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Abstract 

Environmental barrier coatings (EBCs) are multi-layered systems used to protect hot 

section components of advanced gas turbine engines from aggressive environments. 

The state-of-art EBC system consists of a top coat and a bond coat applied on a ceramic 

substrate. While Ytterbium disilicate (YbDS) is the most used top coat material, Si or 

SiC are often preferred for the bond coat. During operation, a continuous influx of 

oxidants through the top coat often leads to reaction with the bond coat to form an 

additional silica (SiO2) layer called thermally grown oxide (TGO). The growth kinetics 

of the TGO significantly affects the durability of EBCs. At a critical TGO thickness, 

the growth stresses exceed the SiO2-bond coat interface strength, resulting in EBC 

spallation, exposure of the substrate, and eventual failure of the system.  

The oxidant permeation is a key determinant of the TGO growth kinetics. Therefore, 

the main objective of this study is to investigate the oxidant diffusion through the EBC 

system using physics-based and numerical modelling. The oxygen permeability 

constants for YbDS top coat and TGO are systematically evaluated and quantified in 

terms of thermodynamics using defect reactions and the parabolic rate constant (kp), 

respectively. Dry and wet oxygen conditions as well as different temperatures, partial 

pressures and top coat modifiers are investigated.  

The results offer evidence that the oxygen permeability constant for the YbDS top coat 

is an order of magnitude higher than for the TGO. As such, the TGO hinders the oxidant 

diffusion stronger, proving to be the diffusion rate controlling layer. Moreover, water 

vapor strongly increases the oxidant permeation with defect reactions playing a key 

role. It is suggested that the mass transfer through the top coat is primarily by outward 
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ytterbium ion diffusion and inward oxygen ion movement, with the latter being 

dominant, particularly in wet environments. The effect of top coat modifiers on oxidant 

permeation is composition sensitive and seems to be related to their interaction with 

oxygen ions and their mobility.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 

 

Acknowledgements 

Two years are a time long enough to go through several different situations and 

sometimes troubles, and to realize that most of them would have been even more hard 

to overcome without people around me. For this reason, there are many people that 

deserve my gratitude for their scientific or human contribution to the realization of this 

thesis. 

Firstly, It is a pleasure for me to express my gratitude to both my supervisors Dr. Michel 

Nganbe (Chair of the Department of Mechanical Engineering) and Dr. Kuiying Chen 

(Senior Research Officer, Aerospace Portfolio, NRC Ottawa) for their immense support 

and encouragement during my Master’s thesis.  

I would like to thank Dr. Kuiying Chen and Dr. Michel Nganbe for their guidance, 

inspiration, support and especially patience throughout this research work. Dr. Chen 

introduced me to the technical details and helped me to better understand every tiny 

detail of this field. Also, I would like to thank Dr. Michel Nganbe for his invaluable 

suggestions and brain-storming discussions. He always helped me to upgrade the way 

of writing and being patient in reading and correcting my thesis. We worked together 

as a team to tackle every technical difficulty. They have given me their precious time 

and guided me in optimizing my research. I am grateful to both for their faith in me.  

I acknowledge the financial support from Dr. Chen and Dr. Nganbe in the form of 

Research Assistantship. Also, Dr.Nganbe extended his financial help by having me as 

his Teaching Assistant and offering an opportunity to be part of a project team, in the 

present pandemic (COVID-19) situation. 



v 

 

I would like to extend my gratitude to Ali Mansur and Ericsson Chenebuah for their 

moral support during my studies. A special thanks to Dr. Fabio Variola for having me 

his TA. Also, I would like to thank Alexander Steeves, Leon Guo, Alexis Tanner, and 

Dr. Nafisa Bano who helped me to understand the details of my TA duties.  

Finally, I would like to thank my parents and my younger brother for their inspirational 

messages, support, and love. I am thankful to my fiancé Abhikaran Singh, for being by 

my side. Without their support and understanding, I would never have completed my 

work. 

 

 

 

 

 

 

 

 

 

 

 



vi 

 

List of Abbreviations 

APS Air Plasma Spray 

BC Bond Coat 

BSAS Barium Strontium Aluminum Silicate 

CMAS Calcium-Magnesium-Aluminum Silicate 

CMC Ceramic Metal Matrix Composites 

CTE Coefficient of Thermal Expansion 

CVD Chemical Vapor Deposition 

CVI Chemical Vapor Infiltration 

DFT Density Functional Theory 

EBC Environmental Barrier Coating 

EB-PVD Electron Beam-Physical Vapor Deposition 

FOD Foreign Object Damage 

MI Melt Infiltrated 

PS-PVD Plasma Spray - Physical Vapor Deposition 

RE Rare Earth 

SiC/SiC SiC fiber reinforced SiC composites 

SEM Scanning Electron Microscope 

SFC Specific Fuel Consumption 

TBC Thermal Barrier Coatings 

TC Top Coat 

T/EBCs Thermal/Environmental Barrier Coatings 

TGO Thermally Grown Oxide 

YbDS Ytterbium Disilicate 



vii 

 

YbMS Ytterbium Monosilicate 

YSZ Yttria Stabilized Zirconia 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



viii 

 

Table of Contents 

Abstract .......................................................................................................................... ii 

Acknowledgements ....................................................................................................... iv 

List of Abbreviations .................................................................................................... vi 

Table of Contents ....................................................................................................... viii 

List of Figures ............................................................................................................... xi 

List of Tables ............................................................................................................... xv 

1 Introduction ............................................................................................................ 1 

2 Literature Review ................................................................................................... 5 

2.1 Environmental Barrier Coatings (EBCs)......................................................... 5 

2.1.1 Ceramic Matrix Composites (CMCs) ...................................................... 5 

2.1.2 Evolution of Environmental Barrier Coatings ......................................... 8 

2.1.3 Key requirements for the selection of the EBC materials ...................... 16 

2.1.4 Effect of water vapor on top coat materials ........................................... 21 

2.1.5 Coating Deposition Process ................................................................... 23 

2.2 Defect structures in top coat .......................................................................... 24 

2.2.1 Effect of partial pressure on defect concentration ................................. 27 

2.2.2 Effect of water vapor on defect concentration ....................................... 30 

2.3 Oxidation mechanism .................................................................................... 31 

2.3.1 Mass transfer in top coat (TC) ............................................................... 32 

2.3.2 Mass Transfer in TGO ........................................................................... 35 



ix 

 

2.4 EBC modes of failure .................................................................................... 40 

2.5 Oxygen permeability ..................................................................................... 41 

2.5.1 Oxygen permeability constant ............................................................... 42 

2.5.2 Experimental oxygen permeability constant .......................................... 43 

2.5.3 Models for oxygen permeability constant.............................................. 44 

3 Modelling Methodology ....................................................................................... 47 

3.1 Water vapor effect on oxygen permeability constant through top coat ........ 48 

3.1.1 First Case ............................................................................................... 50 

3.1.2 Second Case ........................................................................................... 52 

3.2 Oxygen permeability constant equation for TGO ......................................... 56 

3.3 Oxygen permeability constant equation to describe experimental values .... 59 

3.4 Determining the variables for oxygen permeability constant calculations ... 61 

3.4.1 Estimation of the Ao and Ayb factors...................................................... 61 

3.4.2 Estimation of the oxygen partial pressure at the TC/TGO interface and of 

the parabolic rate constant .................................................................................... 63 

3.4.3 Estimation of the top coat porosity using the Image J software ............ 65 

4 Results .................................................................................................................. 67 

4.1 TC and TGO oxygen permeability constants ................................................ 72 

4.2 Role of the different factors in determining the oxygen permeability constant

 78 

4.2.1 Effect of exposure time .......................................................................... 78 

4.2.2 Effect of temperature ............................................................................. 80 



x 

 

4.2.3 Effect of partial pressure ........................................................................ 86 

4.2.4 Effect of Modifiers ................................................................................. 88 

5 Discussion ............................................................................................................. 91 

6 Conclusions .......................................................................................................... 98 

7 Future Work ........................................................................................................ 100 

References .................................................................................................................. 102 

Appendix: ................................................................................................................... 114 

 

 

 

 

 

 

 

 

 

 

 



xi 

 

List of Figures 

Figure 1-1: Evolution of gas turbine materials and coating systems versus inlet gas 

temperature (T4.1). SX designates a single crystal superalloy [1]. ................................. 2 

Figure 2-1: Cross-sectional view of a typical Trent 1000 turbofan with arrows pointing 

to SiC/SiC/-CMC substrates in combustion liners, blade tracks or shrouds, and airfoil 

blades or vanes [19]. ...................................................................................................... 6 

Figure 2-2: Schematic illustration of oxidation, surface recession and porosity 

formation in a SiC/SiC-CMC substrate in contact with combustion gases [15]............ 8 

Figure 2-3: Evolution of EBC systems with increasing temperature capability of the 

used materials [6]. .......................................................................................................... 9 

Figure 2-4: Comparative micrographs illustrating the considerable reduction in the 

amount of cracks and porosity in the second generation as compared to the first 

generation mullite coatings [25]. ................................................................................. 10 

Figure 2-5: Use of the BSAS/BSASA+ mullite /Si coated SiC/SiC substrate in the Solar 

Centaur 50S combustor [4]. ......................................................................................... 12 

Figure 2-6: Illustration of the BSAS-SiO2 reaction: (a) melt infiltrated SiC/SiC-CMC 

substrate coated with Si/BSAS EBC system after loading using 2 hour thermal cycles 

in 90%H2O+10% O2 at 1300oC for 100 h; (b) magnified section showing the formed 

low-melting glass phase; (c) BAS-SiO2 phase diagram illustrating the eutectic at 49 

wt% SiO2 where the low melting glass phase forms [23]. ........................................... 13 

Figure 2-7: SEM images of through thickness mud cracks in EBC systems applied on 

melt infiltrated (MI) SiC/SiC composite: a) in silicon/mullite + SAS/Yb2SiO5; b) in 

silicon/mullite/ Yb2SiO5 [3]. ........................................................................................ 15 



xii 

 

Figure 2-8: SiC/SiC CMC substrate with a T/EBC hybrid coating for high temperature 

applications up to 1700ᵒC [9]. ...................................................................................... 16 

Figure 2-9: Thermal expansion percentage for refractory oxides compared to  SiC and  

Si3N4 substrate materials [14]. ..................................................................................... 18 

Figure 2-10: Biaxial residual stress versus coating depth for different materials of each 

layer (BSAS, mullite, Si, SiC) in multilayer BSAS/mullite/Si/SiC, EBC systems 

exposed to 1300 °C for 20 hours [35]. .......................................................................... 20 

Figure 2-11: Water vapor stability of SiC, mullite and BSAS in an environment with 

PH2O = 0.5 atm, Ptotal = 1 atm and v = 4.4 cm/sec [14]. ................................................ 20 

Figure 2-12: Crystal structure of four different rare earth silicates [38]. ..................... 22 

Figure 2-13: Comparing weight loss with time for a silica protective coating and EBC 

on a Si3N4 substrate [40]. ............................................................................................. 23 

Figure 2-14: Ceramic defect structures: (a) Frenkel defect; and (b) Schottky defect. . 25 

Figure 2-15: Change in enthalpy of formation (H), configurational entropy (Sc), and 

Gibbs free energy (H-TSc) with respect to defect concentration (nd) [46]. ................. 26 

Figure 2-16: Isothermal Brouwer diagram illustrating the defect concentrations versus 

the oxygen partial pressure. Here ceria is doped with an acceptor ion [46]. ............... 29 

Figure 2-17: Illustration of metal oxidation mechanisms: (a) at the gas/oxide interface; 

and (b) at the oxide/metal interface [53]. ..................................................................... 31 

Figure 2-18: Steps of the TGO formation at BC/TGO interface; (a) at time t=0, TGO 

thickness h=0; (b.1) and (b.2) at the time t=t, TGO thickness h=h, the bond coat reacts 

with oxygen to form the silica TGO. ........................................................................... 36 

Figure 2-19: Three oxidation laws for the oxidation of pure metals [53]. ................... 36 



xiii 

 

Figure 2-20: Oxidation of SiC with simultaneous inward diffusion of oxidants and 

outward diffusion of carbonaceous by-products: (a) oxidants diffuse at slower rates; (b) 

carbonaceous by-product diffuse at slower rates [65]. ................................................ 38 

Figure 2-21: Growth of silicon dioxide (TGO) at top coat-Si (bond coat) interface [67].

...................................................................................................................................... 39 

Figure 2-22: Schematic illustration of oxidant flux, TGO formation, and failure of the  

EBCs. ........................................................................................................................... 40 

Figure 2-23: Experimental set-up for oxygen permeability measurement [71]. .......... 43 

Figure 3-1: Flowchart of factors affecting the oxygen permeability constant for top coat 

and TGO layers. ........................................................................................................... 48 

Figure 3-2: Top coat and TGO dimensions at time = t (hours). .................................. 60 

Figure 3-3: Oxygen vacancy mobility with respect to temperature [59]. .................... 62 

Figure 3-4: Ytterbium vacancy mobility with respect to temperature [59]. ................ 63 

Figure 3-5: FactSageEdu 7.3 displaying various modules; the red mark indicates the 

Equilib module used in this study. ............................................................................... 64 

Figure 3-6: Image J software menu bar. ...................................................................... 66 

Figure 4-1: Percentage porosity in top coat samples, as-sprayed, and after 1000 thermal 

cycling. The cycle duration is 1 hour and the peak temperature is 1589 K. ................ 70 

Figure 4-2: Temperature dependence of the oxygen permeability constant through 

TGO. ............................................................................................................................ 71 

Figure 4-3: Estimated log-log plot of the oxygen permeability constant of the top coat 

versus oxygen partial pressure gradient in dry oxygen. ............................................... 73 

Figure 4-4: Oxygen permeability constant of the top coat versus the oxygen partial 

pressure gradient. ......................................................................................................... 76 



xiv 

 

Figure 4-5: Oxygen permeability constant through YbDS top coat vs. temperature, as 

calculated for wet environment (50% H2O + 50% O2), and 200 hr exposure time. .... 81 

Figure 4-6: Ao vs. temperature for wet environment (50%H2O + 50 %O2). ............... 83 

Figure 4-7: Ayb vs temperature for wet environment (50% H2O + 50 %O2). .............. 84 

Figure 4-8: Temperature dependence of the oxygen permeability constant for top coat 

and TGO....................................................................................................................... 85 

Figure 4-9: Top coat oxygen permeability constant as a function of the environment at 

1523K after 200 hr exposure time. .............................................................................. 86 

Figure 4-10: TGO and TC oxygen permeability constants for the three investigated 

partial pressure conditions at 1523 K. .......................................................................... 87 

Figure 4-11: Comparative oxygen permeability constant values of TC without 

modifiers (Yb2Si2O7) and with modifiers in wet oxygen condition (90% H2O + 10% 

O2) after 1000 hr exposure time. .................................................................................. 89 

Figure 4-12: Comparative oxygen permeability constant values of TGO without 

modified top coat (Yb2Si2O7) and with modified top coat (6A, AT, M, 3M, M2Y, M5Y, 

MT, 2Y)  in wet oxygen condition (90% H2O + 10% O2) after 1000 hr exposure time.

...................................................................................................................................... 90 

 

 

 

 



xv 

 

List of Tables 

Table 2-1: Coefficient of thermal expansion, melting temperatures and application of 

EBC coating materials [14]. ......................................................................................... 18 

Table 2-2: Rare earth disilicates and their respective Si-O bond population [38]. ...... 22 

Table 2-3: Comparison of typical coating properties obtained using either CVD or APS 

[9]. ................................................................................................................................ 24 

Table 3-1: Kröger-Vink notations used in this work: .................................................. 49 

Table 3-2: Exponents for dry oxygen and wet oxygen conditions. ............................. 60 

Table 3-3: Nomenclature of the equations. .................................................................. 60 

Table 4-1: Thermally grown oxide (TGO) thickness (μm) with respect to time (hr) for 

different top coat compositions and oxidizing environment [36]. ............................... 67 

Table 4-2: Parabolic rate constants for Silicon dioxide (TGO) in dry and wet oxygen 

environments for different top coat compositions at 1589K. ...................................... 68 

Table 4-3: Oxygen partial pressure at TC/TGO interface with respect to temperature 

from FactSage 7.3 software. ........................................................................................ 69 

Table 4-4: Effect of porosity percentage on the top coat oxygen permeability constant.

...................................................................................................................................... 71 

Table 4-5: Parameters used to calculate the top coat oxygen permeability constant. .. 72 

Table 4-6: Oxygen permeability constants of the top coat in wet oxygen at 1589 K for 

defect reactions with and without proton. .................................................................... 74 

Table 4-7: Parameters used to calculate the oxygen permeability constant of the top 

coat in wet oxygen. ...................................................................................................... 75 

Table 4-8: Ratios of oxygen permeability constant of TGO over TC in dry and wet 

oxygen conditions. ....................................................................................................... 76 



xvi 

 

Table 4-9: Ratios of oxygen permeability constants between dry oxygen and wet 

oxygen conditions at 1589 K, exposed for 1000 hrs. ................................................... 77 

Table 4-10: Oxygen permeability constants through TC and TGO as obtained in this 

work and from literature; and the ratio of oxygen permeability constants through TC 

and TGO of this work to reference work in dry oxygen. ............................................. 77 

Table 4-11: Top coat oxygen permeability constant estimated using Equation B and 

literature data [36] of the thermally grown oxide volume per unit permeation area in 

dry oxygen. .................................................................................................................. 79 

Table 4-12: Top coat oxygen permeability constants estimated using Equation B and 

literature data of the thermally grown oxide volume per unit permeation area in wet 

environment. ................................................................................................................ 80 

Table 4-13: Experimental literature data of the thermally grown oxide thickness vs. 

temperature  [66] used for Equation B calculations..................................................... 81 

Table 4-14: Pre-exponential frequency factor and activation energy for oxide and 

ytterbium ion as estimated by curve fitting.................................................................. 82 

Table 4-15: Parabolic rate constant [66] and TGO oxygen permeability constant vs. 

temperature as calculated using Equation C. ............................................................... 85 

Table 4-16: Parabolic rate constant [66] and oxygen permeability constant of TGO as a 

function of the environment. ........................................................................................ 87 

Table 4-17: Ratio of TGO-to-TC oxygen permeability constants. .............................. 90 

 



1 

 

 

1 Introduction 

With rapid advances in gas turbine engine technology, hot-section components are 

being exposed to an increasingly harsher environment with water vapor as one of 

inevitable combustion by-products. Water vapor has proven to substantially accelerate 

the oxidation of the bond coat, leading to more rapid formation and growth of the TGO. 

Consequently, experimental observations suggest that EBC protected Si based-CMC 

substrates can fail faster when exposed to water vapor containing environments 

compared to dry oxygen conditions. However, the prevailing fundamental oxidation 

mechanisms are still unexplored to date.  

To address this challenge, there are continuous ongoing efforts to improve the design, 

material selection and coating systems for advanced gas turbine engines that are 

enabling even more exceptional high temperature capabilities. Thermodynamically, the 

engine performance increases with the inlet temperatures, which in turn provides 

important ecological and environmental benefits [1]. However, although current 

coating systems perform well at high temperatures, there are still considerable 

opportunities for further improvements as gas turbines remain far below the maximum 

hydrocarbon combustion temperatures [2]–[4].  

In addition to the extremely high temperatures, materials used in turbine hot sections 

are subjected to thermal shocks, hot-corrosion, steep temperature gradients, and high-

pressure gas. As such, in addition to accelerated oxidation and corrosion caused by 

water vapour, coating failures can occur due to thermal-mechanical loading, high 

temperature creep, and continuous loading-unloading fatigue [5] [6].    
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To meet such demanding requirements, advanced metal alloys (superalloys) and 

ceramics are either currently used or are being explored. Since decades, Ni-based or 

Co-based superalloys have been successful used with application temperatures around 

1000ᵒC [1] [3]. In such environments, ceramic coating systems such as multi-layered 

thermal barrier coatings (TBC) are the standard and allow the inlet temperature to 

increase by 140ᵒC above the metal substrate melting point. Continuously increasing 

requirements for higher engine efficiencies lead to the never-ending improvement in 

the TBC systems. For example, TBC systems with an in-built cooling reported a total 

temperature increment of 250ᵒC above the substrate melting point [7]. However, with 

the continuous increase in combustion temperatures, superalloys are reaching their 

limits [3]. 

Figure 1-1 displays the incremental evolution of high temperature materials and coating 

systems illustrating the potential of CMCs (Si-based and non-Si based) and EBCs for 

extremely high gas inlet temperature applications.  

 

Figure 1-1: Evolution of gas turbine materials and coating systems versus inlet gas temperature 

(T4.1). SX designates a single crystal superalloy [1]. 
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To further enhance engine efficiency, ceramic metal matrix composites (CMCs) are 

being considered as replacement for superalloy substrates in hot-section applications. 

CMCs offer almost fifty percent weight reduction in comparison to Ni-based 

superalloys and enable higher thrust as well as two percent reduction in fuel 

consumption [1] [8]. They also have a higher melting point, appreciable resistance to 

penetration, good thermal shock resistance, and low density [9] [10].  

Silicon carbide fiber reinforced silicon carbide matrix composites (SiC/SiC-CMCs) 

have proven to be a viable high-temperature ceramic material for engine hot section 

applications. In dry oxygen, they demonstrate high oxidation resistance due to the 

formation of a silica protective layer [1]. However, in water vapour containing 

combustion environments, this protective layer is prone to volatilization, which limits 

the application of uncoated SiC/SiC-CMCs [11]. Thus, additional oxidation and 

corrosion protection is needed, which is often in the form of a multi-layered coating 

system called Environmental Barrier Coating (EBC). 

Like TBCs, EBCs consist of different layers including a top coat, an intermediate coat 

(if required), and a bond coat. These layers are required to have a low mismatch of 

coefficient of thermal expansion (CTE), limited surface recession in the combustion 

environment, good adherence, and phase stability along with chemical stability [12]. 

The material selection for each layer and the design of a robust EBC system have 

evolved into three generations. An additional layer of silica, called thermally grown 

oxide (TGO), generally grows between the top coat or the intermediate coat and the 

bond coat. This TGO layer constitutes an extra barrier limiting oxidant flux towards the 

CMC substrate. However, the TGO growth induces interface stresses. Once the TGO 

reaches a critical thickness, spallation of the whole EBC system can occur. 
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Furthermore, dense and crack-free EBC coatings are ideal to efficiently limit the 

permeation of the oxidants, such as oxygen and water vapour, through the top coat and 

TGO, thus protecting the SiC/SiC-CMCs from environmental degradation [12]. The 

presence of porosity and other defects can substantially affect this function. 

Therefore, there is a need to further investigate EBC materials or processing techniques 

to control the TGO growth and improve EBC life. As such, EBC systems are still at an 

infant stage and a great deal of design optimizations is possible through both 

experimentation and simulation. In general, the conventional experimental approach 

involves lengthy sample preparation and expensive test set-ups. Its capacity to identify 

the active diffusion-controlling layer (TC or TGO) is also limited. In contrast, physics 

based and numerical modelling approaches are versatile and low-cost, allowing broader 

and more exploratory investigations. In the current case, modelling can enable to 

preliminarily elucidate the oxidation mechanisms, assess the performance, assist in  

material selection, and contribute in optimizing the coating structure [13].  

To lay a better foundation for the current study, the following Literature Review chapter 

2 enlightens the oxidation mechanism, oxygen permeability constant and key 

applicable equations. The Methodology is then described in Chapter 3 where a more 

profound elaboration on oxygen permeability constant equations for both the TC and 

the TGO is presented. The obtained Modelling Results are subsequently given in 

Chapter 4, followed by the Discussion in Chapter 5 to elaborate on the impact of 

different demand parameters and implications for EBC systems. The thesis closes with 

the Conclusions in Chapter 6 and suggestions for Future Work in Chapter 7. 
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2 Literature Review 

2.1 Environmental Barrier Coatings (EBCs) 

Environmental Barrier Coatings (EBCs) are known as prime-reliant coatings. Their 

function is to protect ceramic matrix composite (CMCs) substrates [4], such as Si-based 

CMC substrates that find application in hot-sections of advanced gas-turbine engines. 

Aggressive gas turbine conditions are created by high temperature and high pressure, 

as well as high speed water vapor flow. To sustain this aggressive environment, the Si-

based CMC is covered with a dense EBC coating which hinders the diffusion or 

permeation of oxidants, and protects the substrate from recession or volatilisation [12]. 

Continuous improvements aim at prolonging the life-time of CMC components in 

aggressive combustion environment, by increasingly high temperature-resistant 

external barrier coatings or Environmental Barrier Coatings (EBCs) [14]. To date, the 

protective coating composition has evolved to its third generation. The selection of 

candidate materials is based strictly on the pre-requisites and key requirements. Parts 

of multilayer system are discussed in this work. Furthermore, the stability of EBC in 

the presence of water vapor is discussed in detail. 

2.1.1 Ceramic Matrix Composites (CMCs) 

Since 1970s, Si-based Ceramic Matrix Composites have been studied extensively as 

potential materials to replace the metallic components in gas turbines [15]. This is 

because Si-based Ceramic Matrix Composites are more stable at high temperatures [16] 

and have lower specific weight.  They are classified as monolithic non-oxide ceramic 

matrix composites [17]. 
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In late 1970s, SiC fiber reinforced SiC composites were fabricated using processes like 

chemical vapor infiltration (CVI-SiC/SiC), melt-infiltrated reaction sintering (MI-

SiC/SiC), polymer infiltration and pyrolyzation (PIP-SiC/SiC) [18]. In contrast to 

monolithic silicon nitride (Si3N4) based composites that are prone to catastrophic failure 

because of low damage tolerance, carbon reinforced SiC matrix composites (C/SiC-

CMCs) and silicon carbide reinforced silicon carbide matrix composites (SiC/SiC-

CMCs) exhibit good toughness. Also, C/SiC-CMCs and SiC/SiC-CMCs have good 

thermal shock resistance and excellent wear resistance. Thus, Si-based CMCs can be 

seen as considerably reliable materials for high temperature applications such as hot 

section components of advanced gas turbines [3] and combustion liners, blade tracks or 

shrouds, and airfoil blades or vanes. Moreover, the final properties of CMC substrate 

depend on their microstructure that can be controlled by the choice of the manufacturing 

method. The cross-section of the Trent 1000 turbofan manufactured by the Rolls Royce 

Corporation is displayed in Figure 2-1 below.   

                  

Figure 2-1: Cross-sectional view of a typical Trent 1000 turbofan with arrows pointing to 

SiC/SiC/-CMC substrates in combustion liners, blade tracks or shrouds, and airfoil blades or 

vanes [19]. 
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In the Trent 1000 turbofan that is used for aero turbine engines, the combustion liners 

are made of SiC/SiC CMCs (non-oxide CMC), whereas oxide CMCs are often used in 

typical energy turbines. The main advantages for using SiC/SiC CMCs (in blade tracks 

or shrouds and airfoil blades or airfoil vanes) are increased inlet temperature, reduced 

engine weight, limited emissions, all of which enable lower specific fuel consumption 

(SFC) and improved engine efficiency [14]. 

It has been reported that CMCs have high oxidation resistance at high temperature in 

dry oxygen conditions. But in wet oxygen conditions such as those containing water 

vapor, they are prone to surface recession, and thus, can have limited durability. Water 

vapor is one of the by-products of fuel combustion reaction and constitutes about 10% 

of the operating environment in aero turbines. It was identified as the main cause of SiC 

recession [20].   

In dry oxygen conditions, silicon reacts with oxygen according to Equation (2.1) to 

form a protective silicon dioxide (SiO2) layer [21]: 

 SiC + 1.5O	
g� = SiO	 + CO
g� (2.1) 

Likewise, SiC can react with water vapor as shown in Equation (2.2) [14]. However, 

the formed silicon dioxide layer can further react with water vapor according to 

Equations (2.3) to (2.5) to form silicon hydroxide or silicon oxyhydroxide by-products 

that are volatile and can lead to the loss of environmental protection [20]. This 

phenomenon is known as surface recession.   

 SiC + 3H	O 
g�= SiO	 + 3H	
g�+CO (g) (2.2) 

 SiO	 + H	O 
g�= SiO
OH�	
g� (2.3) 

 SiO	 + 2H	O 
g�= Si
OH��
g� (2.4) 
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 2SiO	 + 3H	O 
g�= Si 	O
OH��
g� (2.5) 

The ensuing simultaneous oxidation and surface recession can leave behind a porous 

SiO2 layer. The developed porosity provides easy paths for oxidant diffusion to the 

SiC/SiC-CMC substrate. Figure 2-2 illustrates the oxidation, surface recession and 

porosity formation when the SiC/SiC-CMC substrate is in contact with combustion 

gases [15]. 

 

Figure 2-2: Schematic illustration of oxidation, surface recession and porosity formation in a 

SiC/SiC-CMC substrate in contact with combustion gases [15]. 

The logical solution to the surface recession is to insulate the SiC/SiC-CMC substrate 

from combustion gases. The insulation is achievable through the application of external 

protective coatings, mostly environmental barrier coatings. The primary function of 

such protective coatings is to hinder the oxidant diffusion, and prevent their interaction 

with the SiC/SiC-CMC substrate [22].  

2.1.2 Evolution of Environmental Barrier Coatings 

EBCs are a multilayer system whereby the layers are chemically and thermally 

compatible with each other and with the Si-based CMC substrate. Three generations of 
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EBC materials have been developed so far: the first generation is a bi-layer; the second 

generation EBC system is a tri-layer for enhanced stability; and the third generation can 

be either bi-layer or tri-layer depending on the final application. The EBC systems 

continue to evolve with increase in temperature capability as shown in Figure 2-3.    

 

Figure 2-3: Evolution of EBC systems with increasing temperature capability of the used 

materials [6]. 

In 1990, the mullite coating (3Al2O3.2SiO2 or Al6Si2O13) was developed as the first 

generation  EBC material for application on SiC/SiC-CMC substrates [4]. Mullite has 

impressive properties which make it a preferred material for the top coat. In comparison 

to the SiC/SiC-CMC substrate, mullite has comparable coefficient of thermal expansion 

(CTE), better chemical compatibility, and has excellent adherence [16] [23].  

The main limitation of mullite coatings is delamination when exposed to thermal 

cycling conditions around 1000ᵒC application temperature. In fact, mullite is 

amorphous when deposited on SiC/SiC-CMC at ambient temperature. At 1000ᵒC 

however, mullite undergoes crystallisation leading to coating shrinkage accompanied 
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by crack formation (Figure 2-4), which results in eventual coating spallation [16]. Pre-

heating plasma sprayed SiC/SiC-CMC substrates prior to mullite coating deposition to 

temperatures higher than the mullite crystallization temperature ( ̴ 1000ᵒC) was proven 

to be an effective solution. This constituted the second generation of mullite coatings 

with improved crack resistance and improved adherence [24]. Another limitation of 

mullite is its relatively high silica activity (̴ 0.3-0.4), which means the selective reaction 

of silica with water vapor to form volatile silicon hydroxide that can result in porous 

mullite coatings. This puts considerable limitations on their application in wet 

environments [16]. A potential solution is the application of additional refractory 

protective coatings, such as refractory oxide, with low to no silica activity.  

 

Figure 2-4: Comparative micrographs illustrating the considerable reduction in the amount of 

cracks and porosity in the second generation as compared to the first generation mullite coatings 

[25]. 

Basically, the first generation EBC systems were replicates of thermal barrier coating 

(TBC) systems. In TBC systems, the top coat material is often yttria-stabilized zirconia 

(7YSZ: ZrO2 + 7 wt % Y2O3) and has proven effective in protecting a metallic substrate, 

in most cases superalloys. As such, it seemed logical to use yttria-stabilized zirconia as 

top coat in the first generation of environmental barrier coatings. First tests conducted 
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at temperatures up to about 1300oC yielded good results for a few hundred hours [16]. 

Also, 7YSZ coatings provided adequate protection against wet environments and 

proved relatively stable in water vapor. However, the considerably higher coefficient 

of thermal expansion (CTE) of 7YSZ coating compared to the SiC/SiC-CMC substrate 

was a great concern. The CTE mismatch and sintering at temperatures above 1200 ᵒC 

promoted in-plane tensile stresses, followed by vertical cracks that provided easy 

pathways for oxidants to diffuse to the SiC/SiC-CMC substrates. 

Second generation EBC systems consist of three layers: a bond coat (silicon based); an 

intermediate coat (mullite or mixture of mullite and BSAS); and a top coat (BSAS, 

Barium Strontium Aluminum Silicate (1-xBaO-xSrO-Al2O3-2SiO2, 0≤x≤1)) [16]. The 

BSAS top coat  has excellent crack resistance, low CTE mismatch with Si-based CMC, 

low silica activity (below 0.1), low elastic modulus, and better environmental durability 

[23]. The low elastic modulus of BSAS reduces the in-plane tensile stress. Also, the 

mixture of BSAS and mullite as intermediate coat improves the crack resistance 

compared to mullite alone. Improved crack resistance enhances the coating stability in 

combustion environments. Furthermore, the silicon bond coat provides strong bonding 

between coating and substrate [25]. An application example of EBC coated  SiC/SiC-

CMC is the combustor liner in three Solar Turbines Centaur 50s gas turbine engines as 

shown in Figure 2-5.  
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Figure 2-5: Use of the BSAS/BSASA+ mullite /Si coated SiC/SiC substrate in the Solar Centaur 

50S combustor [4]. 

The system successfully completed the 14000 hours engine durability test [14] [16]. 

A key concern of BSAS coatings is its chemical reaction with silica (SiO2, called 

thermally grown oxide, TGO). The BSAS-SiO2 reaction forms low-melting glass near 

1300ᵒC, potentially leading to the premature degradation and failure of the EBC system 

[15]. Figure 2-6 (a) shows the cross-sectional view of a melt infiltrated (MI) SiC/SiC-

CMC substrate with a BASA/Si (EBC system) exposed to 1300ᵒC in 90% H2O +10% 

O2 wet oxygen for 100 hours. The test consisted of 2 -hour cycles. Figure 2-6 (b) is the 

magnified section of the area around a formed SiO2-BASA glass phase, while Figure 

2-6 (c) shows the BSAS-SiO2 phase diagram illustrating the formation point of the low 

melting glass phase with the eutectic near 1311oC at 49 wt% SiO2, which is expected 

to be similar to the BSAS-SiO2 system [23].  
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Figure 2-6: Illustration of the BSAS-SiO2 reaction: (a) melt infiltrated SiC/SiC-CMC substrate 

coated with Si/BSAS EBC system after loading using 2 hour thermal cycles in 90%H2O+10% 

O2 at 1300oC for 100 h; (b) magnified section showing the formed low-melting glass phase; (c) 

BAS-SiO2 phase diagram illustrating the eutectic at 49 wt% SiO2 where the low melting glass 

phase forms [23]. 

The third generation EBC system has rare-earth-silicates as top coat. Rare earth silicates 

are more desirable thanks to properties like low silica activity, phase stability, and 

similar coefficient of thermal expansion to the Si-based ceramic substrates. In 

particular, rare earth silicates like yttrium, ytterbium, lutetium, and gadolinium are of 

high interest [26]. They have higher chemical stability compared to BSAS even in the 

presence of water vapor and are superior thermal insulators [16]. Their phase 

transformation takes place only at temperatures much higher than application 

conditions. They can be disilicates in the form of RE2Si2O7, where RE stands for Y 
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(Yttrium), Tm (Thulium), Er (Erbium), or Ho (Holmium). However, disilicates often 

have various polymorphs with large density differences, which can make them 

unsuitable for EBC systems. In contrast, rare earth monosilicates are in the form 

RE2SiO5, with RE standing for Lu (Lutentium), Yb (Ytterbium), Y or Er. They have no 

polymorphs [27] and are, therefore, more appropriate as top coat materials in EBC 

systems. Lately, the tri-layer EBC system YbMS (ytterbium monosilicate)/mullite/Si 

has gained popularity. It has a low surface recession in the combustion environment 

and each of the three layers is thermo-chemically compatible within the EBC system 

[28]. 

Through thickness cracks or mud cracks or vertical cracks, as shown in Figure 2-7, are 

the main concerns for YbMS coatings. A potential solution is to apply Yb-disilicate 

(YbDS) to SiC/SiC-CMC substrates. This combination has a lower CTE mismatch, 

which substantially limits mud cracking [29]. The level of CTE mismatch between the 

individual layers and to the substrate determines the depth of vertical cracks in EBCs. 

In the case of SiC/SiC-CMC substrates, the vertical cracks are arrested either within the 

intermediate coat or at the intermediate coat/bond coat interface due to the low CTE of 

the bond coat (Si) compared to the SiC/SiC-CMC substrate. This low CTE of the bond 

coat develops compressive stresses that can stop the crack. 
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Figure 2-7: SEM images of through thickness mud cracks in EBC systems applied on melt 

infiltrated (MI) SiC/SiC composite: a) in silicon/mullite + SAS/Yb2SiO5; b) in silicon/mullite/ 

Yb2SiO5 [3]. 

In contrast, for the Si3N4 substrate, the vertical crack can travel through the entire EBC 

system to eventually stop only at the bond coat/substrate interface. This is due to the 

higher CTE of the Si bond coat compared to the Si3N4 - CMC substrate that develops 

tensile stresses within the bond coat, promoting crack propagation [3].  

Overall, even though YbMS has a lower water vapor recession, YbDS is preferred as 

top coat because of its lower CTE mismatch. The CTE of ytterbium disilicate (4-6 × 

10-6 °C-1) is similar to that of the SiC substrate (4.5-5.5×10-6 °C-1), whereas, the CTE of 

monosilicate ytterbium disilicate (7-8×10-6 °C-1) is quite higher compared to SiC 

substrate [17].  But, the comparatively high silica activity of the YbDS tends to promote 

reaction with water vapor to form YbMS. Thus, in wet environments, the YbDS top 

coat contains both disilicate and monosilicate phases of ytterbium. The YbDS top coat 

dominates near the bond coat interface, while the YbMS dominates at the external 

interface in immediate contact with water vapor. 
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Recently, beyond the evolution of EBC systems over three generations, to meet the 

rising demand of increasingly high temperature applications at up to 1700ᵒC, hybrid 

thermal/environmental barrier coatings (T/EBCs) are proposed [9] [12] [30]. The 

thermal insulation coating (T) is applied on existing EBC systems as shown in Figure 

2-8.  

 

Figure 2-8: SiC/SiC CMC substrate with a T/EBC hybrid coating for high temperature 

applications up to 1700ᵒC [9]. 

The considered thermal barrier coatings are mostly HfO2 (Hafnium dioxide)-based and 

ZrO2 (Zirconium dioxide)-based. But, the major concern is their larger CTE compared 

to EBCs. To confront this issue, a functionally graded intermediate layer can be applied 

between TBC and EBC [12].  

2.1.3 Key requirements for the selection of the EBC materials 

One of the biggest challenges of the EBC system is to find candidate materials that 

satisfy all the key design requirements [23] [25]. The bond coat (BC) is sandwiched 

between the substrate and the top coat (TC). It is designed to provide improved 

adherence to the SiC/SiC-CMC substrate, whereas the top coat protects from water 

vapor and provides additional thermal insulation. In most cases, pure silicon is used as 



17 

 

 

bond coat for SiC/SiC substrates because of their similar CTE: the CTEs of silicon and 

SiC/SiC CMC are 3.5-4.5 ×10-6 °C-1 and 4.5-5.5 ×10-6 °C-1, respectively.  

Furthermore, depending on the final application requirements, additional layers can be 

introduced for specific functions like to facilitate chemical compatibility, for 

environmental durability, etc. Moreover, EBC systems are designed to restrict the 

diffusion of oxidants to the substrate [31]–[33]. The selection of candidate materials for 

each layer is based on the following criteria [14]: 

a. Adherence: 

The top coat refractory oxide can often not readily adhere to the SiC/SiC-CMC 

substrate. Therefore, an additional layer of bond coat is often used to achieve good 

adhesion. Till date, Si has proven to be among the most efficient bond coat materials 

for Si-based CMC substrate. Silica formation, often in the form of thermally grown 

oxide at the silicon bond coat / top coat interface can provide additional oxidation 

resistance [14].   

b. Coefficient of Thermal Expansion (CTE): 

As EBC systems are exposed to thermal cycles for prolonged periods of time, the CTE 

mismatch between the coating and the base substrate may lead to the premature failure 

of the whole system. Therefore, the basic criterion for the material selection of different 

EBC layers is to have a similar CTE compared to the base substrate. Conventional 

refractory oxides like ZrO2, HfO2, and Al2O3 (Alumina) have high CTE compared to 

Si-based CMCs, and are, therefore, less appropriate. In contrast, the CTE of Y2SiO5, 

mullite, and BSAS is comparable to that of Si-based CMCs as shown in Figure 2-9 and 

Table 2-1 [14], making them more appropriate as top coat materials. 
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Figure 2-9: Thermal expansion percentage for refractory oxides compared to  SiC and  Si3N4 

substrate materials [14]. 

Table 2-1: Coefficient of thermal expansion, melting temperatures and application of EBC 

coating materials [14]. 
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c. Phase stability and chemical stability: 

In addition to previously mentioned requirements, it is also important for each layer of 

the multi-layered EBC system to have a stable phase during thermal cyclic conditions 

at elevated temperatures. This is because phase transformations can generate cracks, 

which may provide easy pathways for oxidants to reach the substrate and eventually 

cause premature failure of the entire EBC system [14]. Moreover, on the one hand, if 

the coefficients of thermal expansion (CTEs) of the different EBC layers are higher 

than that of the SiC/SiC-CMC substrate, the EBC can develop tensile biaxial residual 

stresses. On the other hand, if the CTEs of the coating layers are lower compared to the 

SiC substrate, the EBC layers can develop compressive biaxial residual stresses. The 

level of residual stresses in the different coating layers of a BSAS/mullite/Si EBC 

system applied on a SiC substrate are illustrated in  

Figure 2-10 [34]. In this case, the celsian BSAS phase is under compressive residual 

stress, whereas the hexacelsian BSAS phase is under tensile residual stress. 
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Figure 2-10: Biaxial residual stress versus coating depth for different materials of each layer  

(BSAS, mullite, Si, SiC) in multilayer BSAS/mullite/Si/SiC, EBC systems exposed to 1300 °C 

for 20 hours [35]. 

d. Water vapor stability: 

Another important requirement is the coating durability in the presence of water vapour 

as determined by the amount of weight loss per unit area per unit time in the given 

environmental conditions. The weight loss with respect to the inverse of temperature 

for different materials like SiC, mullite, and BSAS is compared in  

Figure 2-11. The environmental conditions are identical for all three materials, 

including a water vapor partial pressure (PH2O) of 0.5 atm, a total pressure (Ptotal) of 1 

atm, and a gas velocity (v) of 4.4 cm/sec. It can be seen that the water vapor stability is 

in the descending order BSAS > Mullite > SiC. 

 

Figure 2-11: Water vapor stability of SiC, mullite and BSAS in an environment with PH2O = 0.5 

atm, Ptotal = 1 atm and v = 4.4 cm/sec [14]. 
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2.1.4 Effect of water vapor on top coat materials 

As previously discussed, rare earth silicates are good candidates for the EBC top coat 

application, especially in a combustion environment. The top coat is in direct contact 

with a highly demanding environment including (a) erosion by particles, (b) foreign / 

domestic object damage (FOD), and (c) calcium-magnesium-aluminum silicate 

(CMAS) deposition [36]. Also, the water vapor present in the aggressive combustion 

environment can deteriorate the top coat. For instance, high silica activity top coats tend 

to react with water vapor and undergo water vapor recession as shown in Equation (2.6) 

[37]. 

 

aMO�. b SiO	 + 2H	O
g�
= Si
OH��
g� + a. MO�. 
b − 1�SiO	 + porosity 

(2.6) 

This is the case of rare earth silicate top coats that are susceptible to water vapor 

recession. For instance, ytterbium disilicate (Yb2Si2O7) reacts with water vapor to form 

a ytterbium monosilicate (Yb2SiO5) and a volatile silicon hydroxide as shown in 

Equation (2.7). 

 Yb	Si	O + 2H	O = Yb	SiO! + Si
OH��
g�  (2.7) 

Wang and Liu [38] investigated the water vapor recession behaviour of some rare earth 

disilicates by first-principle calculations (DFT). They observed that yttrium disilicate   

(Y2Si2O7), thortveitite (Sc2Si2O7), Yb2Si2O7, and lutetium disilicate (Lu2Si2O7) have 

similar crystal structure, in which the double-tetrahedral silica group (Si2O7) is linked 

with one RE element as shown in Figure 2-12. The silicon atoms share strong bonds 

with oxygen atoms. Therefore, it can be expected to show strong corrosion resistance 

in water vapor. Moreover, the type of rare earth element linked to the Si-O pair affects 

its bond strength, and consequently the water vapor recession level. The authors 
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observed a stronger Si-O bond strength when linked to Yb followed by the cases of 

linkage with Sc, Y, and Lu, leading to the descending order of resistance to water vapor 

recession: Yb2Si2O7 > Sc2Si2O7 > Y2Si2O7 > Lu2Si2O7. In addition, it was observed that 

the higher Si-O bond population leads to higher resistance to water vapor recession as 

seen in Table 2-2. 

 

Figure 2-12: Crystal structures of four different rare earth silicates [38]. 

Table 2-2: Rare earth disilicates and their respective Si-O bond population [38]. 

Rare earth silicate Si-O bond population 

Lu2Si2O7 0.5575 
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Y2Si2O7 0.5938 

Sc2Si2O7 0.6000 

Yb2Si2O7 0.6125 

  

As can be seen in Figure 2-13, EBC coatings substantially reduce the weight loss of 

ceramics such as Si3N4 substrates in comparison to the bare Si3N4 where silica is the 

only protective coatings [39]. 

 

Figure 2-13: Comparing weight loss with time for a silica protective coating and EBC on a 

Si3N4 substrate [40]. 

2.1.5 Coating Deposition Process 

The selection of the coating deposition process is based on the substrate complexity, 

the required coating durability, and the manufacturing costs [41]. The most prevalent 

coating deposition methods are: air plasma spray (APS); sputtering; electron-beam-

assisted physical vapor deposition (EB-PVD); slurry deposition; sol-gel; chemical 

vapor deposition (CVD); and plasma spray assisted physical vapor deposition (PS-
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PVD) [31]. It is observed that the coating properties change with different coating 

deposition processes. For instance, Table 2-3 compares the typical coating properties 

obtained using CVD and APS processes. Every coating deposition process has its own 

merits and demerits. However, APS is the most used technique for EBC coating 

deposition [42]. 

Table 2-3: Comparison of typical coating properties obtained using either CVD or APS [9]. 

 

2.2 Defect structures in top coat 

Ceramic or oxide structures consist of both cations and anions. The concentration of 

cations and anions is such that the overall electroneutrality is maintained. The 

deviations from the long-range parent crystal structure are known as defect structure. 

The positively charged cations can move from a lattice point to an interstitial position, 

and the created interstitial ion ("#••) - vacancy (%&') pair is known as Frenkel defect as 

shown in Figure 2-14 (a). There is no additional charge as the concentration of cations 

and anions remains constant. Another defect scenario is when one cation and one anion 

are simultaneously removed, leaving behind a pair of vacancies (%&' ,%(••). Such defects 

are known as Schottky defects as shown in Figure 2-14(b) [43]. 
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Equilibrium Schottky and Frenkel defect reactions are described in Equations (2.8) and 

(2.9), respectively [43] [46]: 

Schottky: )*+ ⇔  %&
'+%(

•• (2.8) 

Frenkel: "&
- ⇔  "#

••+%&
'  (2.9) 

 

             

 

Figure 2-14: Ceramic defect structures: (a) Frenkel defect; and (b) Schottky defect. 

Furthermore, the equilibrium concentration of defects in a crystal structure can be 

estimated using thermodynamic principles. The Gibbs free energy determines the 

defect formation feasibility with the three stability conditions designated as: ∆/ = 0 

applies at equilibrium; ∆/ > 0 leads to instability; and ∆/ < 0 produces stable phase or 

crystal structure [45]. The negative Gibbs free energy at constant pressure and 

temperature can be written as [46]:  

 ∆/ 
 )
∆0 � 1∆23#45� � 1∆26 7 0 (2.10) 

Where ΔH represents the change in enthalpy; ΔSvibr is a vibrational entropy; and ΔSc is 

the configurational entropy. As shown in Figure 2-15, the enthalpy of formation is 

Anion 

Cation 
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directly proportional to the concentration of defects. At a fixed temperature, the 

configurational entropy (Sc) becomes more negative as the concentration of defects and 

the degree of randomness increases, thus ΔG becomes more negative. At equilibrium, 

the defect concentration corresponds to nd,eq, and the ΔG has a minimum value [46]. 

 

Figure 2-15: Change in enthalpy of formation (H), configurational entropy (Sc), and Gibbs free 

energy (H-TSc) with respect to defect concentration (nd) [46]. 

In addition, the following definitions can be made under the assumption that the total 

number of lattice sites is N, and n is the number of defect sites. The vibrational entropy 

change ΔSvibr is defined as the difference between vibration frequency around defects 

and that in the undisturbed lattice, while the configurational entropy change ΔSconfig is 

defined as the logarithm of the probability of defect to occupy the total available 

number of sites. The defect concentration is then given as [46]: 

 )9 ≈ ; exp
∆23#45� exp >− ∆0
?1 @ (2.11) 

Where k is the Boltzmann constant. 
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2.2.1 Effect of partial pressure on defect concentration 

The interaction of the gas with the solid at the surface is such that ionic defects generate 

in the solid, including Frenkel defects, Schottky defects, or electronic carriers (electron-

hole pairs). The generic defect reaction at equilibrium can be written as [46]: 

 "&-+ A(-  ⟺ "&,D- + A(,D- + %&'+%(•• (2.12) 

Where M and O on the left-hand side of the equation are the cations and the anions, 

respectively. The subscripts and the superscripts indicate the lattice positions and the 

charges of each ion or vacancy. Thus M and O ions are located at their lattice respective 

sites with neutral charges. Likewise, on the right-hand side, the subscripts M, S indicate 

that M ions have moved to surface sites, leaving behind a negatively charged vacancy 

denoted as %&' . Similarly, the subscripts O, S indicate that O ions have moved to surface 

sites, generating a positively charged vacancy denoted as %(•• [46]. 

The change in solid composition due to the interaction with the gas (X2) phase can take 

place by either oxidation or reduction reactions. In the oxidation reaction, a cation 

vacancy (%&') along with a hole  (2ℎ•), and a neutral anion at a lattice site (F-) form 

according to [44]: 

 
1
2 F	
G� ⇋ F- + %&' + 2ℎ• (2.13) 

Where the oxidation equilibrium constant Koxidation is calculated as:  

 IJK#9LM#JN = O%&'P Oℎ•P	Q-R
ST/	

 (2.14) 

Where Q-Ris the partial pressure of the gas phase. 
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In the reduction reaction, positively charged anion vacancies (%-••) generate together 

with an electron pair (2VW) to maintain electroneutrality. The defect reaction is written 

as [47]: 

 F- ⇋ 1
2 F	
G� + %-•• + 2VW (2.15) 

 

The reduction equilibrium constant Kreduction is: 

 I5X9Y6M#JN = O%-••P OVWP	Q-R
T/	

 (2.16) 

The electronic conductivity is affected by multiple factors including chemical 

composition, type of defects, and their respective concentrations, the partial pressure of 

the gaseous phase in the environment, and solid temperature. Moreover, the dominant 

defect reaction type depends on the oxygen partial pressure as shown in the Brouwer 

diagram in Figure 2-16. The diagram is also known as Kröger-Vink diagram and 

graphically illustrates the dominant defect structure as a function of partial pressure 

[44]. The oxide structure can be doped with two dopant types: an acceptor, and a donor 

cation, where the doped cation replaces the parent cation. The corresponding charge in 

each case relies on the type of dopant added. If the doped cation has a charge lower 

than the parent cation, it is called an acceptor cation that induces an overall negative 

charge. In contrast, a dopant with a higher charge than the parent cation is called donor 

cation which results in a positively charged oxide system. For a cation with the same 

charge as the parent cation, the overall system retains charge neutrality.      

In general, the overall electroneutrality is maintained. This means, the total negatively 

charged defects (left side of the reaction) are equal to the total positively charged 
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defects (right side of the reaction). The defect reaction for the electroneutrality equation 

at equilibrium for acceptor dopants is given as: 

  OZ&W P + 2OA#WWP + ) = O[&• P + 2O%(••P + \ (2.17) 

Where Z&W  is the negatively charged acceptor dopant at cation (M) lattice sites; A#' is 

the negatively charged oxygen ion residing at interstitial positions; and n is the 

negatively charged electronic charge (electrons). The positively charged [&•  is the 

donor dopant; %(•• is the positively charged oxygen vacancy; and p is the positively 

charged electronic charge (holes). 

 

Figure 2-16: Isothermal Brouwer diagram illustrating the defect concentrations versus the 

oxygen partial pressure. Here ceria is doped with an acceptor ion [46]. 

The diagram has four regions differentiated based on the different defect pairs, which 

are considered for calculation using the electroneutrality Equation (2.17). The 

logarithm of the defect concentration is proportional to the oxygen partial pressure. For 
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example, O%(••P ∝  Q(R̂ , with m being  the slope for the corresponding defect reaction as 

depicted in Figure 2-16. In the lowest oxygen partial pressure region (i) where 2O%(••P ≈
 OVWP, the concentrations of oxygen vacancies and electrons are higher compared to the 

concentrations of oxygen ions (at the interstitial site) and holes (electronic carrier). For 

the oxygen partial pressure region (ii) with 2O%(••P ≈ OZ_XW P, the major defect pair is 

oxygen vacancies and acceptor dopant (with a negative charge). In region (iii) with  

Oℎ•P ≈ OZ_XW P, the negatively charged dopants are compensated by positively charged 

electronic carriers (hole). Finally, in the highest oxygen partial pressure region (iv) with 

Oℎ•P ≈ 2 OA#'P, the concentration of oxygen ions at interstitial sites is equal to the 

concentration of positively charged electron carriers [46].                 

2.2.2 Effect of water vapor on defect concentration 

In wet environments, additional oxygen partial pressure is created by the water vapor 

dissociation reaction as: 

 H	O 
g� = H	
g� + 1/2  O	
g� (2.18) 

The dissociation of water vapor is driven by the Gibbs free energy minimization 

according to Equation (2.19) [48] . 

 `/J = −230000 − 8.14 ln
1� + 9.251 (2.19) 

The formation of water vapor in the combustion environment is inevitable. In this study, 

a SiC/SiC-CMC substrate coated with an EBC system is studied up to a temperature of 

around 1316 ᵒC or 1589 K. The standard Gibbs free energy estimated according to 

Equation (2.19) is negative with a value of -215.34 kJ/mol, indicating that water vapor 

dissociation takes place. The dissociation reaction produces hydrogen along with 

oxygen. Hydrogen tends to dissolve in oxides as protons with positive charges that 
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occupy interstitial sites. The most common Kröger-Vink notation for protons is 0#·. The 

proton dissolution equation can be written as [49] [50]: 

 0	
G� + 2A(- = 2A0(• + 2VW (2.20) 

Also, protons are more stable around oxygen ions because they sit within a negatively 

charged electron cloud. Therefore, they can be termed as hydroxide ions with a positive 

charge and are denoted as A0(• .  

2.3 Oxidation mechanism  

The oxidation of metal and their alloys is possible in two ways: the oxidant (oxygen or 

water vapor) can diffuse inward from the gas/oxide interface through the existing metal 

oxide and react with metal atoms at the oxide/metal interface. Or the metal atoms can 

migrate outward through the oxide to react with the oxidant at the gas/oxygen interface 

[51], as displayed in Figure 2-17. In general, the chemical potential difference of ions 

and charge carriers at the gas/oxide and oxide/metal interfaces drives the ionic and 

electronic migration, from the higher to the lower chemical potential [52].  The growth 

of the metal oxide film over time is quantitatively described by Wagner’s parabolic 

scaling theory [53]–[55].         

 

Figure 2-17: Illustration of metal oxidation mechanisms: (a) at the gas/oxide interface; and (b) 

at the oxide/metal interface [53]. 
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In 1933, Wagner [54] proposed the oxide scale growth model, wherein the scale growth 

rate is assumed to be dependent on the diffusion of ions (cations or anions) or free 

carriers (electrons as negative charge carriers or holes as positive charge carriers). The 

ions and free carriers diffuse independently. In this approach, the diffusion of ions and 

free charge carriers through the metal oxide scale is assumed to be the rate-controlling 

mechanism, resulting in a parabolic growth rate of the oxide scale. The complete 

oxidation process involves the reduction of oxidants at the gas/oxide interface and the 

oxidation of the metal at the oxide/metal interface. Wagner’s model emphasizes local 

equilibrium, which means the reactions at the gas/oxide and oxide/metal interfaces are 

at equilibrium, or the reaction at the interfaces is faster in comparison to the diffusion 

through the oxide. The mass transfer in metal oxides is by metal or oxygen vacancies 

as point defects. The resulting metal oxide growth rate equation in term of the number 

of equivalents (dñ) per unit area (A) per unit time (dt) is: 

 

 

(2.21) 

Where ξ is the instantaneous scale thickness; c̴̴ is the number of equivalents per cubic 

centimetre; DM and Dx are cation and anion self-diffusion coefficients, respectively; 

Q-# 	 is the oxidant partial pressure at the oxide/metal interface; Q-J	is the oxidant partial 

pressure at the gas/oxide interface; ZM and  ZX are the cation and anion, respectively.  

2.3.1 Mass transfer in top coat (TC) 

Kitaoka et al. [56] studied the mass transfer in an undoped α-Al2O3 wafer subjected to 

a steep oxygen partial pressure gradient at high temperatures (1973 K). The overall 

alumina formation was found to be controlled by the oxygen permeability constant, 
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determined by the inward movement of oxygen ions and outward movement of the 

aluminum ions. Wada et al.(2011) [57] further studied the anionic and cationic mass 

transfers via vacancies across the alumina wafer. Wada et al.(2017) [58] also studied 

the mass transfer in polycrystalline ytterbium disilicate (YbDS) at high temperature 

(1673 K) under identical oxygen partial pressure gradient as for α-Al2O3. The mass 

transfer mechanism in both alumina and ytterbium disilicate seemed to be identical. 

Therefore, the oxygen permeability constant expression used to describe mass transfer 

can also be considered identical for both YbDS and α-Al2O3. 

The mass transport process in YbDS can be explained by the defect model [59]. The 

mass transport is by oxygen and ytterbium vacancy migration. The formation of 

vacancies is controlled by the oxygen partial pressure at the gas /YbDS interface, while 

the vacancy movement is controlled by the partial pressure gradient. Two cases can be 

distinguished depending on partial pressure level: 

In the first case with low oxygen partial pressure, for instance, Po2(hi) = 1Pa and Po2(lo) 

= 10-9Pa, the mass transport process takes place in the following steps: 

i. Oxygen gas adsorbed at gas/YbDS interface, which is the surface with Po2(hi). 

ii. Oxygen vacancies form at YbDS/oxide (TGO) interface with Po2(lo). 

iii. The flux of positive oxygen vacancies (%gh), along with negatively charged electron (e’), 

migrate from the Po2(lo) surface to the Po2(hi) surface. 

iv. The adsorbed oxygen (A	
G�) occupies vacant sites (AiK) as shown by the following 

defect reaction: 

 1 2j A	
G� + %gh + 2VW = AJK (2.22)  
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In the second case with high oxygen partial pressure, for instance, with Po2(hi) =105Pa 

and Po2(lo) = 1Pa, the transport process proceeds in the following steps: 

i. The Yb3+ (cation) diffuses from the surface with the low oxygen partial pressure Po2 

(lo) at the YbDS (TC)/oxide (TGO) interface to the gas/YbDS interface with the high 

oxygen partial pressure Po2(hi). 

ii. The oxygen gas (A	) adsorbed at the gas/YbDS interface occupies oxygen lattice 

positions. 

iii. The formed negative metal vacancies (%k4WWW), accompanied with positively charged holes 

(2ℎ•), migrate from the surface at Po2(hi) to the surface at Po2(lo). 

iv. The metal vacancies annihilate by the reverse of the defect equation below at the 

YbDS/TGO interface, followed by the ejection of oxygen gas. 

 1 2j A	
G� = AJK + 2 3j %k4WWW + 2ℎ• (2.23) 

The charge neutrality within the YbDS is maintained by keeping the concentration of 

electrons equal to that of oxygen vacancies or holes. Similarly, the concentration of 

holes is equal to that of metal vacancies. The total mass transfer in the YbDS wafer was 

determined as the sum of oxide and ytterbium ion migration driven by the chemical 

potential gradient, independent of the diffusion of cations (ytterbium ion) and anions 

(oxygen ion) taking place in opposite directions.  

The dependence of vacancy concentration on oxygen partial pressure is given as [55]:  

 O%(••P = l4Imn••oST pj . Qi	
ST �j

 (2.24) 

 O%k4WWWP = q4Imrstttup vj . Qi	
p T�j

 (2.25) 
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Diffusion experiments conducted at 1400oC with varying oxygen partial pressure 

differences 
2O

P∆ of 10-9Pa/1Pa, 10-5Pa/1Pa; 104Pa/1Pa, 105Pa/1Pa showed that the 

dominant migrating species depend on 
2O

P∆ across the wafer. Under low oxygen partial 

pressure conditions (10-9Pa/1Pa), oxygen ions were found to migrate preferentially, and 

the exponent n was -1/6 as shown in Equation (2.24). On the other hand, for high 

oxygen partial pressure conditions (105Pa/1Pa), ytterbium ions permeation dominated, 

and the exponent n was 3/16 as per Equation (2.25). 

2.3.2 Mass Transfer in TGO 

In combustion environments, oxidants like H2O and O2 diffuse through the top coat 

and react with the silicon bond coat [60] to form silicon dioxide (SiO2) at the TC/BC 

interface [61]. 

Figure 2-18 illustrates the steps in TGO formation assuming the silicon oxidation, and 

therefore, the TGO formation takes place at the TGO/BC interface, which means oxygen 

diffusing across the entire thicknesses of both the top coat and the TGO.  

                       (a)  

(b.1)  (b.2)  
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Figure 2-18: Steps of the TGO formation at BC/TGO interface; (a) at time t=0, TGO thickness 

h=0; (b.1) and (b.2) at the time t=t, TGO thickness h=h, the bond coat reacts with oxygen to 

form the silica TGO. 

2.3.2.1 Oxidation of Silicon 

The rate of oxidation of silicon can be quantified in terms of TGO thickness as a 

function of time (h2/t). Another method to measure the oxidation kinetics is the weight 

change of specimens exposed to the oxidizing gaseous environment ((Δwt)2/t) [62]. 

Generally, the oxidation of pure metals follows either the linear oxidation law, the 

parabolic oxidation law, or the logarithmic oxidation law. The linear oxidation law 

defines that the rate of the oxide thickness growth is directly proportional to the 

exposure time, whereby the rate-controlling step is predominantly reactions at the 

gas/oxide interface. The parabolic oxidation law defines that the square of the oxide 

scale thickness is directly proportional to the exposure time. In this case, the oxidant 

diffusion through the oxide scale is the rate-controlling step. The logarithmic oxidation 

law is not observed for the oxidation of silicon [63] and is generally observed in very 

thin films. All three types of oxidation behavior are illustrated in Figure 2-19. 

 

Figure 2-19: Three oxidation laws for the oxidation of pure metals [53]. 
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The equation for the parabolic oxidation is given below: 

 ℎ	 = ?wx (2.26) 

Where h is the oxide thickness; kp is the parabolic rate constant; and t is the exposure 

time. As the parabolic oxidation is diffusion controlled, the process is thermally 

activated and the minimum energy required to diffuse across the oxide is called the 

activation energy Qa as per the following expression [55]: 

 ?w = ?J exp y− zL{1| (2.27) 

Here, ko is the pre-exponential factor; R is the universal gas constant; and T is the 

absolute temperature. 

 The equation for the linear oxidation law is [29]: 

 ℎ = ?}x (2.28) 

With h and t being the oxide thickness and the exposure time as defined earlier for the 

parabolic oxidation law; and ?} is the linear rate constant. 

The oxidation of SiC leads to the formation of a silicon dioxide scale and carbonaceous 

by-products including CO, CO2, and C as illustrated in Figure 2-20 [64] [65]. The 

oxidation kinetics involves simultaneous inward diffusion of oxidants such as O2, O
-2, 

O, and outward diffusion of carbonaceous by-products.  

With reference to Figure 2-20, C1
* is the equilibrium concentration of oxidants at the 

gas/SiO2 interface; and C2
* is the equilibrium concentration of carbonaceous by-

products at the SiO2/SiC interface. At the outer gas/SiO2 interface, C10 is the 

concentration of oxidants; and C21 is the concentration of the carbonaceous by-

products. At the inner SiO2/SiC interface, C11 is the concentration of oxidants; and C20 
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is the concentration of the carbonaceous by-products [65]. Two possible rate-

controlling steps are illustrated in Figure 2-20. If the inward diffusion of oxidants is the 

slower step, the concentration of carbonaceous by-products at both inner and outer 

surfaces of silicon dioxide is identical as shown in Figure 2-20 (a). However, if the 

outward diffusion of carbonaceous by-products is the slower step, the concentration of 

oxidants at either side of silicon dioxide is equal as shown in Figure 2-20(b) [65]. 

 

Figure 2-20: Oxidation of SiC with simultaneous inward diffusion of oxidants and outward 

diffusion of carbonaceous by-products: (a) oxidants diffuse at slower rates; (b) carbonaceous 

by-product diffuse at slower rates [65]. 

2.3.2.2 TGO growth kinetics 

The prominent materials for the EBC top coat are mullite, yttria-stabilized zirconium 

(YSZ), barium-strontium aluminosilicate, and RE2Si2O7 [66]. Oxygen (O2) is the main 

oxidant for dry oxygen conditions, whereas, water vapor (H2O) is the main oxidant for 

wet oxygen conditions [19]. In both conditions, diffusion of either molecular oxygen 

or atomic/ionic oxygen takes place, and a thermally grown oxide (TGO) layer forms. 
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Figure 2-21 shows the oxidant diffusion mechanism through TC and TGO (i.e., SiO2) 

for a CMC substrate with Si as the bond coat. 

 

Figure 2-21: Growth of silicon dioxide (TGO) at top coat-Si (bond coat) interface [67]. 

In Figure 2-21, P is the partial pressure of the gaseous oxidant in the environment; C* 

is the concentration of the oxidant at equilibrium; Co is the oxidant concentration at the 

gas/top coat (TC) interface; Ca
o is the oxidant concentration in top coat at TC/TGO 

interface; Ca
c is the oxidant concentration in the TGO at the TC/TGO interface; Ci is 

the oxidant concentration at the TGO/bond coat interface; δ is the top coat thickness; 

and xo is the TGO thickness. 

In this context, Lu and Wang [66] studied the TGO formation and growth kinetics for 

Yb2Si2O7 based EBC coating materials in different corrosive environments. They 

concluded that oxygen ions are dominant oxidants in conditions where the partial 

pressure of water vapor (H2O) is up to 0.5 atm, while H2O is the dominant oxidant at 

H2O partial pressures near 1 atm.  
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2.4 EBC modes of failure 

The possible modes of failure of EBC systems were illustrated by Lee [36] and can 

include the deposition of calcium-magnesium-alumina-silicate (CMAS); the erosion of 

the top coat; foreign object damage (FOD); and the water vapor recession. For the 

purpose of this research, however, diffusion and TGO formation leading to eventual 

failure of the EBC system is the focus. As such, the presence of oxygen and water vapor 

are studied as the main factors. Specifically, as the bond coat reacts with oxidants, the 

TGO grows, increasing its thickness and creating growth stresses at the interface. When 

the TGO reaches a critical thickness, the accumulated growth stresses become greater 

than the interface bond strength. This leads to crack formation and propagation at the 

TGO/bond coat interface, and eventually to the spallation of the EBC system, limiting 

its lifetime. A schematic illustration of oxidant flow, TGO formation, and EBC system 

failure is shown in Figure 2-22. 

 

Figure 2-22: Schematic illustration of oxidant flux, TGO formation, and failure of the EBCs. 

In practice, it is difficult to avoid the TGO formation, but it is a logical and standard 

approach to retard or control its growth in order to delay EBC spallation. Indeed, 

Klemm et al. [17] successfully delayed the TGO formation by restricting the diffusion 

flux of oxidants. Their EBC system consisted of a YbDS top coat, a YbDS+SiC 
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intermediate layer, and a Si bond coat on a SiC/SiC-CMC substrate. The SiC particles 

in the YbDS layer preferentially oxidized, restricting oxidants from reaching and 

reacting at the critical bond coat interface. In this case, the SiC particles acted as getters 

to hinder the oxidant permeation through the top coat, thereby reducing the rate of TGO 

growth. 

Also, Lee [36] proposed to control the TGO growth through chemical modifications of 

the EBC system. Refractory oxides such as alumina, mullite, YAG (yttrium aluminum 

garnet), TiO2(titania), referred to as modifiers, were added to the YbDS top coat. 

Although the modifiers effectively improved the lifetime of the coatings compared to 

the unmodified top coat, each of them had its own characteristic effect on the TGO 

growth rate. 

2.5 Oxygen permeability 

The permeability of the oxygen through top coat and the TGO determines their ability 

to protect the substrate material from being oxidized, eventually causing EBC system 

failure [68]. In general terms, permeability is defined as the amount of gas permeated 

per unit area per unit time. The mathematical expression used for oxygen permeability 

is the same as for the flux. At steady-state, when temperature and oxygen partial 

pressure is constant at both surfaces [69] [70], Fick’s first law applies and is written as: 

 J = P =  −D dC
dx (2.29) 

Where J is the oxygen flux equal to P that is the oxygen permeability in the direction 

of the coating thickness; 
9_
9K is the concentration gradient across the thickness of the 

coatings; and D is the oxygen diffusion coefficient. 
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Ogura et al. [70] directly related the oxygen permeability to the oxygen defect 

concentration gradient, where the oxygen defect concentration at each surface of the 

coating is described in terms of oxygen partial pressure. Hereby, diffusion is considered 

under steady-state conditions as described in Equation (2.30). 

 
2 2 1 2( ( ) ( ))
n n

k P O P O
P D

l

−
= −

 (2.30) 

Where k is the equilibrium constant; P1(O2) and P2(O2) are the oxygen partial pressure 

at either surface of the wafer; n is the exponent that depends on the oxygen defect 

reaction at each of the wafer surfaces exposed to oxygen; and l is the wafer thickness. 

In this consideration, the amount of soluble oxygen at the interface is directly 

proportional to Pn [69]. 

In most practical situations, diffusion is in a non-steady state. Therefore, the oxygen 

permeation or oxygen flux is time-dependent and the concentration gradient or oxygen 

partial pressure gradient changes with time. Non-steady state diffusion is expressed in  

Fick’s second law, as shown below: 

 2

2
( )

dc d c
D

dt dx
=

 (2.31) 

2.5.1 Oxygen permeability constant  

The oxygen permeability constant has been immensely studied to understand oxygen 

permeation through various ceramic oxides and high-temperature protective coatings 

like alumina, beryllia, yttria [69], and zirconia [70] under different oxygen partial 

pressure gradients. It is defined as the permeability multiplied by the thickness of the 

material (P.l), as in Equation (2.32) below. 
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 Q. + =  molar equivalents of Oxygen
sq. m ∗ sec ∗ m =  mol/m. sec (2.32) 

Courtright et al. [69] called it permeability normalized for unit thickness, which 

indicates the amount of oxygen permeating through a barrier with a fixed thickness (l). 

2.5.2 Experimental oxygen permeability constant 

An experimental method to measure the oxygen permeability constant is to study a 

wafer of a known oxide material in terms of oxygen permeation through a known 

sample thickness and a known permeation surface area. The experimental set-up is such 

that an oxygen partial pressure gradient is produced across the thickness of the wafer. 

Oxygen gas along with argon is introduced at a fixed gas flow rate in one chamber at 

one side of the wafer, and the permeated oxygen is swept with noble gas (argon) at the 

opposite side of the chamber. The permeated oxygen is measured using a zirconia 

oxygen sensor [57] [70]–[72]. The set-up is shown in Figure 2-23.  

 

Figure 2-23: Experimental set-up for oxygen permeability measurement [71]. 
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The mathematical expression for the calculation of the oxygen permeability using 

experimental parameters is given in Equation (2.33). 

 Q. + = �w. z. +
%�M. 2  (2.33) 

The permeability (P) is defined as the product of the ratio of the permeated oxygen 

concentration (Cp) and the test gas flow rate (Q) per exposed wafer surface (S), per unit 

standard molar volume of an ideal gas (Vst). Multiplying the permeability by the wafer 

thickness (l) yields the oxygen permeability constant (P.l). 

2.5.3 Models for oxygen permeability constant 

2.5.3.1 Oxygen permeability constant through top coat (YbDS) 

Wada et al. [58] calculated the oxidant flux permeating through a ytterbium disilicate 

wafer of known thickness. The permeation was considered to be due to the oxygen ions 

and the ytterbium ions only, independently. The diffusion contribution of silicon ions 

to the total flux is assumed negligible as silicon shares a strong covalent bond with 

oxygen [71]. The total permeability of the oxidant is then calculated in terms of oxygen 

permeability constant as: 

 4Q. + = � ��(��}
i

 (2.34) 

Where JTO (mol/m2 .sec) is the total permeability of oxidants across the wafer of 

thickness l (m), with P.l as calculated earlier in Equation (2.33). All parameters in the 

equations are either known or can be experimentally acquired. 
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The total flux that permeates through the typical Yb2Si2O7 top coat is given as the sum 

of ytterbium ion and oxygen ion mass transfer. Also, the authors expressed the total 

oxygen permeation through a polycrystalline wafer as: 

 4 Q. + =  Z#
Q(R
hi�N − Q(R
lo�N� (2.35) 

Where Z# is a temperature dependent frequency factor; subscript i indicates ytterbium 

(Yb) or oxygen (O); n depends on the defect reaction; Po2(hi) and Po2(lo) are relative 

oxygen partial pressures in contact with opposite interfaces of the wafer. 

 They expressed the oxygen permeability constant as in Equation (2.36) [58]: 

 

4Q. + = Z�4
Q(R
h#� �
�� − Q(R
+g� �

��� 

           + ZJ
Q(R
h#�S�
� − Q(R
+g�S�

�� 

(2.36) 

2.5.3.2 Oxygen permeability through TGO (SiO2) 

Deal and Grove [73] proposed a model that describes the oxidation of silicon in two 

stages: linear oxidation and parabolic oxidation. Three oxidant flux equations were 

considered: the flux equation for gas transport from the bulk of the surrounding 

environment to the gas/oxide interface; the flux equation for the oxidant diffusion 

across the oxide layer; and the flux equation for the reaction of the oxidant at the 

oxide/metal interface. The mass balance at the two surfaces of the oxide layer was 

assumed to be under steady-state conditions. They derived the general form of the 

linear-parabolic oxidation model as: 

 xo
2 + A xo =  B 
t + τ� (2.37) 
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Where xo is the oxide thickness; B and A are parabolic and linear rate constants, 

respectively; t is the time; and τ is a constant that accounts for the initial oxide thickness 

at time t = 0.  

Sullivan [67] reformulated the Deal-Grove linear-parabolic oxide growth equation to 

study the oxygen permeability through the EBC system. They focused mainly on the 

oxygen permeability through the TGO. They used experimental values for the TGO 

thickness with respect to time to fit the equation. The modified linear rate constant A 

for the top coat-TGO system was introduced by curve-fitting, while the parabolic rate 

constant B was considered independent of the top coat. They also considered different 

coatings as bond coat with the modified rate constant being linearly proportional to 

each coating thickness. This modified linear rate constant is the summation of simple 

linear constants stating the ratio of oxidant permeability in oxide to the oxidant 

permeability in the TGO layer. 
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3 Modelling Methodology 

A comparative study of oxidant permeation through both top coat (TC) and thermally 

grown oxide (TGO) layers can provide information on the effect of each of the two 

layers on oxidation and damage of the EBC system. Moreover, the study of the relative 

oxygen permeability constant of TC and TGO in both dry oxygen and water vapour 

environments can allow to understand the impact of each of the two oxidants. Also, 

factors like time, temperature, gas partial pressure, and modifier addition affect the total 

oxygen permeability constant. In this chapter, the methodologies used to modify the 

oxygen permeability constant equations for the TC and to derive the oxygen 

permeability constant equation for the TGO are presented.  

The oxygen permeability constant for the top coat (TC) in dry oxygen conditions is 

described in sub-section 2.5.3.1. Here, Equation (2.36) defined earlier in the Literature 

Review, is used to estimate the oxygen permeability constant using exponents 3/16 and 

-1/6, respectively. Moreover, the interaction of water vapor with the oxygen vacancy 

concentration and metal vacancy concentration is evaluated using defect equilibrium 

reactions. Here, the exponents used for the oxygen permeability constant in the 

Literature Review Equation (2.35) are designated as p and q for the oxygen vacancy 

concentration and the metal vacancy concentration, respectively.  

The general overview of the parameters required to calculate the oxygen permeability 

constant in both top coat and TGO layers is depicted in the flowchart in Figure 3-1 
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Figure 3-1: Flowchart of factors affecting the oxygen permeability constant for top coat and 

TGO layers. 

3.1 Water vapor effect on oxygen permeability constant 

through top coat 

The oxygen permeability constant, as initially described in Equation (2.36), strongly 

depends on the used exponents, which in turn depend on the prevailing defect reactions. 

In this study, four assumptions are made following the approach by Wada et al. [58] in 

an effort to describe the effect of water vapor on the defect concentration. 

Assumption 1: The ytterbium disilicate unit cell consists of two types of cations (Yb3+, 

Si4+) and an oxide anion (O2-). However, the metal vacancy formation is assumed to be 

solely due to Yb3+ions, and that of anion vacancy due to O2- ions. 
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Assumption 2: The dominant defects for the ytterbium disilicate are the Schottky 

defects.  Therefore, interstitial defects are ignored. In general terms, the equation for 

charge neutrality is written as:   

 nil ⇋ %&WW + %(•• (2.8) 

Where  %&WW are the metal vacancies located at metal lattice sites; and %(•• are the oxygen 

vacancies at oxygen lattice sites. 

Assumption 3: The volatilization of ytterbium disilicate in the presence of water vapor 

is ignored. 

Assumption 4: The ytterbium disilicate is crystalline. 

Table 3-1 below summarizes the Kröger-Vink notations used in this work.  

Table 3-1: Kröger-Vink notations used in this work: 

Symbol Definition 

��� Neutrally charged oxygen at normal lattice sites 

��•• Positively charged oxygen vacancy at oxygen lattice sites 

��WWW  Negatively charged metal vacancy at metal lattice sites. 

���•  Positively charged proton at oxygen lattice sites 

�• Positively charged hole 

�W Negatively charged electron. 

Subscripts symbolize the lattice location: as O and M indicate oxygen and metal lattice sites, respectively. Superscripts 

symbolize the charge on the defect as: x neutral or zero charges; • (+1) positive charge; •• (+2) positive charges; ′ (-

1) negative charge; and  ′′′ (-3) negative charge. 

In wet oxygen conditions, water vapor is in direct contact with the top coat. The gaseous 

water molecule dissociation at the surface has a considerable effect on both the oxygen 

vacancy concentration and the ytterbium vacancy concentration. The assumed two 
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equations for water molecule dissociation can be described as in Equation (2.18) in the 

Literature Review (re-written below) and Equation (3.12), without proton (first case in 

sub-section 3.1.1) and with a proton (second case in sub-section 3.1.2), respectively. 

3.1.1 First Case  

One mole of gaseous water molecule dissociates into one mole of hydrogen gas (no 

protonic effect) and a half mole of oxygen gas as:  

 0	A
G� → 0	
G� + 1 2j A	
G� (2.18) 

Four types of defects, with charges O%�4WWWP, OVWP, 2O%(••P, Oℎ• P, are involved as illustrated 

in the equilibrium defect reaction Equations (3.2) and (3.7).  

To maintain electroneutrality, the total negative charge should be equal to the total 

positive charge as: 

 2 3j O%�4WWWP + OVWP = 2O%(••P + Oℎ•P (3.1) 

3.1.1.1  Effect of water vapor partial pressure on the oxygen vacancy 

concentration 

The oxidation reaction at the top coat interface exposed to gas (gas/top coat interface) 

is retrieved from the Literature Review Equation (2.22) as rewritten below: 

 1 2j A	 + %(•• + 2VW → AJK (2.22) 

Adding Equation (2.18) and Equation (2.22), we obtain   

 0	A + %(•• + 2VW → 0	
G� + AiK (3.2) 

And the equilibrium constant for Equation (3.2) can be written as: 
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 kp.	  = OO¢�P. \£	 
O%(••POeWP	. \£	( (3.3) 

From Equation (3.2), it can be seen that only the defect pair OeWP, OVoh P takes part in the 

reaction, which means the contributions of other defects are neglected: OV¥¦WWWP= [ℎ•] = 0.     

Thus, Equation (3.1) can be reduced to 

 OeWP = 2O%(••P (3.4) 

Substituting OeWP = 2OVoh P, and OO¢�P =1 in Equation (3.3) yields 

 kp.	 =  1 .  \£	 
O%(••P
2O%(••P�	.  \£	( (3.5) 

or 

 O%(••P = > ?p.	 \£	4  @T/p . \£	(ST/p
 (3.6) 

3.1.1.2  Effect of water vapor partial pressure on the metal vacancy 

concentration 

The oxidation reaction at the gas/top coat interface can be described by revisiting 

Equation (2.23) given earlier in the Literature Review chapter: 

 1 2j A	
G� → AJK + 2 3j %�4WWW + 2ℎ• (2.23) 

Adding Equation (2.18) and Equation (2.23), the equation describing the water 

dissociation for metal vacancy formation can be written as    

 0	A → AJK + 2 3j %�4WWW + 2ℎ• + 0	
G� (3.7) 

 and the equilibrium constant is  
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 k3.7=   §m̈ sttt©R/�  Oª• PRO«¬­P.w®R 
w®Rn  (3.8) 

The dominant defect pair in Equation (3.7) is O%�4WWWP, [ℎ•P. Therefore, the 

electroneutrality Equation (3.1) can be simplified to 

 2 3j O%�4WWWP =[ ℎ•P (3.9) 

Substituting 2 3j OV¥¦WWWP =[ ℎ•P  and OO¢�P =1  (the activity of the neutral oxygen at lattice 

site) in Equation (3.8) yields 

 k3.7=  4 9j  §m̈ sttt©R/�  § ¯°±ttt ©R.T . w®R 
w®Rn  (3.10) 

with   

 OV¥¦WWWP = >4 9j  ?p.   \£	 @
p/v . \£	(p/v

 (3.11) 

Considering Equations (3.6) and (3.11), it can be seen that the equilibrium constant is 

dependent on both the water vapor partial pressure and the hydrogen gas partial 

pressure. However, if the partial pressure of hydrogen is assumed to be constant, the 

oxygen vacancy concentration becomes proportional to  \£	(ST/p
 , which means the 

ytterbium vacancy concentration is proportional to  \£	(p/v
. 

3.1.2 Second Case  

One mole of gaseous water molecules interacts with two oxygen atoms in the parent 

lattice to form a half mole of oxygen gas and two moles of protons as:  

 H	O
g�+2O¢� → 2OH«• + 2eW + 1 2j O	
g� (3.12) 

The defects formed at equilibrium in this reaction are O%�4WWWP, OVWP, 2O%(••P, Oℎ•P, OA0(• P as 

described in Equations (3.14) and (3.19).  
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Again, to maintain electroneutrality, the total negative charge should be equal to the 

total positive charge. Therefore, Equation (3.1) can also be written as: 

 3O%�4WWWP + OVWP = 2O%(••P + Oℎ•P + O A0(• P (3.13) 

Here, the proton defect (O A0(• P)  is an additional entity. 

3.1.2.1  Effect of water vapor partial pressure on the oxygen vacancy 

concentration 

The oxidation reaction at the gas/top coat interface can be retrieved from the Literature 

Review Equation (2.22): 

 1 2j A	 + %(•• + 2VW → AJK   (2.22) 

Adding Equation (3.12) and Equation (2.22), we obtain 

 H	O
g�+V«•• + O¢� → 2OH«•  (3.14) 

and the equilibrium constant for Equation (3.14) is 

 k3.14 =  O(£n• PR
O«¬­P ²mn••³.w®Rn (3.15) 

The dominant defect pair in Equation (3.13) is [OH«• P, OV«••P. Thus, the electroneutrality 

Equation can be reduced to 

 OOH«• P  = 2OV«••P (3.16) 

Substituting OA0(• P  = 2O%(••P and OO¢�P =1 (activity of the neutral oxygen at lattice sites) 

in Equation (3.15), we obtain  

 k3.14=  � .  Omn••PR
²mn••³.  w®Rn.T (3.17) 

with 
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 O%(••P = >?p.T�4 @T .  \£	( (3.18) 

3.1.2.2  Effect of water vapor partial pressure on the metal vacancy 

concentration 

The possible oxidation reaction at the gas/top coat interface is retrieved from the 

Literature Review Equation (2.23) as rewritten below: 

 1 2j O	
g� → O¢� + 2 3j V¥¦WWW + 2h• (2.23) 

Adding Equation (2.23) and Equation (3.12) yields               

 H	O
g�+Oi� → 2OH«• + 2eW + 2 3j V¥¦WWW + 2h• (3.19) 

and the equilibrium constant is 

 kp.T´ =  OOH«• P	²V¥¦WWW³	/pOeWP	  Oh• P	 
OO¢�P. pµ	«  (3.20) 

Equation (3.19) and the corresponding equilibrium constant k3.19 indicate four defect 

concentrations. However, we can assume one defect pair as dominant and the other 

defect pair as negligible. 

Firstly, we assume the dominant defect pair in Equation (3.13) is O%�4WWWP, OA0(• P.           

In that case, the equilibrium constant k3.19 can be written as 

 kWp.T´= 
O«µ¶• PR§¯°±ttt©R/� 

O«¬­P.·¸R¶  (3.21) 

Maintaining electroneutrality as per Equation (3.13) yields 

 3O%�4WWWP = OOH«• P (3.22) 
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Substituting 3O%�4WWWP = OA0(• P   and OO¢�P =1 (activity of the neutral oxygen at lattice 

sites) yields 

 kWp.T´= 
 ´ §¯°±ttt©R/�  § ¯°±ttt  ©R.  T  

·¸R¶  (3.23) 

with 

 OV¥¦WWWP = ¹kWp.T´9 º
p/v

. pµ	«p/v
 (3.24) 

Secondly, we assume the dominant defect pair in Equation (3.13) is OeWP, [A0(• ]. In that 

case, the equilibrium constant k3.19 can be written as 

 kWWp.T´ =  OOH¢• P	OeWP	 
OO¢�P. pµ	«  (3.25) 

Again, maintaining electroneutrality according to Equation (3.13) yields 

 OeWP = OOH«• P (3.26) 

And Equation (3.25) reduces to 

 kWWp.T´ = 
O«µ¶• P» 

·¸R¶  (3.27) 

Meaning: 

 OOH«• P = 
kWWp.T´�T/�. pµ	«T/�
 (3.28) 

Thirdly, we assume the dominant defect pair in Equation (3.13) is OV¥¦WWWP, Oh• P. In that 

case, k3.19 can be written as 

 kWWWp.T´ = 
  O¼• PR§¯°±ttt©R/� 

O«¬­P.·¸R¶  (3.29) 

And maintaining electroneutrality requires 
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 3OV¥¦WWWP = Oh• P (3.30) 

Substituting 3OV¥¦WWWP = Oh• P  and OO¢�P =1 (activity of the neutral oxygen at lattice sites) 

in Equation (3.13) yields 

 kWWWp.T´= 
 ´ §¯°±ttt©R/�  § ¯°±ttt ©R.T  

·¸R¶  (3.31) 

with 

 OV¥¦WWWP = ¹kWWWp.T´9 º
p/v

. pµ	«p/v
 (3.32) 

In summary, Equation (3.17) suggests that the oxygen vacancy concentration is directly 

proportional to the water vapor partial pressure (pµ	«). Equations (3.24) and (3.32) 

indicate that the metal vacancy concentration depends parabolically on the water vapor 

partial pressure, with the exponent being 3/8, meaning a linearly proportional 

relationship to pµ	«p/v
. Moreover, the defect reaction Equation (3.28) shows that the 

proton concentration depends parabolically on the water vapor partial pressure with an 

exponent of 1/4. However, this can be ignored in our particular case as the oxygen 

permeability constant equation for the top coat is only related to the metal vacancy 

concentration and the oxygen vacancy concentration.  

3.2 Oxygen permeability constant equation for TGO 

The rate of growth of silicon dioxide or silica TGO on the bond coat is directly 

proportional to the diffusivity of the oxidizing species, to the oxygen partial pressure 

gradient across the TGO thickness (
½·
½¼), and to the molar volume of silica (V¾¿«R�, as 

described in Equation (3.33). Moreover, the TGO growth rate is inversely proportional 
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to the number of moles (m) of the diffusing species reacting with 1 mole of silicon to 

form 1 mole of Silicon dioxide. 

 
dh
dt = − V¾¿«Rm ⋅ D ⋅ dp

dh (3.33) 

The negative sign in Equation (3.33) indicates that diffusion occurs from the high 

oxygen partial pressure at the TC/TGO interface to the low oxygen partial pressure at 

the TGO/BC interface. 

The oxygen permeability constant for TGO is estimated using Fick’s first law of 

diffusion as described in Equation (3.34) assuming stationary diffusion. 

 −D ⋅ dp
dh = J (3.34) 

Where J is the oxidant flux through the TGO. 

For simplicity, we assume O2 be the only diffusing specie. Therefore, Equation (3.33) 

can be rewritten as 

 
dh
dt = V¾¿«Rm . J«R (3.35) 

And then 

 dh = J«	  ⋅ V¾¿«Rm ⋅ dt (3.36) 

Integrating Equation (3.36) between h = 0 at t = 0 and h = h at t = t as illustrated 

earlier in Figure 2-18, we obtain 

 � dh
¼Á¼

¼Ái
= � J«	 ⋅ V¾¿«Rm ⋅ dt

ÂÁÂ

ÂÁi
 (3.37) 
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h − 0� = J«	 ⋅ V¾¿«Rm ⋅ 
t − 0� (3.38) 

 h = J«	 ⋅ V¾¿«Rm ⋅ t (3.39) 

Now, multiplying both sides by h and rearranging, we obtain 

 h	 = J«	 ⋅ h. V¾¿«Rm ⋅ t (3.40) 

Also, considering that 

 
h	
t = kp (3.41) 

And substituting Equation (3.41) into Equation (3.40), we can rearrange to obtain 

 J«	 . h = m . kp
 V¾¿«R

 (3.42) 

or 

 Ji	 . h = Ã·
 ¯ÄÅ¶R

  m = 1, for O2 reaction with silicon (3.43) 

Here Ji	 . h is the product of the flux and TGO thickness, which is defined as the oxygen 

permeability constant for TGO [69]. 

To estimate the TGO volume (VSiO2), we consider Equation (2.1) describing the 

reaction of oxygen with silicon to form silicon dioxide: 

 Si 
s� +  O	 
g� =  SiO	 
s�     (3.44) 

Hereby, 1 mole of O2 reacts to form 1 mole of SiO2. 

To estimate the molar volume (VSiO2) of amorphous silica formed per mole of oxygen, 

we consider the density of SiO2, ρSiO2(amorphous) = 2.2 g/cm3, and its molecular 

weight, MSiO2 = 28+2*16 = 60 g/mole. As such, its density can be estimated as: 
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 Density =  Weight
Volume  (3.45) 

Or the volume calculated as: 

 Volume =  Weight
Density (3.46) 

 V¾¿«R  = 60 g/ mole
2.2 ∗ 10�g/mp  = 27.27 ∗ 10S� mp/ mol (3.47) 

3.3 Oxygen permeability constant equation to describe 

experimental values 

Equations (2.36) and (3.42) provide the oxygen permeability constant values for TC 

and TGO, respectively. The estimation of oxygen permeating through the top coat is 

done by using the volume of silicon dioxide (TGO) formed with respect to exposure 

time [74] as it depends on the amount of oxygen reacting with the bond coat. The 

expression is: 

 Q =  ÉD#(R ∗ ꝞD#(R"D#(R. x  (3.48) 

 In equation (3.48), ꝞSiO2 is the TGO volume per unit area (x*y) as illustrated in  

Figure 3-2 ; ρSiO2 is the density of SiO2; MSiO2 is the molecular weight of SiO2; and t is 

the exposure time. 

The oxygen permeability constant can then be written as: 

 Q. + =  ÉD#(R ∗ ꝞD#(R"D#(R. x  ∗ +      
+ *Ê xℎV xg\ËgÌx xℎ*Ë?)VÊÊ� (3.49) 

The permeation area S and ꝞSiO2 (m
3/m2) for TGO is mathematically expressed as: 
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 2 
  � ∗ Í (3.50) 

 Ꝟ¾¿«R =  
� ∗ Í ∗ ℎ

2
 (3.51) 

 

 

 

 

 

Figure 3-2: Top coat and TGO dimensions at time = t (hours). 

Tables 3-2 and 3-3 summarize the constants and nomenclature used in this study. 

Table 3-2: Exponents for dry oxygen and wet oxygen conditions. 

Condition p exponent value q exponent value 

Dry oxygen -1/6 3/16 

Wet oxygen (without proton) -1/3 3/8 

Wet oxygen (with a proton) 1 3/8 

 

Table 3-3: Nomenclature of the equations.  

Coating Equation Nomenclature 

x 

x y 

y 
l 

h 

Top coat 

TGO 
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Top coat 

4Q. + = ZJ
Q(R
ℎ#�w − Q(R
+g�w�+Z�s
Q(R
ℎ#�Î

− Q(R
+g�Î� 

Equation A 

Top coat P. l= 
ÏÐÑnR∗ꝞÐÑnR

&D#(R.M *l Equation B 

TGO �(R . ℎ = ^ÒÓ
mÐÑnR

 m=1, for O2 diffusing specie Equation C 

 

The total permeability constant values for the top coat are estimated using Equation A 

and the different combinations of p and q exponents are shown in Table 3-2. 

3.4 Determining the variables for oxygen permeability 

constant calculations 

To calculate the oxygen permeability constant, the initial parameters need to be 

estimated. In this section, the used software and parameters are introduced. It shall be 

noted that the percentage of porosity present in the top coat can affect the oxidant 

permeation. In an effort to account for this, the porosity or void present in the top coat 

is subtracted from its original thickness (l) as shown in Equation (3.52). 

 Effective top coat thickness 
+′�  =  
100 −  %age porosity�  ∗  +  (3.52) 

The percentage of porosity is estimated using Image J software analysis of SEM 

micrographs of the top coat material. 

3.4.1 Estimation of the Ao and Ayb factors 

The temperature is one of the major factors influencing the oxygen permeability 

constant. Correspondingly, the Arrhenius relationship is used to describe the variation 

of Ao and Ayb with temperature (both notated in Equation (3.53) as Ai). 
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 A¿ = A¿∗ exp
−Q¿ RTj � (3.53) 

Where Z#∗ is the pre-exponential factor; Q¿ is the activation energy for oxidant 

permeation; R is the gas constant; and T is the temperature in Kelvin. Ao and Ayb 

determine the oxygen vacancy mobility and the ytterbium vacancy mobility with 

respect to temperature, respectively. 

Figure 3-3 and Figure 3-4 below show the log-log plots of Ao and Ayb as functions of 

the inverse of temperature. 

 

Figure 3-3: Oxygen vacancy mobility with respect to temperature [59]. 
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Figure 3-4: Ytterbium vacancy mobility with respect to temperature [59]. 

3.4.2 Estimation of the oxygen partial pressure at the TC/TGO 

interface and of the parabolic rate constant 

FactSage is used to estimate the oxygen partial pressure at the TC/TGO interface. It is 

a thermodynamic Databank System at a single place, introduced in 2001. It is a 

combination of FACT-Win/F*A*C*T and CemSage/SOLGASMIX thermochemical 

packages. This combination offers a large thermochemical database and translates the 

data into useful information under variable conditions. The used FactSageEdu package 

is an open-source that is available online at www.FactSage.com. 
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Figure 3-5: FactSageEdu 7.3 displaying various modules; the red mark indicates the Equilib 

module used in this study. 

The platform offers multiple modules as illustrated in Figure 3-5. They include: (1) the 

Info module that provides necessary instructions about the module overview; (2) the 

Databases module contains a large database for compounds and elements; (3) the 

Calculate module enables the user to compute the various thermochemical properties 

for a single element or a system; and (4) the Manipulate module allows users to pre-

define the reactant input and get the result in the desired manner [75]. 

 In this study, the Equilib sub-module within the Calculate module is used to estimate 

the oxygen partial pressure at the TC/TGO interface. In our case, the input 
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material/system is Yb2Si2O7-SiO2-O2, where Yb2Si2O7 is the top coat material, and 

SiO2 is the TGO material in equilibrium with the O2 partial pressure. The inputs are 

initial conditions, the temperature (degree Celsius), and the total pressure (atm) of 

interest. 

The main shortcoming of the FactSageEdu - open source is the limitation of the number 

of input elements. Specifically, only chemical systems with three elements or less can 

be studied to obtain the partial pressure. For instance, it is possible to study the 

Yb2Si2O7-SiO2-O2 system that contains the three elements: Yb, Si, and O. But, the water 

vapor cannot be included in the study as it would form a fourth element in the system: 

Yb2Si2O7-SiO2-H2O, or Yb, Si, O, H. To address this limitation, the water vapor is 

studied by considering the same equilibrium oxygen partial pressure at the TC/TGO 

interface as obtained from the three-element system Yb2Si2O7-SiO2-O2. 

To estimate the Parabolic rate constant kp, we consider that the rate of growth of TGO, 

expressed as the square of the TGO thickness, is linearly related to time (t). The 

parabolic rate constant described in Equation (3.41) is then obtained using non-linear 

curve fitting of the h2-t plot. 

3.4.3 Estimation of the top coat porosity using the Image J 

software 

To estimate the porosity percentage in the top coat, image analysis is performed on 

SEM micrographs obtained from existing literature using the Image J software. Its user 

interface is illustrated in Figure 3-6. This software is developed by the National 

Institutes of Health, USA, and gained popularity due to its simple user interface. It is 

easy to extract relevant information like grain size, porosity, particle size, and more. 
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While working on this software, it is very important to keep proper magnification of 

the image to be studied, as over-magnified or under-magnified images can alter the 

results. Moreover, the selection of proper imaging contrast, brightness, and operating 

mode is important for accurate results.  

 

Figure 3-6: Image J software menu bar. 

For image analysis, areas of interest are selected on a cross-sectional SEM image. The 

image is then converted into a binary image. The scale is adjusted to match the image 

magnification, and the gray scale threshold is adjusted to allow the software to properly 

differentiate pores from their surrounding material. The porosity percentage is finally 

retrieved from the percentage area section. Additional information like average pore 

size, total area, Feret diameter, Feret angle, and circularity can also be obtained using 

this software. 

 

 

 

 

 



67 

 

 

4 Results 

 To understand the effect of partial pressure, three different environment conditions: 

10% H2O + 90% O2, 50% H2O + 50% O2, and 90% H2O + 10% O2 are studied at a 

constant temperature of 1523 K. Later, the effect of temperature is investigated on the 

50% H2O + 50% O2 environment at 1423 K, 1473 K, 1523 K, and 1573 K. Finally, the 

effect of top coat dopants is explored by considering the following modifiers: Yb2Si2O 

(100 wt% Yb2Si2O7); 6A (6 wt% alumina + 94 wt% Yb2Si2O7); M2Y (1.39 wt% mullite 

+ 2.33 wt% YAG + 96.28 wt% Yb2Si2O7); 3M (2.78 wt% mullite + 97.22 wt% 

Yb2Si2O7); 2Y (2.33 wt% YAG + 97.67 wt%Yb2Si2O7); M5Y (1.39 wt% mullite + 4.66 

wt% YAG + 93.95 wt% Yb2Si2O7); M (1.39 wt% mullite + 98.61 wt% Yb2Si2O7); AT 

(1 wt% alumina + 1 wt% titania + 98 wt% Yb2Si2O7); MT (1.39 wt% mullite + 1 wt% 

Titania + 97.61 wt% Yb2Si2O7). Table 4-1 lists the formed TGO thickness values for 

different top coat compositions, oxidizing environment and exposure times of 100 hrs, 

500hrs and 1000 hrs in wet environment containing oxygen and water vapor. 

Table 4-1: Thermally grown oxide (TGO) thickness (μm) with respect to time (hr) for different 

top coat compositions and oxidizing environment [36]. 

Top coat 

Thickness (µm) 

at 100 hr 

Thickness (µm) 

at 500 hr 

Thickness (µm) 

at 1000 hr 

Yb2Si2O7 

(dry oxygen) 

0.8 2.0 3.3 

Yb2Si2O7 

(wet oxygen) 

4.7 10.6 13.2 
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6A 0.2 1.3 1.9 

M2Y 1.0 1.4 1.7 

3M 1.4 1.4 2.5 

2Y 1.5 3.7 3.7 

M5Y 0.8 1.3 2.4 

M 4.0 11.6 16.3 

AT 3.4 7.4 10.0 

MT 4.8 10.8 10.8 

*wet environment conditions = 90% H2O + 10 % O2. 

Using the Origin 6.1 software and the experimental data in Table 4-1, the parabolic rate 

constant (kp, in Equation (2.26)) is calculated as the slope of the linear relationship 

between the square of the TGO thickness and the exposure time. The estimated 

parabolic rate constants (kp) for all the investigated EBC systems are given in Table 

4-2 and show the effect of both oxygen and water vapor.  

Table 4-2: Parabolic rate constants for Silicon dioxide (TGO) in dry and wet oxygen 

environments for different top coat compositions at 1589K. 

Top coat Conditions 

Parabolic rate constant 

kp (μm2/hr) 

Yb2Si2O7 Dry oxygen 0.01 

Yb2Si2O7 Wet oxygen 0.184 

6A Wet oxygen 0.00354 

M2Y Wet oxygen 0.00315 

3M Wet oxygen 0.00292 
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2Y Wet oxygen 0.01648 

M5Y Wet oxygen 0.00529 

M Wet oxygen 0.26553 

AT Wet oxygen 0.10201 

MT Wet oxygen 0.14069 

*dry oxygen condition = 21% O2; wet environments = 90% H2O + 10 % O2. 

To include the effect of temperature, the temperature dependent oxygen partial 

pressures in equilibrium with Yb2Si2O7 – SiO2 at the TC/TGO interface are obtained 

using the FactSage 7.3 software as summarized in Table 4-3. The detailed steps to 

retrieve the data are provided in the Appendix.  

Table 4-3: Oxygen partial pressure at TC/TGO interface with respect to temperature from 

FactSage 7.3 software. 

Temperature 

(Kelvin) 

Oxygen Partial Pressure 

(atm) 

Oxygen Partial 

Pressure (Pa) 

1423 1.0866*10-11 1.10*10-6 

1473 4.9512*10-11 5.02*10-6 

1523 2.0385*10-10 2.07*10-5 

1573 7.6579*10-10 7.76*10-5 

1589 1.15*10-9 1.17*10-4 

* 1 atm = 101325 Pascal 

It can be seen in Table 4-3 that the oxygen partial pressure at the TC/TGO interface 

increases with temperature. Now, the partial pressure unit in Equation A is pascal. Thus, 

the obtained partial pressure unit has to be converted from atm to pascal (Pa) by 

multiplying by factor 101325. 
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 Figure 4-1 contains the porosity percentage in the top coat as measured using the Image 

J analyser. It can be seen that the porosity after 1000 thermal cycles of 1-hour duration 

with 1589 K peak temperature is lower than the as-sprayed coatings, suggesting that 

sintering and densification take place over the time at high temperature [76].   

 

Figure 4-1: Percentage porosity in top coat samples, as-sprayed, and after 1000 thermal cycling. 

The cycle duration is 1 hour and the peak temperature is 1589 K.   

Table 4-4 summarizes the oxygen permeability constants for top coat in as-sprayed and 

after 1000 cycle conditions. The values are nearly identical, suggesting that the porosity 

has a negligible effect on the top coat oxygen permeability constant. Thus, for further 

study, we ignore the effect of porosity and consider the top coat to be fully dense 

without consideration of porosity. 
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Table 4-4: Effect of porosity percentage on the top coat oxygen permeability constant. 

Conditions 

Oxygen permeability constant 

(TC, mol/m. sec) 

No porosity 1.23*10-10 

As-sprayed 1.15*10-10 

After 1000 cycles 1.17*10-10 

 *Equation A is used to calculate the oxygen permeability constants at 1589 K in wet environment with 90% H2O 

and 10% O2. 

Figure 4-2 shows the temperature dependence of the oxygen permeability constant in 

dry oxygen from the literature [69] and as calculated in this work using parabolic rate 

constants from the literature [73].  

Figure 4-2: Temperature dependence of the oxygen permeability constant through TGO. 
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To obtain comparable literature values for validation, the oxygen permeability constant 

units are converted from grams of O2 per unit thickness per unit time to mol/m.sec, as 

demonstrated in Equation (4.1). 

 GÚÌÛ gÜ A	ËÛ. ÊVË = 1
32 ∗ 1

10S	
Ûg+V

Û. ÊVË 
(4.1) 

Both literature and calculated values show a similar trend whereby the oxygen 

permeability constant of silicon dioxide (TGO) increases with temperature or with 

decreasing inverse of the temperature (1/T). This good agreement validates Equation 

C. Therefore, it is used for further calculations in the following sub-sections.   

4.1 TC and TGO oxygen permeability constants 

For the top coat, the modelled relationship between the oxygen permeability constant 

in dry oxygen and the oxygen partial pressure gradient at 1589 K is given in Figure 4-3. 

The used oxygen permeability constant input parameters are given in Table 4-5.   

Table 4-5: Parameters used to calculate the top coat oxygen permeability constant. 

Parameters  

Temperature 1589 K 

Ayb 1.39*10-12 

Ao 1.08*10-12 

‘p’ exponent - 1/6 

‘q’ exponent 3/16 

 



73 

 

 

The frequency factors Ayb and Ao are taken from Figure 3-4 and Figure 3-3, 

respectively, while the p and q exponents are taken from Table 3-2, and experimental 

datas are taken from Table 4-1 and Table 4-2.  

 

Figure 4-3: Estimated log-log plot of the oxygen permeability constant of the top coat versus 

oxygen partial pressure gradient in dry oxygen. 

Considering the specific case of this study where the oxygen partial pressures are 

2.13*104 Pa at the gas/TC interface and 1.17*10-4 Pa at the TC/TGO interface, the 

oxygen partial pressure gradient (P(hi)/P(lo)) can be calculated as 108, and the resultant 

TC oxygen permeability constant as 1.343*10-11mol/m.sec as indicated by the data 

point highlighted in Figure 4-3. For the TGO, an oxygen permeability constant of 

1.01862*10-13 mol/m.sec is estimated for the dry oxygen condition using the parabolic 
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rate constant (kp) calculated considering data from Table 4-2. It is found that the oxygen 

permeability constant of TGO is lower than that of TC, which is in agreement with 

previous findings [36]. 

In contrast to dry oxygen, the p and q constants strongly dependent on the defect 

reaction in wet oxygen as derived earlier in section 3.1 and summarized in Table 3-2. 

In this study, both wet oxygen cases of defect reactions, with proton and without proton, 

are considered to calculate the oxygen permeability constant of the top coat using 

Equation A as shown in Table 4-6.   

Table 4-6: Oxygen permeability constants of the top coat in wet oxygen at 1589 K for defect 

reactions with and without proton.  

Case p exponent q exponent 

Oxygen permeability 

constant 

TC (mol/m.sec) 

Wet oxygen 

(without proton) 

-1/3 3/8 1.23*10-10 

Wet oxygen 

(with proton) 

1 3/8 -9.87*10-08 

* wet oxygen condition (90% H2O + 10% O2) 

The results in Table 4-6 suggest that for the defect reaction with proton, the oxygen 

permeability would be negative, which is opposite to the fundamental laws of diffusion. 

Therefore, this case is discarded, and further calculations are based only on the case of 

defect reaction without proton. The estimation is based on Equation A and the input 

parameters are summarized in Table 4-7. The results are also plotted in Figure 4-4 and 
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show that the oxygen permeability constant of TC increases with the water vapor partial 

pressure gradient across the layer. 

Table 4-7: Parameters used to calculate the oxygen permeability constant of the top coat in wet 

oxygen. 

Parameters  

Temperature 1589 K 

Ayb 1.39*10-12 

Ao 1.08*10-12 

p exponent -1/3 

q exponent 3/8 
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Figure 4-4: Oxygen permeability constant of the top coat versus the oxygen partial pressure 

gradient. 

In the specific case of this study, the water vapor partial pressure at the gas/TC interface 

P(hi) is 9.13*104 Pa and that at the TC/TGO interface P(lo) is 1.165*10-4 Pa. The 

corresponding TC oxygen permeability constant is estimated as 1.23*10-10mol/m.sec 

as indicated by the data point highlighted in Figure 4-4 above. 

The oxygen permeability constant of TGO is estimated to be 3.74*10-12 mol/m.sec in 

wet oxygen as calculated using the parabolic rate constant (kp) from Table 4-2, which 

is lower than that of TC, similar to the previous results for the dry oxygen environment. 

This is confirmed by Table 4-8 suggesting that the oxygen permeability constant of TC 

is nearly 131 times and 33 times higher than that of TGO in dry and wet oxygen 

conditions, respectively, in agreement with the findings of Sullivan [67]. Therefore, we 

can conclude that the TGO seems to be the diffusion rate controlling layer for both dry 

and wet oxygen conditions.  

Table 4-8: Ratios of oxygen permeability constant of TGO over TC in dry and wet oxygen 

conditions. 

Conditions Ratio (
ÝÞ�
Ýß ) 

Dry oxygen 0.0076 

Wet oxygen 0.0304 

 * wet oxygen (90% H2O = 10% O2), dry oxygen (21% O2) at 1589 K. 

Furthermore, the oxygen permeability constants of TC and TGO layers are compared 

in Table 4-9 for both dry oxygen and wet oxygen conditions after 1000 hrs exposure at 

1589 K.  
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Table 4-9: Ratios of oxygen permeability constants between dry oxygen and wet oxygen 

conditions at 1589 K, exposed for 1000 hrs. 

Oxygen permeability constant 

(mol/m. sec) 

Ratio 

(
à�á
âãä)  

TC 9.18 

TGO 18.35 

  

It can be seen that water vapor strongly increases the oxygen permeation through both 

TC and TGO. The increases are by factors 9.16 and 18.35 for the top coat and TGO, 

respectively.  

Table 4-10 compares the TC and TGO oxygen permeability constants obtained in this 

study to available literature data [68]. 

Table 4-10: Oxygen permeability constants through TC and TGO as obtained in this work and 

from literature; and the ratio of oxygen permeability constants through TC and TGO of this 

work to reference work in dry oxygen.  

Reference 

TC 

(mol/m. sec) 

TGO 

(mol/m. sec) 

TC 

( 
Ý�åæ ç�ãè
é�ê�ã�ëì� ) 

TGO 

( 
Ý�åæ ç�ãè
é�ê�ã�ëì� ) 

Deal and 

Grove , 

Sullivan* 

7.83x10-12 1.176x10-13 1.72 0.866 
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Norton , 

Sullivan* 

4.47x10-12 6.72x10-14 3.00 1.52 

This work 

1.34x10-11 

(dry oxygen) 

1.02x10-13 

(dry oxygen) 

  
^1.23x10-10 

(wet oxygen) 

^3.74x10-12 

(wet oxygen) 

*literature values are taken from reference [67]; ^ oxygen permeability constant in wet oxygen conditions. 

 

4.2 Role of the different factors in determining the oxygen 

permeability constant  

4.2.1 Effect of exposure time 

Equations A and C are time independent as they assume steady-state permeation, 

meaning the rate of permeation is constant. In contrast, Equation B is time dependent, 

which reflects the experimental observation of non-steady-state diffusion.  

Table 4-11 summarizes the oxygen permeability constant (P.l) of TC in dry oxygen at 

1589 K as calculated using Equation B (Equation (3.48)). Different exposure times of 

100 hr, 500 hr, and 1000 hr are considered, whereby the top coat thickness is assumed 

to remain constant at 250 μm irrespective of the exposure time [36].  

 P.l = 
	.	∗Ti�∗Ꝟ¾¿«	

�i∗M∗p�ii  *(250*10-6) (3.48) 
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The data of the thermally grown oxide volume per unit area (℣D#(	) as a function of 

exposure time are taken from the literature [36]. 

Table 4-11: Top coat oxygen permeability constant estimated using Equation B and literature 

data [36] of the thermally grown oxide volume per unit permeation area in dry oxygen. 

Time 

(t, in hr) 

℣îå�ï (m3/m2) 
℣îå�ï  qðñ

ðïu
á 
æ�ì�  

Oxygen permeability 

constant, TC 

(mol/m.sec) 

100 0.80*10-6 8*10-9 2.04*10-11 

500 2.0*10-6 4*10-9 1.0185*10-11 

1000 3.3*10-6 3.3*10-9 8.402*10-12 

* exposed for 100 hr, 500 hr, and 1000 hr in dry oxygen (21% O2) at 1589 K. top coat thickness (l) fixed constant at 

250μm 

As expected from non-steady-state diffusion, the oxygen permeability constant 

decreases with exposure time. The decrease is by 50% and 17% from 100 hr to 500 hr 

and from 500 hr to 1000 hr, respectively. This is reflected in Equation B in the direct 

proportionality between the oxygen permeability and the ratio 
℣ÐÑnR 

M  of the thermally 

grown oxide volume per unit area per exposure time. 

The oxygen permeability constant of TC calculated earlier in section 4.1 using Equation 

A is 1.343*10-11 mol/m.sec, which lies between 2.04*10-11 and 1.0185*10-11 as 

calculated from Equation B at 100 hr and 500 hr of exposure time, respectively.   

The estimated oxygen permeability constants of TC in wet environment (90% H2O + 

10% O2) at 1589 K are summarized in Table 4-12 for 100 hr, 500 hr, and 1000 hr 

exposure times. 



80 

 

 

Table 4-12: Top coat oxygen permeability constants estimated using Equation B and literature 

data of the thermally grown oxide volume per unit permeation area in wet environment.  

Time 

(t, in hr) 

℣SiO2 (m3/m2) 
℣òóôï
ðñ ðïj �

õ
ö÷�  

Oxygen permeability 

constant, TC 

(mol/m.sec) 

100 4.7*10-6 4.7*10-8 1.20*10-10 

500 10.6*10-6 2.12*10-8 5.40*10-11 

1000 13.2*10-6 1.32*10-8 3.36*10-11 

*exposed for 100 hr, 500 hr, 1000 hr, in wet environment (90% H2O + 10% O2) at 1589K and fixed top coat thickness 

(l) = 250μm. 

Here too, the non-steady-state nature of the diffusion through the top coat is reflected 

in decreasing oxygen permeability constant with exposure time, with drops by 55% and 

37% as the exposure time increases from 100 to 500 hrs and from 500 to 1000 hrs, 

respectively.  

4.2.2 Effect of temperature 

Figure 4-5 shows the oxygen permeability constant curves for the top coat vs 

temperature as calculated using equation A. Dry oxygen (p = -1/6, q = 3/16) and wet 

oxygen (p = -1/3, q = 3/8) conditions as well as different temperatures of 1423K, 

1473K, 1523 K, and 1573K are considered. The total pressure is considered constant at 

1 atm, with 50% H2O + 50% O2 for the wet environments. As such, the obtained total 

oxygen permeability is the result of both the dry oxygen and the water vapor 

contributions. The data points calculated for the wet oxygen condition using Equation 

B are also plotted in Figure 4-5 and show a good agreement with the total permeability 

constant values obtained from Equation A. For calculations using Equation B, the input 
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data are collected from literature [66] where the authors reported experimental variation 

of the TGO thickness with temperature as shown in Table 4-13. Here, the constant top 

coat thickness l is 50 μm. 

 

Figure 4-5: Oxygen permeability constant through YbDS top coat vs. temperature, as calculated 

for wet environment (50% H2O + 50% O2), and 200 hr exposure time. 

Table 4-13: Experimental literature data of the thermally grown oxide thickness vs. temperature 

 [66] used for Equation B calculations. 

Temperature 

(Kelvin) 

TGO thickness (m) 

1423 1.60*10-6 

1473 2.40*10-6 
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1523 3.20*10-6 

1573 3.52*10-6 

* exposed to wet environments of 50% H2O + 50% O2 for 200 hours.  

The calculation results clearly show an increase in oxygen permeability constant as the 

exposure temperature increases. Furthermore, the oxygen permeability due to water 

vapor is much higher than that due to dry oxygen.  

Thermodynamically, the temperature dependence of permeation processes can be 

described using the Arrhenius Equation (3.53), allowing the estimation of the frequency 

factor (A*) and the activation energy (Qi) for both oxygen and ytterbium ion diffusion. 

The determination of the two constants is done using curve fitting of Equation A for 

water vapor values in Figure 4-5. The results are presented in Table 4-14. 

 Z# = Z#∗ exp
−z# {1j �  (3.53) 

In Equation (3.53), Ai stands for the A0 and Ayb for oxygen and ytterbium ion diffusion 

in Equation (4.2), respectively. 

Table 4-14: Pre-exponential frequency factor and activation energy for oxide and ytterbium ion 

as estimated by curve fitting. 

Ion type 

Pre-exponential 

frequency factor 

(Ai , mol/m.sec.Pan) 

Activation energy 

(Qi , kJ/mol) 

Oxide 2.56*10-2 288.35 

Ytterbium  5.45*101 619.2 
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Agreement of the Arrhenius equation and Equation A is obtained by introducing a 

correction factor β = 7 as shown in Equation 4.2:  

 ø Q. + = ZJ
Q(R
ℎ#�w − Q(R
+g�w�+Z�s
Q(R
ℎ#�Î − Q(R
+g�Î� (4.2) 

The calculated constants Ao and Ayb are plotted over the temperature in Figure 4-6 and  

Figure 4-7, respectively. 

 

Figure 4-6: Ao vs. temperature for wet environment (50%H2O + 50 %O2). 
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Figure 4-7: Ayb vs temperature for wet environment (50% H2O + 50 %O2). 

 

Figure 4-8 comparatively shows the oxygen permeability constants of TC and TGO as 

calculated using Equation B and Equation C, respectively. The temperature dependent 

parabolic rate constants from literature and the resulting TGO oxygen permeability 

constant values as a function of temperature are shown in Table 4-15. 
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Figure 4-8: Temperature dependence of the oxygen permeability constant for top coat and TGO. 

Table 4-15: Parabolic rate constant [66] and TGO oxygen permeability constant vs. temperature 

as calculated using Equation C.  

Temperature 

(Kelvin) 

Parabolic rate constant, 

kp (μm2/hr) 

Oxygen permeability constant 

TGO (mol/m.sec) 

1423 0.0114 1.161*10-13 

1473 0.0280 2.852*10-13 

1523 0.0539 5.490*10-13 

1573 0.0618 6.295*10-13 

* wet environment (50% H2O + 50% O2), exposed for 200 hours.  
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In agreement with earlier results, the oxygen permeability of the TGO is much lower 

compared to that of the TC. Also, for both layers, the oxygen permeability increases 

with temperature similar to the results shown earlier in Figure 4-5. 

4.2.3 Effect of partial pressure  

The oxygen permeability constants of TC for 200 hr exposure time as calculated using 

Equation A for a constant temperature of 1523 K and different wet environments 10% 

H2O + 90% O2, 50% H2O + 50% O2, and 90% H2O + 10% O2 are shown in Figure 4-9. 

For validation, the results from Equation B are also plotted in this graph. It can be seen 

that the individual permeability contributions of oxygen and water vapor continuously 

increase with their respective partial pressures. Similar to our earlier observation and 

previous literature [58] [59], water vapor plays a stronger role. Therefore, the overall 

oxygen permeability constant increases with the water vapor partial pressure. 

 

Figure 4-9: Top coat oxygen permeability constant as a function of the environment at 1523K 

after 200 hr exposure time. 
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For comparison, Figure 4-10 shows the oxygen permeability constants through TGO 

and TC as a function of partial pressures of both oxygen and water vapour. The much 

faster oxygen permeation through TC as compared to TGO can again be seen.  

Table 4-16 contains the individual values of the parabolic rate constant (kp) [67] and 

calculated TGO oxygen permeability constant. 

 

Figure 4-10: TGO and TC oxygen permeability constants for the three investigated partial 

pressure conditions at 1523 K. 

 

Table 4-16: Parabolic rate constant [66] and oxygen permeability constant of TGO as a function 

of the environment. 

Wet environment 

 

Oxygen permeability 

constant, 

TGO (mol/m. sec) 

Parabolic rate 

constant,  

kp (μm2/hr) 

10%H2O+90%O2 4.33*10-13 0.0425 

50%H2O+50% O2 5.49*10-13 0.0539 
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* exposed for 200 hours at constant 1523K. 

 

4.2.4 Effect of Modifiers 

Modifiers are known to potentially alter the oxygen permeability. Therefore, the 

addition of modifiers to the YbDS top coat is studied. The investigation is limited to 

wet environments at 1589 K, for which existing literature data allow validations. 

Specifically, Lee [36] recorded the change in TGO thickness for 100 hr  and 1000 hr 

exposure time. For this analysis, Equation B is used to calculate the oxygen 

permeability constant through the TC using the TGO thickness data from Table 4-1. 

For comparison, the oxygen permeability constant of TGO is also calculated by 

Equation C for the same temperature and environmental conditions. The results are 

summarized in Figure 4-11 for 1000 hrs exposure.  

90%H2O+10% O2 2.94*10-12 0.289 



89 

 

 

 

Figure 4-11: Comparative oxygen permeability constant values of TC without modifiers 

(Yb2Si2O7) and with modifiers in wet oxygen condition (90% H2O + 10% O2) after 1000 hr 

exposure time. 

Figure 4-11 indicates an increase in oxygen permeability constant with the M modifier, 

while reduced permeability is achieved with all other investigated modifiers. Moreover, 

the reduction in oxygen permeability constant is strongest with the 6A, M2Y, 3M, 2Y, 

M5Y modifiers, while it is only moderate with the AT and MT modifiers.  

For comparison, Figure 4-12 shows the estimated oxygen permeability constants for 

the TGO layer as calculated by the proposed Equation C with the kp values taken from 

Table 4-2. In agreement with the results presented so far, Table 4-12 shows low ratios 

of TGO-to-TC oxygen permeability constants, confirming the much faster permeation 

through the top coat as compared to the TGO irrespective of the modifier type. 
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Figure 4-12: Comparative oxygen permeability constant values of TGO without modified top 

coat (Yb2Si2O7) and with modified top coat (6A, AT, M, 3M, M2Y, M5Y, MT, 2Y)  in wet 

environment (90% H2O + 10% O2) after 1000 hr exposure time. 

Table 4-17: Ratio of TGO-to-TC oxygen permeability constants. 

Top coat Ratio ( 
ÝÞ�
Ýß ) 

Yb2Si2O7 0.0560 

6A 0.0074 

AT 0.0407 

M 0.0650 

3M 0.0047 

M2Y 0.0074 

M5Y 0.0088 

MT 0.0520 

2Y 0.0178 
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5 Discussion 

The oxygen permeability constant (P.l) of TC and TGO is known to provide 

considerable insight into the permeability of oxidants through the EBC system. 

Investigations so far have primarily studied oxygen and water vapor as separate 

environments. In this study, we expand this knowledge by quantitatively 

investigating both dry and wet oxygen conditions, demonstrating the substantial 

acceleration of permeation by water vapor.  Moreover, the study suggests that closed 

non-connected pores have limited impact on the oxidant permeability of the top coat, 

in contrast to open pores, interconnected pores, and through thickness cracks. Also, 

the results indicate that the TGO hinders the oxidant permeation much stronger than 

the TC in both the dry and wet oxygen conditions, suggesting that it is the diffusion 

rate controlling layer. This is in-line with the findings of Sullivan [67] whose model 

suggested 67 times faster permeability of oxygen in TC compared to TGO. The 

results are also in agreement with the work of Deal and Grove for both TC and TGO, 

although the values calculated in this study are an order of magnitude higher for the 

water vapor environment as seen earlier in Table 4-10.  Finally, the estimations yield 

a negative oxygen permeability constant in the case of defect reaction with proton 

between water vapour and YbDS (TC), which means the oxidant flux would take 

place in the direction opposite to the partial pressure gradient in the absence of 

external driving forces. This is contrary to literature reports and fundamental 

diffusion laws. As such, this study suggests that the defect reaction in the EBC system 

is without proton instead. 
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As discussed earlier in section 2.1.4, the higher the Si-O bond population, the higher 

the stability of rare-earth silicates in water vapor environments. This is primarily due 

to the high strength of the Si-O bond that makes it difficult to break, reducing the 

mobility and permeation of oxygen ions. In this study, the TGO is found to have a 

higher Si-O bond population compared to the TC, which may explain the slower 

oxidant permeation through TGO compared to TC. 

In general, a parabolic rate behavior hints to diffusion controlled oxidation kinetics for 

TGO growth, whereas a linear rate behavior indicates interface controlled kinetics [77]. 

In this aspect, the current study suggests a parabolic rate of TGO growth and indicates 

that the oxidant permeation through TGO is the TGO growth rate controlling step. 

Richards et al. [29] also reported that the oxidant permeation through TC is lower than 

through TGO. However, they experimentally demonstrated a linear growth rate for the 

TGO layer.  

In dry oxygen conditions, the species for the oxidation of silicon-based materials can 

be molecular, ionic, or atomic oxygen [78]–[80]. Molecular permeation as O2 through 

SiO2 is directly proportional to the oxygen partial pressure [81]. It was reported across 

amorphous silica via open spaces at relatively low temperatures. The open spaces 

represent channels, through which the oxygen molecules permeate inertly, which means 

without ion exchange with the TGO ions Si+4 and O-2. In contrast, the permeation of 

oxygen ion is considerable at high temperatures where interaction with TGO network 

oxygen is possible. Network oxygen is the bridging oxygen in the SiO2 system and 

oxygen ions permeate either via vacancy or interstitially [78] [82]. As such, the oxygen 

ion transportation mechanism involves the breaking and reforming of Si-O bonds. 

Thus, the activation energy for oxygen ion permeation can be expected to be high 
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compared to that for molecular oxygen permeation, making it only possible at higher 

temperatures. From literature, the activation energies range from 80 to 120 kJ/mol [66] 

[83] for molecular oxygen diffusion, and from 200 to 460 kJ/mol for ionic oxygen 

diffusion [66] [84].  

In this study, we assumed that the formation of TGO takes place at the TGO/bond coat 

interface. Thus, oxidants have to permeate through both TC and TGO layers to reach 

the TGO/bond coat interface where silicon dioxide (TGO) forms. The total permeability 

through the TC is assumed to be due to oxygen ion and ytterbium ion together, while 

the TGO oxidants are assumed to be molecular O2 alone. The considered oxidation 

mechanism is as follows: (1) oxygen dissociates at the gas/TC interface; (2) the formed 

oxygen ions diffuse through the TC to reach at the TC/TGO interface; (3) the oxygen 

ions re-associate into molecular oxygen; (4) molecular oxygen diffuses through the 

TGO to be delivered at the TGO/bond coat interface; (5) molecular oxygen reacts with 

Si to form the SiO2 TGO.  

In this study, molecular oxygen would only be necessary for TGO formation and 

growth at the TGO/bond coat interface, while assuming oxygen ion diffusion 

permeating through the TGO allows the consideration of TGO formation at either the 

TC/TGO or the TGO/bond interfaces. However, oxygen ion diffusion may require 

parallel accompanying silicon ion diffusion in the opposite direction to maintain space 

charge neutrality. If Si ion diffusion is dominant, the TC/TGO interface would be the 

favourable location for TGO formation. Otherwise, TGO would form at the TGO/bond 

coat interface. The activation energy for Si ion diffusion in silicon dioxide is 457 kJ/mol 

[84], which is close to the Si-O bond energy of 434 kJ/mol [78]. Like in the top coat, 

Si ion mass transfer through the TGO would necessitate cation and oxygen ion mass 
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transfer in opposite directions. This is similar to literature reports on the mass transfer 

mechanism through the TGO layer in the TBC system, where aluminum ions and 

oxygen ions contribute to alumina TGO formation at both the top coat/TGO and the 

TGO/bond coat interfaces. For TBCs, the reported activation energies for oxygen ions 

and aluminum ions are 467 kJ/mol and 604 kJ/mol, respectively. Here too, the dominant 

diffusing species depends on the oxygen partial pressure gradient or the chemical 

potentials [57]. As such, similar mass transportation processes can be expected in EBC 

systems, although no experimental confirmation of the EBC TGO growth kinetics can 

be found in existing literature so far. 

Extending to the effect of water vapor, the permeability of oxygen through TC is also 

much faster than through TGO. The current results suggest activation energies of 

288.35 kJ/mol and 619.2 kJ/mol for oxygen ion and ytterbium ion diffusion through 

the TC in wet environments, respectively. Comparing these values with those in dry 

oxygen environment of 420 kJ/mol and 388 kJ/mol, respectively, it can be seen that 

the activation energy for oxygen ion permeation is lower, while the activation energy 

for ytterbium ions is higher in wet environment. This may explain the strong 

acceleration in permeability of oxygen in the presence of water vapour as compared 

to the dry oxygen environment. It also rationalises the earlier observation of mass 

transport through the top coat primarily by oxygen ion. 

The permeability of oxygen slows down over time as shown in Table 4-11 and Table 

4-12 irrespective of whether the EBC system is in dry or wet environment. In elemental 

or molecular mass transfer with no electric charge, this phenomenon is generally caused 

by a reduction in concentration gradient as the permeating species flow from high to 

low partial pressure interfaces. In the case of ion diffusion, an additional factor is 



95 

 

 

possible attraction or repulsion due to space charges, as negatively charged oxygen ions 

diffuse away from the gas/TC interface, leaving positively charged holes behind. The 

same applies to the outward movement of positively charged ytterbium ions that leaves 

behind negatively charged vacancies. As such, both negative and positive charges co-

exist within the oxide layer but on the opposite interfaces. As the space charges 

accumulate over time, positive and negative space charges can reduce the mass transfer 

of ytterbium ions and oxygen ions, respectively.  

In wet environments, the results of the current study suggest the following oxidation 

mechanism without protons: (1) water molecules dissociate into oxygen and hydrogen 

molecules; (2) the oxygen molecules interact with existing defects, such as Schottky 

defects, in the YbDS top coat. The hydrogen molecules can either dissociate at the 

surface without being directly involved in the defect reaction, or they could take part in 

the defect reaction. If we assume that the hydrogen molecules get adsorbed as protons 

into the gas/TC interface due to high surface energy, then the adsorbed protons would 

induce positive charges at the gas/TC interface, with a parallel creation of negative 

charges at the TC/TGO interface for electroneutrality. This means, opposite space 

charges would spontaneously develop at the inner interfaces [85]. The resulting forward 

bias between the inner space charge could then increase the cation or anion migration, 

reducing the activation energy for oxygen ion diffusion as observed in this study. 

However, in the case of defect reactions with proton, positively charged 2A0(•  ions 

would be created that generally locate at interstitial sites in the YbDS top coat lattice. 

These positively charged protons would be accommodated within the electron cloud of 

oxygen ions, which would restrict their free movement, necessitating the higher 

activation energy for their diffusion as also observed in this study. Finally, in cases 
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where the outward movement of ytterbium ions is dominant in the total oxygen 

permeability through TC, the YbDS near the TGO interface would eventually become 

deficient in ytterbium ions, increasing the relative prevalence of Si-O bonds. This 

would possibly make the TGO thickness larger than would be expected from TGO 

formation due to the oxidation of the bond coat alone. 

The results of this study suggest that modifiers added to the TC reduce its permeability 

of oxygen, except for the TC modified with 1.39wt% of mullite. As the study suggests 

oxygen ion diffusion as dominant for mass transfer in wet environments, it can be 

concluded that the modifiers effectively hinder oxygen ion permeation. This hindrance 

proves to be strongly composition sensitive. For instance, 1.39wt % mullite addition 

causes an increase in TC oxygen permeability whereas 3wt% mullite addition achieves 

a strong drop in permeability as compared to YbDS without modifiers. Furthermore, 

titania seems to counter the effect of other individual modifiers. For example, 1wt% of 

alumina with 1wt% of titania as modifier resulted in higher oxygen permeation through 

TC as compared to the addition of 6wt% alumina alone. As another example, while 

1wt% mullite addition increased the oxygen permeation, together with 1wt% titania, it 

achieves a drop in TC oxygen permeation. Overall, the results suggest that as the 

content of individual modifiers increases, their capacity to reduce oxygen permeation 

also increases. However, the combination of multiple modifiers seems to have a 

counterproductive result. The exception is yttrium alumina garnet (Y) that seems to be 

an effective dopant to hinder oxidant permeation irrespective of percent addition and 

combination with other modifiers. This is in agreement with the results of Matsudaira 

et al. [86] who studied the effect of yttrium alumina garnet doping on the permeability 

of oxygen in alumina. Their work concluded that yttrium effectively suppresses oxygen 
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mobility, but had no effect on aluminum ion mobility. A similar trend was observed for 

the permeability of oxygen through TGO. 
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6 Conclusions 

The focus of the thesis is to investigate the oxidation mechanisms and the factors 

affecting the permeability through the EBC system. The following conclusions can be 

drawn:  

1) Three equations A, B, and C are proven to efficiently estimate the oxygen permeability 

constant. Equation A for TC is taken from literature and is successfully modified in this 

study to include the water vapor effect. Equation B is taken from literature as well and 

is successfully used to estimate the total permeability of oxygen through TC based on 

the change in TGO volume per unit time. Equation C is newly derived in this work and 

estimates the oxygen permeability constant of TGO with considerable accuracy.  

2) The porosity of the YbDS (TC) is measured to be below 7% and is found to decrease 

at high temperature, which indicates some sintering as the exposure time increases. This 

level of close pore concentration seems not to considerably affect oxygen permeation 

in contrast to through thickness cracks and open pores that are reported in the literature 

to play a big role. 

3) The study provides evidence that the TGO effectively hinders oxidant permeation and 

seems to be the diffusion rate controlling layer in the EBC system. This can be 

rationalized by the higher Si-O bond population in the TGO as compared to the YbDS 

top coat.   

4) The presence of water vapor strongly accelerates the permeation of oxidants through 

TC by almost factor 2.5 compared to permeation in dry oxygen. This seems to be related 

to the capacity of water vapor to lower the activation energy for oxidant diffusion.  
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5) The total oxygen permeability constant from both dry oxygen and added water vapor 

increases with increasing temperature, partial pressure gradient and water vapor 

content, with the latter playing the dominant role.  

6) The effect of top coat oxide modifiers on oxygen permeation is composition sensitive 

and seems to also be related to their interaction with oxygen ions and their mobility.   
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7 Future Work 

The approach used in this work can be implemented to model and quantify the 

permeation of oxidants through the individual EBC system layers considering the active 

defect reactions for TC and the parabolic rate constant for TGO.  However, the study 

has a number of limitations that could be addressed in subsequent studies. They include: 

• The current investigation is limited to permeation through top coat and TGO. 

Expanding the approach to tri-layer EBC systems could provide more insight into the 

mechanisms of oxidant diffusion and its impact on the oxidation of EBCs and their 

failures.  

• The current study assumes that only Yb3+ and O2- ions participate in the total diffusion 

through the YbDS TC. However, the activation energies for Yb3+ and Si4+ cations are 

comparable. The possibly that Si4+ also contributes to the cation mass transfer could be 

investigated. Moreover, it may be important to consider the mass transfer of both anion 

and cation in opposite direction. 

• The defect interactions in TC are assumed to be solely dependent on the Schottky 

defects. Including other possibilities like Frenkel defects or the combination of both 

defects could provide more accurate results. 

• Also, the study is limited to closed pores that prove to have no considerable impact on 

oxidant diffusion. Investigating the potentially stronger effects of interconnected pores, 

microcracks and through thickness cracks could provide a better estimate of the impact 

of coating defects in both the TC or TGO. 
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• The modified exponent for the TC Equation A does not consider defect pairs such as 

hydroxide and oxygen ions at interstitial positions. As such, there is room for further 

improvements.  

• The proposed TGO equation is limited to the parabolic growth mechanism. The linear 

growth has previously been reported in the literature for some systems and 

environments. Therefore, it could be investigated as an alternative to the current work. 

• Literature data used in this study are limited and do not allow a comprehensive 

investigation of the top coat dopant impact. Therefore, to understand how dopants 

individually affect the anion or cation diffusion activation energies, it is necessary to 

perform more experimental tests at different temperatures, partial pressures, exposure 

time, and for more dopant types. 
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Appendix: 

FactSage Steps: 

Step 1: Insert the system to be studied: 

 

Figure A-1: FactSage Edu, insert the system to be studied. 
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Step2: Put the initial conditions (temperature and total partial pressure), also select the product 

type (solid/liguid/gas) 

 

Figure A-2: Select the initial conditions (temperature and total partial pressure), and the 

product type (solid/liquid/gas). 
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Limitation with more than 3 elements! 

 

Figure A-3: Limitation with FactSage Edu (open software) is only 3 element system can be 

studied. 

 

In reference to Figure 4-1  

Table A-1: Percentage porosity in Top coat with variable composition for the wet oxygen 

condition (90% H2O + 10% O2) at 1589 K. 

Top coat 

%age porosity 

(As-sprayed) 

%age porosity 

(After 1000 cycles) 

Yb2Si2O7 6.866 4.956 

6A 3.877 2.602 
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AT 4.632 3.115 

M2Y 4.329 2.966 

 

(a) Yb2Si2O7 (As-sprayed) 

                   

(b) Yb2Si2O7,1000 cycles 

               

(c) 6A, As-sprayed 

                    

(d) 6A, 1000 cycles 
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(e) AT, as-sprayed 

                     

 

(f) AT, 1000 cycles 

                     

(g) M2Y, as-sprayed 
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(h) M2Y, 1000 cycles 

                       

Figure A-4: Microstructure of Top coat as-sprayed and after 1000 cycles in the wet 

environments (90% H2O + 10% O2) at 1589 K, (a) Yb2Si2O7 (As-sprayed), (b) 

Yb2Si2O7,1000 cycles, (c) 6A, As-sprayed, (d) 6A, 1000 cycles, (e) AT, as-sprayed, (f) AT, 1000 

cycles, (g) M2Y, as-sprayed, (h) M2Y, 1000 cycles [36]. 

In reference to Figure 4-2. 

Table A-2: Oxygen permeability constant vs. temperature in dry oxygen conditions for diffusion 

through silicon dioxide (TGO) [69]. 

Temperature 

(Kelvin) 

10000/T (1/Kelvin) 

Oxygen permeability constant 

(mol/m/sec) 

1345 0.74 1.71*10-13 

1372 0.73 2.04*10-13 

1395 0.72 2.27*10-13 
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1419 0.70 2.60*10-13 

1443 0.69 3.01*10-13 

1469 0.68 3.45*10-13 

1496 0.67 3.94*10-13 

1523 0.66 4.49*10-13 

1552 0.64 5.13*10-13 

1582 0.63 5.85*10-13 

1613 0.62 6.67*10-13 

1645 0.61 7.61*10-13 

1678 0.60 8.69*10-13 

1713 0.58 9.91*10-13 

1750 0.57 1.13*10-12 

1788 0.56 1.29*10-12 

1827 0.55 1.47*10-12 

1869 0.54 1.68*10-12 

1912 0.52 1.92*10-12 

1958 0.51 2.19*10-12 

2005 0.50 2.49*10-12 

2055 0.49 2.86*10-12 

2108 0.47 3.25*10-12 

2163 0.46 3.72*10-12 

2166 0.46 3.81*10-12 

2224 0.45 4.35*10-12 

2286 0.44 4.97*10-12 
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Table A-3: Parabolic rate constant vs. temperature in dry oxygen conditions [73], and the 

corresponding calculated Oxygen permeability constant for silicon dioxide. 

T (Kelvin) 10000/T (K) 

Parabolic rate constant, 

kp (μm2/hr) 

Oxygen permeability 

constant (mol/m/sec) 

(Equation C) 

1071 0.93 0.00103 1.05*10-14 

1190 0.84 0.00463 4.71*10-14 

1271 0.79 0.0106 1.08*10-13 

1372 0.73 0.0253 4.43*10-13 

1496 0.67 0.0435 6.11*10-13 

1582 0.63 0.11 1.63*10-13 

 

In reference to Figure 4-3. 

clc; 

%% permeability versus oxygen partial pressure. 

z = 0:1:6; 

Y= ((10.^z)./(10.^-4)); 

T=1589; 

R=8.314; 

q=3/16; %% power on Yb ion 

p= (-1/6); %% power on Oxygen ion  

Ayb= 3.160*10^1.*exp(-388000./(R*T))/4; 

Ao = 2.775*10^2.*exp(-420000./(R*T))/4; 

 %% for Yb dominant permeability 

Py = Ayb*(((((2.13*10.^z)).^q))-((1.165*10.^-4).^q));  

%% for Oxide dominant permeability 
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Po = -Ao*(((((2.13*10.^z)).^p))-(((1.165*10.^-4).^p))); 

%% total permeability 

PT = Py+Po; 

loglog(Y,PT); 

 

In reference to Figure 4-4.  

clc; 

%% permeability versus oxygen partial pressure. 

z = 0:1:6; 

Y= ((10.^z)./(10.^-4)); 

T=1589; 

R=8.314; 

 q= (3/8); %% power on Yb ion 

p= (-1/3); %% power on Oxygen ion  

Ayb= 3.160*10^1.*exp(-388000./(R*T))/4; 

Ao = 2.775*10^2.*exp(-420000./(R*T))/4; 

%% for Yb dominant permeability 

Py = Ayb*(((((9.13*10.^z)).^q))-((1.165*10.^-4).^q)); 

%% for Oxide dominant permeability 

Po = -Ao*(((((9.13*10.^z)).^p))-(((1.165*10.^-4).^p))); 

%% total permeability 

PT = Py+Po; 

 loglog(Y,PT); 
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In reference to Figure 4-5.  

Table A-4: Oxygen permeability constant through YbDS top coat vs. temperature, calculated 

in wet conditions (0.50atm O2+0.50atm H2O), different temperatres and 200 hr exposure time. 

Temperature 

(Kelvin) 

Equation B 

 

Equation A 

(p= -1/3,q=3/8) 

Equation A 

(p= -1/6,q=3/16) 

1423 4.89*10-12 3.23 *10-11 1.19 *10-12 

1473 7.33*10-12 4.43 *10-11 3.4 *10-12 

1523 9.78*10-12 6.00 *10-11 9.04 *10-12 

1573 1.4*10-11 7.95 *10-11 2.26 *10-11 

 

In reference to Figure 4-9.  

clc; 

%% permeability versus oxygen partial pressure. 

T=1589; 

R=8.314; 

p= (-1/3); %% power on Oxygen ion   

q= 3/8; %% power on Yb ion 

Ayb= 1.09*10^2.*exp(-619200./(R*T))/2; 

Ao = 5.11*10^-2.*exp(-288350./(R*T))/2; 

%% for Yb dominant permeability 

Py = Ayb*(((((9.12*10.^4)).^q))-((1.17*10.^-4).^q)); 

%% for Oxide dominant permeability 

Po = -Ao*(((((9.12*10.^4)).^p))-(((1.17*10.^-4).^p))); 

%% total permeability 

PT = Py+Po; 
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In reference to Figure 4-6 and Figure 4-7. 

clc; 

T=1589:100:1973; 

z = (10000./T); 

R=8.314; 

Ayb= 1.09*10^2.*exp(-619200./(R*T))/2; 

Ao = 5.11*10^-2.*exp(-288350./(R*T))/2; 

Loglog (z,Ao,z, Ayb); 

legend ('Al','Oxygen'); 

axis ([5.1 6.4 10^-14 10^-8]) 

 

Table A-5: Total oxygen permeability constant through YbDS top coat vs. temperature, 

calculated using equation A and equation B for different environment conditions at 200 hr and 

1250oC[66]. 

Oxygen Partial pressure 

 

Equation B 

 

Equation A 

(p= -1/3,q=3/8) 

Equation A 

(p= -1/6, q=3/16) 

10%H2O+90%O2 4.85*10-11 1.19*10-11 1.75*10-11 

50%H2O+50% O2 5.69*10-11 5.99*10-11 9.04*10-12 

90%H2O+10% O2 1.53*10-10 1.08*10-10 1.49*10-12 

 

Curve fitting: 

clc; 

x=[1423 1473 1523 1573 1589]; 

y=[1.25*10^-10 1.84*10^-10 2.36*10^-10 3.19*10^-10 3.46*10^-10]; 
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Plo=[1.10*10^-6 5.02*10^-6 2.07*10^-5 7.76*10^-5 1.17*10^-4]; 

Phi=5.07*10^4; 

p=-1/3; 

q=3/8; 

R=8.314; 

f = @(b,x) -b(1)*exp(b(2)./(x*R)).*((Phi.^p)-(Plo.^p))+ b(3)*exp(b(4)./(x*R)).*((Phi.^q)-

(Plo.^q)); 

B = fminsearch(@(b) norm(y-f(b,x)), [277.5; -388000; 105; -400000]) 

figure 

plot(x,y,'pg') 

hold on 

plot(x,f(B,x),'-r') 

hold off 

grid 

xlabel('x') 

ylabel('f(x)') 

%%text(27, 105, sprintf('f(x) = %.1f\\cdote^{%.3f\\cdotx}%+.1f', B)) 

 

In reference to Figure 4-11.  

Table A-6: The top coat oxygen permeability constant for YbDS with modified YbDS at 1589 K 

in 90% H2O + 10% O2 at 1000 hrs exposure time. 

Top coat ℣SiO2 (m
3/m2) 

℣òóôï 
ðñ
ðï�

á  

Oxygen 

permeability 

constant, TC 

(mol/m. sec) 

Yb2Si2O7 13.2*10-6 1.32*10-8 3.36*10-11 
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6A 1.9*10-6 1.9*10-9 4.85*10-12 

M2Y 1.7*10-6 1.7*10-9 4.34*10-12 

3M 2.5*10-6 2.5*10-9 6.38*10-12 

2Y 3.7*10-6 3.7*10-9 9.44*10-12 

M5Y 2.4*10-6 2.4*10-9 6.12*10-12 

M 16.3*10-6 1.63*10-8 4.16*10-11 

AT 10.0*10-6 1.0*10-8 2.55*10-11 

MT 10.8*10-6 10.8*10-9 2.75*10-11 

*Calculated using equation B. 

In reference to Figure 4-12. 

Table A-7: Oxygen permeability constant for TGO and TC at 1589K, in 90% H2O + 10% O2, 

after 1000 hr exposure time [36].  

Top coat 

TGO 

(mol/m. sec) 

Oxygen permeability 

constant, TC 

(mol/m. sec) 

Yb2Si2O7 1.87*10-12 3.36*10-11 

6A 3.61*10-14 4.85*10-12 

M2Y 3.21*10-14 4.34*10-12 

3M 2.97*10-14 6.38*10-12 

2Y 1.68*10-13 9.44*10-12 

M5Y 5.39*10-14 6.12*10-12 

M 2.70*10-12 4.16*10-11 

AT 1.04*10-12 2.55*10-11 

MT 1.43*10-12 2.75*10-11 

 


