructure of the EB-PVD YSZ ceramic layer. It has been observed that the ceramic is
rather compact close to the TGO layer and is not affected by sintering. In contrast, sintering
occurs in the porous part of the top coat. The NiCoCrAlY bond coat presents a complex
multiphased microstructure which evolves with oxidation time and greatly influences the TGO
evolution. Due to the presence of reactive elements in the bond coat such as yttrium, the
TGO grows by internal oxidation (JAl3+ � J02−) and yttrium heterogeneities are observed at
the BC-TGO interface. The growth strains associated with the bond coat oxidation reaction
are assumed to be anisotropic, and to be influenced by the TGO columnar microstructure
and the boundary conditions. The TGO morphology has been characterised using image-
processing analysis along a window width enough to be representative. A mean wavelength
(w = 11.72 µm) and amplitude (a = 0.864 µm) have been obtained as well as a representative
elementary length (LREL = 16 µm). The TGO morphology has been simulated using Fourier
analysis.

(ii) The stress and strains fields in the TBC system close to the TGO layer have been
predicted using a finite element technique as it is described in Chapter III. The methodology
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and the implementation in a FE code of the numerical tool simulate the TGO growth and
determine the stress field in the critical oxide TGO-BC interface area have been presented.
The proposed methodology uses as input the oxidation front motion for both geometry
and kinetics. Hence, mechanical fields could be evaluated incorporating the effect of oxide
growth. The results point out that the transition zone, at the TGO-BC interface, is the
highest stressed region at high and low temperatures. Only the regions of the bond coat
and ceramic layer close to the TGO have an influence on the local stress fields. To improve
our knowledge of EB-PVD TBC system behaviour, a parametric study of the TBC system
mechanical behaviour has been investigated. It shows that the associated role of the bond coat
creep/plastic and the TGO creep behaviour in the stress relaxation at high temperatures and
during cooling. Unfortunately the parameters defining the TGO creep behaviour are difficult
to obtain experimentally. It is also concluded that the ceramic sintering does not affect the
local stress/strain fields at the TGO-BC interface. The TGO morphology was found to be the
most critical parameter and its simulation was improved. To this purpose, a 2D simulation
of the TGO has been performed, using SEM micrograph and a Fourier decomposition. This
approach allows to simulate the roughness heterogeneities observed at the TGO-BC interface.
In comparison with the 2D sinusoidal simulation, a difference of 17% of the maximal normal
traction is predicted. In the case of a 3D sinusoidal simulation of the oxide morphology, the
difference reaches up to 35% and the out-of-plane stress field is strongly different. If these
simulations give more information, the time calculation is twenty times higher and should be
performed using the method of parallel computation.

(iii) From micrograph observations and analyses of TBC specimens tested under
isothermal loading, top coat buckling was identified as the mechanism preceding to TBC
spallation. Top coat spallation is associated with the buckling delamination of the TGO-BC
interface. Due to the brittle nature of this interface, top coat delamination and spallation
occur simultaneously and suddenly. Nevertheless, interfacial damage is assumed to be a
progressive mechanism occurring at high temperatures. Porosities observed are assumed to
nucleate and to grow due to the interdiffusion phenomenon occurring in the bond coat and
due to the high stress level at the TGO-BC interface.

(iv) If the existence of an interfacial micro-damage is a necessary condition, it is not
sufficient to explain top coat spallation. The TBC lifetime can be predicted knowing the time-
evolution of the driving force for coating spallation and the TGO-BC interface toughness. The
stored elastic strain energy has been analytically formulated, taking into account the time-
evolution of the ceramic in-plane Young’s modulus (sintering effect) and the oxide growth.
The TGO-BC interface toughness is numerically predicted, based on a multi-scale approach
of the damage, defined by the relationship between the microscopic interfacial damage and
the mesoscopic damage of a unit cell. This approach is well adapted to the TBC studied as
it gives satisfying results in the lifetime prediction of the top coat spallation. The historic
effects of the thermal loading on the interfacial damage is also addressed.

Proposal for future work

The model has been developed to be generic and can be applied to other TBC systems.
The analytical formulation of the stored energy allows to determine easily its time evolution
knowing parameters such as the TGO and YSZ thicknesses and the elastic properties of
the ceramic and oxide layers. The simulation of the oxide interface toughness requires
experimental work focus on the identification of the local damage mechanisms.

To improve the model of the TGO interface damage proposed by Lemaitre, it can be
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proposed to distinguish the case of a zone under compression or under tensile stress. For this,
a microdamage closure parameter can be introduced following Lemaitre and Desmorat(1999).
In the presence of microcracks through or at the TGO interfaces, their propagation could
be described using cohesive zone elements or the partition-of-unity method. In both cases, a
local approach can give satisfying results if it is associated to the macroscopic approach of the
stored energy. The advantage of the above approach is to provide a value of the mesoscopic
damage, determined for a unit cell as a function of the temperature, time and external
boundary conditions. The mesoscopic damage could be input in a numerical approach of the
entire blade. Indeed, it should be possible to determine the mesoscopic damage evolution as
a function of temperature, time and external stress or strain applied to a unit cell.

For simplicity, we have chosen to directly implement the oxide growth, based on the
experimental work. The TGO formation should be modelled through a continuous oxidation
process, taking into account the relationship between stress and diffusion. Such approach
requires data to describe the complex relationship between stress and diffusion. Phase-field
approach could certainly be a suitable method, as long as it is used with an adapted FE mesh.
In both cases, these approaches will be able to model the oxide roughness time-dependent
generated by the complex bond coat or TGO microstructures.


