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ABSTRACT

A chemo-transport-mechanics model is developed to study the growth of

thermally grown oxide (TGO) and its impact on deformation and stress in air

plasma-sprayed thermal barrier coatings (TBCs). As the driving force for oxygen

transport, the chemical potential consists of contributions from both species

concentration and hydrostatic pressure. The model suggests that both the con-

centration boundary condition and the transport process of the oxygen are

affected by hydrostatic stress. Since oxygen has smaller diffusion coefficient in

TGO than in BC, the retarding effect of the formed TGO on oxygen transport is

considered and clarified by the coupled model. The competition between geo-

metrical imperfection (i.e. concave morphology) and the chemo-mechanics

coupling to influence the transport of oxygen is also identified numerically. The

geometrical imperfection can introduce additional oxygen transport at the

margin of the concave imperfection due to the horizontal component of the

gradient of the chemical potential of the oxygen, which plays a dominant role in

the TGO growth kinetics for the studied TBCs. Consequently, there is a limited

effect of the chemo-mechanics coupling on the growth kinetics of a concaved

TGO. The amplitude change of the concave portion is found to be up to 0.36 lm
after 600-h exposure at 1150 �C, which leads to large tensile stress above the

concave portion potentially causing micro-cracks.
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List of symbols

r Hydrostatic stress

rij Stress component

eij Strain component

Kijkl Stiffness matrix

eij
e Elastic strain

eij
p Plastic strain

eij
T Thermal strain

eij
g Growth strain

eij
c Chemical strain

ui Displacement

a Coefficient of thermal expansion (CTE)

T Temperature

T0 Reference temperature

RPB Pilling–Bedworth ratio

n Oxide volume percentage

c Oxygen concentration

X Partial molar volume

l Chemical potential

l0 Reference chemical potential

R Gas constant

J Diffusion flux

D Diffusion coefficient

D0 Reference diffusion coefficient

H(n) Step function

v Chemical reaction rate

K Chemical reaction constant

rD Ratio of diffusion coefficient of oxygen in TGO

to that in BC

Introduction

Enhancing efficiency of gas turbine engine demands

the increase in temperature of inlet gas, which, how-

ever, is difficult to achieve by solelyusing superalloy as

the constituent material of turbine blades, since most

superalloys have limited thermal resistance which is

insufficient for extreme temperatures. Thermal barrier

coatings (TBCs) are widely used as a thermal insulator

to protect the turbine blades from the high-tempera-

ture environment due to their excellent thermal resis-

tance [1–6]. Typically, TBCs consist of a ceramic top

coat (TC), a thermally grown oxide (TGO) layer and a

metallic bond coat (BC) deposited on the superalloy

substrate. Among these components, TGO plays a

critical role in the mechanical integrity and service life

of TBCs. TGO can form during both fabrication and

service, as oxygen inevitably diffuses through porous

TC and reacts with metallic BC at high temperature.

TGO thickness increases as the oxidation proceeds,

accompanied by the formation of new oxides both

along the inner grain boundary of TGO and at the

TGO–BC interface, causing a lateral growth strain and

a through-thickness growth strain, respectively

[1, 2, 7, 8].

The effect of TGO growth on the performance and

service life of TBCs has been extensively studied in

prior works which are mainly focused on the

mechanical point of view such as the strain-energy-

driven failure induced by TGO growth [1, 2, 9–16]. As

the thickness of TGO increases during high-tempera-

ture exposure, micro-cracks form in the TBCs around

the imperfections at interface because of the mismatch

strain [17–19]. TGO thickening at a given gas temper-

ature could be predicted using either an empirically

parabolic formula or a diffusion–reaction model.

These predictions are useful and necessary to evaluate

the stress field generated by the TGO thickening and

the associatedmechanical failure within TBCs [20–22].

Previous studies [17, 22–28] have shown that the TGO

displacement instability, which initiates large cracks

and causes failure of TBCs, is more likely to develop in

regions where micro-cracks either pre-exist or are

caused by in-service stress.

While the mechanical failures induced by the TGO

growth are relatively well understood, the chemo-

mechanics coupling mechanisms governing the

growth of TGO are obscure and have been less

explored. The growth of TGO involves the compli-

cated couplings such as the couplings between the

concurrent stress evolution, oxygen diffusion and

oxidation reaction [2]. Zhou et al. [29] studied the

reactive element effect on the modification of cation

diffusivity in oxide scale, assuming that the oxidation

reaction is at equilibrium state. Based on thermody-

namics and continuum mechanics, Loeffel et al.

[30, 31] established a highly nonlinear and coupled

model to describe and analyse the diffusion of oxy-

gen, oxidation reaction, elastic-viscoplastic deforma-

tion and heat conduction in the high-temperature

oxidation of superalloy. Lin et al. [32] further modi-

fied the model proposed by Loeffel et al. by including

the chemical potential balance of oxygen at solid–gas

interface. Suo and Shen [33] also developed a coupled

diffusion–reaction mechanics model to investigate

the oxidation of metallic plate with consideration of

the effect of hydrostatic stress on the chemical
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potential of oxygen. Several theoretical models of

TGO growth are reviewed in Table 1 [34]. For cou-

pled models, the inward anion and/or outward

cation diffusion is taken into consideration. The

process with higher diffusivity dominates the oxida-

tion reaction. For decoupled models, two distinct

ways are developed. In some models, the material

properties are changed from those of BC to those of

TGO, representing the material change caused by

oxidation reaction. Others either add growth strains

to or increase the thickness of the TGO layer without

explicitly accounting for material change.

These previous models are valuable for us to gain

general insights into the stress evolution during the

oxidation process. However, the decoupled models

require the TGO growth rate as an input. While pre-

dicting the growth rate theoretically is possible using

some models (e.g. Loeffel et al. [30, 31]), it requires

material parameters that aredifficult to experimentally

measure, significantly limiting the application of these

models in engineering design and analysis. In addi-

tion,while it iswidely recognised that the diffusivity of

oxygen in BC differs significantly from that in TGO

[1, 2], this phenomenon ismostly ignored in themodels

summarised in Table 1.

In this paper, we develop a chemo-transport-me-

chanics model to simulate the TGO growth coupling

behaviour and the retarding effect of formed oxide on

the diffusion of oxygen. The influence of stress on

chemical potential is considered, and the factors

affecting the oxidation process, especially the diffu-

sion coefficient of oxygen, are discussed. Further-

more, the displacement instability of TGO with a pre-

existing concave imperfection and the TGO growth-

induced stress are predicted and analysed.

Coupled chemo-transport-mechanics
model

We assume the deformation of TBCs during opera-

tion is small such that the strain can be written in

terms of the displacement field u as

eij ¼
1

2
ui;j þ uj;i
� �

: ð1Þ

During the oxidation, the strain of TGO can be

decomposed into the following components

eij ¼ eeij þ epij þ eTij þ egij þ ecij; ð2Þ

where eeij, e
p
ij, e

T
ij , e

g
ij and ecij represent the elastic, plastic,

thermal expansion, TGO growth and chemical

expansion strains, respectively. Note that (1) the

elastic and plastic strains are associated with

mechanical response; (2) the thermal expansion strain

is caused by temperature change; (3) TGO growth

strain arises from oxidation; and (4) chemical

expansion strain is induced by oxygen diffusion.

Since the residual stress induced during material

fabrication can be largely released at elevated tem-

peratures, we assume that the system before oxida-

tion is stress-free. The constitutive equation for an

isotropic and homogeneous material can be expres-

sed as follows:

rij ¼ Kijkl : e
e
kl; ð3Þ

where rij, Kijkl and eekl are stress components, stiffness

matrix and elastic strain components, respectively.

The thermal strain is given by

eTij ¼ a T � T0ð Þdij; ð4Þ

where a is coefficient of thermal expansion (CTE), T is

temperature, and T0 is a reference temperature for

strain-free condition.

Growth strain is defined as an isotropic expansion

strain determined by volume change after oxidation:

egij ¼
ffiffiffiffiffiffiffiffi
RPB

3
p

� 1
� �

ndij; ð5Þ

Table 1 Theoretical models of TGO growth

Model Chemo-mechanical coupled Decoupled

Anion diffusion dominated Cation diffusion dominated BC changed to TGO TGO thickness increase

Sphere – – [45] [7, 8, 23]

Beam/plate – [37–39] [40, 41] [42]

Cylinder – – [43, 44] [7]

Complex configuration [31–33] [30] – [36]
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where RPB is the Pilling–Bedworth ratio [45] and n is

the volume percentage of the oxide which ranges

from 0 to 1 during the oxidation.

Chemical strain describes the expansion of the

oxygen dissolution, and it is defined as follows [35]:

ecij ¼ cXdij; ð6Þ

where c and X are oxygen concentration (mol/m3)

and partial molar volume (m3/mol), respectively.

The stress equilibrium equation is given by

rij;j þ fi ¼ 0 ð7Þ

where fi is the body force.

For simplicity, a rule of mixtures is adopted to

determine the stiffness of the partially oxidised BC,

i.e.

K ¼ 1� nð Þ � KBC þ nKTGO; ð8Þ

where KBC and KTGO are stiffness matrix for BC and

TGO, respectively.

Since TC is porous and inactive with oxygen, the

barrier to oxygen diffusion within TC layer can be

neglected. The oxidation proceeds as the oxygen

diffuses inward through formed TGO and reaches

the reaction front where the oxygen meets the alu-

minium contained in BC, and the oxide, a-alumina, is

formed at the stable oxidation stage [1–3]. Based on

thermodynamics, the chemical potential l in an ideal

solid solution can be expressed as [45]:

l ¼ l0 þ RT ln c=c0ð Þ � rmX; ð9Þ

where l0, R, T, c, c0 and rm are chemical potential at

reference state, universal gas constant, absolute tem-

perature, oxygen concentration, reference concentra-

tion and hydrostatic pressure, respectively. If the last

term rmX vanishes, the model reduces to the classi-

cal, non-coupling model. Chemical potential serves

as the driving force of diffusion. In quasi-equilibrium

state, the diffusion flux J can be obtained by [46]:

J ¼ �Dc

RT
rl; ð10Þ

where D (m2/s) is the diffusion coefficient of oxygen.

The Reynolds transport theorem [47] requires that

the rate of the variation of a chemical species is equal

to the sum of the flux and the source, i.e.

_c ¼ �r � J � v; ð11Þ

where _c and v denote variation rate and chemical

reaction rate, respectively.

For simplicity, when dealing with the chemical

reaction equation, only the first-order reaction is

considered. According to Guldberg–Waage law of

mass action [48], the rate of the first-order chemical

reaction v can be expressed as follows:

v ¼ kc 1� nð Þ; ð12Þ

where k is a constant, independent of temperature

and concentration of oxygen.

We assume that oxide does not exist in the begin-

ning and confine the scope to the initial stable oxida-

tion process when a-Al2O3 is the only oxide [49], as

shown in Fig. 1. The volume percentage of oxide is

calculated as the ratio of number of metallic atoms in

oxides to the number of all the metallic atoms in the

layer. The oxidation front moves forward as the

volume percentage of the oxide increases. During the

time interval between t and t ? dt, the consumption

of oxygen ion for a given volume, dV, follows the

relation that dNO = vdVdt. Therefore, the associated

change of n can be expressed as follows,

dn ¼ dNO

N
¼ vdVdt

NdV
: ð13Þ

Equation (13) can be rewritten as

_n ¼ dn
dt

¼ v

N
; ð14Þ

where N is the concentration of the aluminium ion at

the given area. Solving the differential equation with

an initial condition that njt¼0¼ 0, we obtain

n ¼ 1� exp � kct

N

� �
: ð15Þ

Combining Eqs. (1), (3), (7), (11) and (15), the

chemo-transport-mechanics coupling model is

established, as follows:

eij ¼
1

2
ui;j þ uj;i
� �

; ð16Þ

rij;j ¼ 0; ð17Þ

rij ¼ Kijkl : e
e
kl; ð18Þ

_c ¼ �r � J � v; ð19Þ

n ¼ 1� exp � kct

N

� �
: ð20Þ

The commercial software COMSOL is used to

numerically solve these equations. Note that for the

benefit of convergence, Eq. (19) is multiplied by a test
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function and integrated over the volume of the

material in order to obtain a weak coupling form, i.e.
Z

V

_cþr � J þ vcð Þl̂dV ¼ 0; ð21Þ

where l̂ xi; tð Þ is a test function which vanishes on the

boundary. Integrating above equation by parts, we

obtain
Z

V

_cþ vcð Þl̂� J � rl̂½ �dV þ
Z

oV

n � Jl̂dS ¼ 0: ð22Þ

Also note that here the chemical potential field,

rather than the concentration field, is calculated to

speed up the convergence. Then the concentration is

obtained by

c ¼ c0 � exp l� l0 þ rmXð Þ=RT½ �; ð23Þ

The same procedure is adopted for Eq. (17) which

leads to
Z

V

r � rudV �
Z

V

Fb � udV �
Z

oV

P � udV ¼ 0; ð24Þ

where r, u, Fb, P denote stress tensor, test function,

body force and surface traction, respectively.

Numerical simulation scheme

We implement the chemo-transport-mechanics the-

ory described in ‘‘Numerical simulation scheme’’

Section into finite element model (FEM), which is

particularly efficient to investigate the effect of stress–

oxidation coupling on the evolutions of stress field

and oxygen distribution. As aforementioned, the

pristine TBCs consist of three layers with geometrical

imperfections at TC–BC interface, see Fig. 2a. An

upward concave interface is used to represent a

typical imperfection [7–9]. The geometrical parame-

ters are listed in Table 2. Note that while curvature of

the imperfection could affect the result, we use the

simplified geometry to elaborate a representative

case. We employ an axisymmetry assumption for the

TBCs model and refine the mesh near TC–BC

interface.

We set the following mechanical and chemical

boundary conditions. The displacement along axial

direction (z) at the bottom is constrained, and the

displacement along radial direction (r) at the right

side is also constrained. The temperature rises from

room temperature to T (see specified values in the

discussion in Sect. 4) in 2 min and then is kept con-

stant. TC and BC are initially closely packed, and

then TGO keeps forming along TC–BC interface

during the oxidation. The lower and right sides of BC

layer are assumed to be oxygen insulated, while the

upper side is applied by a chemical potential that

satisfies the atmosphere condition [32],

l0 þ RT ln
c

c0
� rmX ¼ 1

2
l0;O2

þ RT ln
pO2

p0

� �
: ð25Þ

The FE model has 4275 quadrilateral elements and

1685 triangle elements, with the minimum element

size of 0.15 lm, as shown in Fig. 2b. The mesh sen-

sitivity has been examined, confirming that the cur-

rent mesh is fine enough to obtain converged results.

The first- and second-order shape functions are

adopted for calculating the chemical potential and

displacement fields, respectively. The fully coupled

solver is used to guarantee the accuracy.

Figure 1 Schematics of the

oxidation process occurring in

a representative oxidation site.

Both aluminium and oxygen

ions diffuse into the oxidation

site (blue block), while the

other metallic ions such as

Ni3? and Fe3? diffuse from

the oxidation site to the cavity

in the BC layer.
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Elastic–plastic behaviour is considered for both BC

and TGO. The strain hardening modulus is taken to

be 5% of Young’s modulus [50]. Thermodynamic

parameters used in simulation are listed in Table 3.

Temperature-dependent material properties of cera-

mic top coat, TGO (Al2O3), BC (FeCrAlY alloy), and

superalloy substrate are summarised in Tables 4, 5, 6

and 7, respectively. Note that the rule of mixtures as

described in Eq. (8) is adopted for BC layer.

Results and discussion

Diffusion barrier effect on TGO growth
kinetics

The oxygen typically diffuses at different rates within

the BC and the oxidation product, i.e. alumina. The

relatively slow kinetics of oxygen diffusion in

oxidation product significantly influences the TGO

formation and growth, which is usually referred to as

the diffusion barrier effect of oxidation product.

However, most previous studies ignore this diffusion

barrier effect by simply assuming a constant oxygen

diffusivity for both BC and oxidation product. In this

section, we investigate how the slow oxygen diffu-

sion in oxidation product affects the TGO formation

and growth.

The formation of TGO is usually simulated with

varying k [32] in Eq. (11), which can be used to

evaluate the oxygen diffusion effect on TGO growth

kinetics. Here the simulation was carried out using

the numerical model described in ‘‘Results and dis-

cussion’’ section at T = 1070 �C, which is the same as

that in the experiment [54]. The results shown in

Fig. 3 are obtained by setting k as a constant and by

Figure 2 a Sketch of the FE model of TBCs; b details of the FE mesh.

Table 2 Geometrical parameters

Parameters Value

w1 15 lm
d 8 lm
r1 8 lm
r2 (d2 ? w12/4)/2d - r1

w2 25 lm
hTC 150 lm
hBC 80 lm
hsub 2000 lm

Table 3 Thermodynamic parameters [31, 32, 51]

Parameter Value

X (m3 mol-1) 1.56 9 10-6

R (J mol-1 K-1) 8.3144598

D0 (m
2 s-1) 1 9 10-12

pO2 (MPa) 0.021

pO (MPa) 0.1

l0 (KJ mol-1) 112

N (m3 mol-1) 0.24 9 106

c0 (m
3 mol-1) 0.08 9 106

n0 0.8
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altering k during the oxidation process according to a

step function which decreases from 15 to 1, after

100 h from the oxidation process. In both cases, the

TGO shows a quasi-parabolic growth rate. If k is kept

as a constant, large discrepancy between prediction

and experimental result is found, either at the

beginning or at the final period of the oxidation

process. Furthermore, TGO thickness is insensitive to

k for all k[ 9. If k changes according to the step

function mentioned above, the prediction of the TGO

thickness agrees well with the experimental obser-

vation [54]. These results suggest that a constant k in

modelling is not a good assumption which does not

reflect the reality. The reason for the variation in

k during TGO growth lies in the difference of the

reaction between the beginning and the end of the

Table 4 Material parameters

of BC (FeCrAlY alloy) [52] Temperature (K) 293 493 693 893 1093 1293

Young’s modulus (GPa) 220 205 190 170 150 150

Poisson’s ratio 0.28

Coefficient of thermal expansion (10-6 K-1) 10.0 11.1 12.0 13.5 14.0 15.0

Yield strength (MPa) 310 240 170 120 35 35

Table 5 Material parameters

of TGO (Al2O3) [32, 52] Temperature (K) 293 493 693 893 1093 1293

Young’s modulus (GPa) 375 360 350 345 340 340

Poisson’s ratio 0.28 0.28 0.28 0.3 0.32 0.37

Coefficient of thermal expansion (10-6 K-1) 5.5 7.3 8.1 8.7 9.3 9.6

Yield strength (GPa) 10 10 10 10 10 1

Table 6 Material parameters

of top coat (APS ZrO2-

8%Y2O3) [53]

Temperature (K) 293 493 693 893 1093 1293 1393

Young’s modulus (GPa) 48 47 44 40 34 26 22

Poisson’s ratio 0.10 0.10 0.10 0.11 0.11 0.12 0.12

Coefficient of thermal expansion (10-6 K-1) 9.0 9.2 9.6 10.1 10.8 11.7 12.2

Table 7 Material parameters

of substrate (PWA 1480 alloy)

[53]

Temperature (K) 293 493 693 893 1093 1293 1393

Young’s modulus (GPa) 220 210 190 170 155 130 120

Poisson’s ratio 0.31 0.32 0.33 0.33 0.34 0.35 0.35

Coefficient of thermal expansion (10-6 K-1) 14.8 15.2 15.6 16.2 16.9 17.5 18.0

Figure 3 Predictions of TGO thickness when different values of k are considered: a k is a constant during the oxidation process; b k varies

with oxidation time. Experimental data are extracted from a prior work [55].
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oxidation process. Note that the change in k above is

empirical and it does not explicitly take into account

the diffusion barrier of the formed oxide.

Since the diffusivity of oxygen in the BC layer is far

higher than that in alumina layer, the oxygen can

quickly diffuse through the BC and reach the reaction

front at the early oxidation process, resulting in a fast

formation of alumina layer (i.e. TGO). As the oxida-

tion proceeds, the TGO keeps growing and its

thickness increases. The slow kinetics of oxygen dif-

fusion in the thick TGO layer could prevent the

oxygen ions from further reaching the fresh reaction

front of TGO layer and thus reduce the oxidation rate

at the later stage of initial stable oxidation process. To

capture this diffusion barrier effect on the TGO

growth, we assume that the oxygen diffusivity D in

TGO layer is dependent on the oxide fraction n, as the
relation D = D0 � H(n - n0). D0 is the oxygen diffu-

sivity in BC layer, and H(n - n0) is a step function

defined as

H n� n0ð Þ ¼ 1; n� n0
rD; n\n0

	
: ð26Þ

The n0 in Eq. (26) is the critical oxide fraction used

to separate the BC and TGO, below which the BC

layer is still at pristine state such that the oxygen

diffusivity is taken as D0, and above which the BC

layer has been oxidised into TGO such that the oxy-

gen diffusivity is taken as D = rDD0. Here rD is the

ratio of oxygen diffusivities in BC and TGO.

Here we study the diffusion barrier effect of the

formed oxide by holding the D0 as a constant and

changing the rD. The reaction constant k is set to be 15

[32]. Figure 4 shows the TGO thickness as a function

of oxidation time for various rD. Again, for all the

cases, the thickness of the TGO keeps increasing

while the increasing rate decays. Specifically, the

TGO growth behaviour for rD = 0.75 is in good

agreement with the experimental result. This agree-

ment implies that the low diffusion coefficient of

oxygen in TGO indeed plays an important role in the

oxidation process, as discussed in last paragraph.

rD = 0.75 is taken as the benchmark in the following

analyses in ‘‘Stress-regulated oxygen diffusion in

TBCs’’ and ‘‘Stress-regulated morphology of TGO

layer’’ sections. Note that the above simulation could

be used to determine the relative ratio of the oxygen

diffusivities in BC and TGO, which is also applicable

to other material systems like the oxidation of silicon

in environmental barrier coatings [55].

Stress-regulated oxygen diffusion in TBCs

In this section, we study the chemo-mechanics cou-

pling on the basis of two sets of simulations. In Set I,

all the material properties are set to be independent

of the oxide fraction n. In Set II, material properties

for the region that is gradually oxidised from BC to

TGO are assumed to follow the mixture rule. The

oxide fraction n is the only parameter determining

the mixed material properties.

X ¼ 1� nð Þ � XBC þ n � XTGO ðX ¼ E; t; a;D; rYÞ: ð27Þ

As shown in Fig. 5a, the red colour in the upper

part indicates very high volume percentage of oxy-

gen. Oxidation at this region is suppressed due to the

absence of metal atoms. The oxygen is then trans-

ported to the oxidation front where reaction rate is a

maximum due to the abundance of both oxygen and

metal atoms. Beyond the oxidation front, oxygen

concentration decays quickly and the percentage of

oxide is very low. Figure 5b, c shows the TGO

thickness at the flat region as a function of time. It is

clear that (1) the thickening trend is consistent with

the classic parabolic law; (2) the TGO thickness of the

coupling model is slightly smaller, compared to the

non-coupling model wherein the chemical potential

is independent of the stress; and (3) TGO thickness

predicted from Set I is larger than that of Set II. The

results here indicate that in Set II, as the material

Figure 4 TGO thickness versus time. Variation in diffusion

coefficient is considered in modelling.
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changed from pure BC to a mixture, the TGO thick-

ening process is retarded. In the following sections,

we will only focus on Set II as it is more realistic.

Apart from the parabolic-like thickening trend, the

TGO thickness is different at different locations,

namely the centre of the concave, the marginal region

of the concave and the flat region. Two factors

account for this feature. The first is the hydrostatic

stresses near the interface of TGO and TC, which

influences the boundary condition of oxygen con-

centration, according to Eq. (25). This boundary

condition determines the supply of the oxygen and

influences the oxidation process. The second is that

the stress regulates the diffusion of the oxygen, since

the chemical potential drives the oxygen from the

compression region to the tensile region, according to

Eq. (23).

Figure 6a shows the hydrostatic stress near the

interface of TGO and TC. Two key features can be

identified. First, the hydrostatic stress changes from

tension at the centre of the concave to compression as

it gets away from the concave for both coupling and

non-coupling cases. Large volume expansion around

the concave due to TGO growth strain causes mis-

match strain around the imperfection. The mismatch

strain in turn leads to the tension at the concave

region, and compression in regions away from the

imperfection. At 600th hour after oxidation, the

maximum compressive stress occurs at the junction

of the concave. Second, the coupling case shows

much higher tensile hydrostatic stress than the non-

coupling case, which implies that cracks may initiate

locally due to the large tensile stress. Figure 6b plots

the oxygen concentration at the upper boundary of

TGO (pristine TC–BC interface) and TGO thickness

distribution along the interface after 600 h. For cou-

pling case, the oxygen concentration is higher in

concave region. The concentration then quickly

decays and becomes lower compared to the non-

coupling case. And the lowest concentration occurs at

the margin of the imperfection. This result agrees

with the above discussion about the hydrostatic

stress. The compressive hydrostatic stress increases

the chemical potential of oxygen, which drives oxy-

gen diffusion from the compressed region to the

tensed region. In other words, the local tensile stress

attracts oxygen diffusion, while compressive stresses

drive oxygen away. As influenced by the stress reg-

ulation, the oxygen influx along the BC–TGO inter-

face is not homogeneous any more. On the other

Figure 5 TGO thickness evolution. ‘‘Concave’’ and ‘‘flat’’ in

(b) and (c), respectively, correspond to the location shown in (a).

The subscript ‘‘non’’ indicates non-coupling model.
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hand, large compressive stress at the interface

between concave and flat regions, see Fig. 6a, slows

down the oxygen diffusion into TGO layer, resulting

in a low oxygen concentration at that interface, see

Fig. 6b. The maximum thickness of TGO appears at

the junction of the concave and flat regions, as shown

in Fig. 6b, while the minimum thickness of TGO

appears at the centre of the concave region. This

contradicts the intuitive perception that TGO would

be thicker in regions where oxygen concentration is

higher.

The counterintuitive result is caused by the non-

homogeneous oxygen diffusion around the geomet-

rical imperfection. As shown in Fig. 7, the horizontal

gradient of the oxygen chemical potential caused by

the interface imperfection keeps driving oxygen to

the region between concave and flat regions, even

though this region is under high compressive stress.

Also, although the oxygen concentration is high

around the centre of concave imperfection and low

around the concave imperfection margin, see Fig. 6b,

the outward oxygen flux slows down the further

built-up of oxygen concentration at the concave

imperfection centre, suppressing the growth of oxide

there while accelerating the accumulation of the

oxygen in the concave imperfection margin, as shown

in Fig. 6b. The TGO thickness plotted in Fig. 6b

shows a thicker TGO layer formed at the region

between concave and flat regions, indicating that the

influence of the geometric curvature has overcome

the stress regulation effect on oxygen diffusion.

Note that, in the coupling model, the difference in

chemical potential of oxygen caused by stress is

limited by the magnitude of the stress in the TGO.

Thus, the difference in TGO thickness and other

quantities like stress between the coupling and non-

coupling model is limited in TBCs. In other words,

the coupling effect has limited impact on TGO

growth kinetics.

Stress-regulated morphology of TGO layer

As shown in Fig. 6a, large compressive stresses could

be present at the marginal region of the concave

imperfection. These stresses contribute to the mor-

phology of the TGO layer in two aspects. Firstly, the

out-of-plane displacement which releases the large

compressive stresses will cause the amplitude change

of the TC–TGO interface. Therefore, the enlarging of

the imperfection is concomitant with the oxidation

process. Specifically, the amplitude of the concave

imperfection would grow increasingly large, as

Figure 6 a Hydrostatic stress for Set II; b oxygen concentration along the upper boundary of TGO (original TC–BC interface) and TGO

thickness distribution along the interface after 600 h. Note that for all three figures, ‘r’ denotes the distance to the centre of the concave.

Figure 7 Chemical potential of oxygen and the associated

oxygen flux in TBCs (black arrows) at the 100th hour of

oxidation time.
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shown in Fig. 8. At high temperature, the amplitude

change of the concave imperfection is about 0.36 lm,

which is much more obvious than the short-term

exposure reported previously (0.04 lm after a one-

hour cycle) [24].

Secondly, this amplitude change could induce local

tensile stress around the concave imperfection [56].

Large tensile stresses, which are sufficient to initiate

micro-cracks in the ceramic top coat and peak at the

flanks of BC protuberances, occur in the region above

the concave imperfection, as shown in Fig. 9. These

stresses, in accordance with previous studies [16],

drive the initiation of micro-cracks in the TC [1]. Once

initiated, the cracks provide transport path for oxy-

gen which leads to formation of the mixed oxide [21].

Note that the rz during the oxidation process exhibits

little change, mainly because of the plastic flow of the

BC, which releases the oxidation-induced stresses.

Conclusions

In this paper, a chemo-transport-mechanics model

has been developed to predict the growth kinetics of

thermally grown oxide (TGO) and the resultant dis-

placement and stress fields in thermal barrier coat-

ings (TBCs). The following conclusions are drawn:

1. The diffusion of oxygen has major effect on TGO

growth kinetics. The formed oxide acts as a

diffusion barrier to impede TGO growth in the

oxidation front due to its lower diffusion coeffi-

cient of oxygen. For the first time, our model

considers the difference in the diffusion coeffi-

cient of oxygen between BC and TGO and

clarifies the retarding effect of existing TGO on

oxygen diffusion.

2. Geometrical imperfection (i.e. concave morphol-

ogy) causes the horizontal component of the

gradient of the chemical potential of oxygen,

which governs the local growth of the TGO. The

chemo-mechanics coupling has limited effect on

TGO growth kinetics in the studied TBCs, due to

the low magnitude of both the stress and the

partial molar volume.

3. During the oxidation process, the amplitude of

the concave portion enlarges continuously by

0.36 lm after 600-h exposure due to compressive

stress in TGO. Tensile stresses up to 600 MPa are

predicted in the region above the concave portion

of the top coat, with the maximum occurring in

the flank of the imperfection.

Finally, it should be noted that the model devel-

oped in this study can be also used to predict the
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Figure 8 Displacement of the TGO–TC interface and the

amplitude change of the concave imperfection along the

interface at high temperature.

Figure 9 rz stress: a contour. b Along the interface in the top coat and its evolution.
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chemo-transport-mechanics coupling behaviour of

other material systems and potential strong coupling

effects can be examined.
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