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A B S T R A C T   

The mechanical stability of the thermal barrier coating (TBC) systems is important for the heavy-duty gas turbine 
during operation and maintenance. The growth of thermally grown oxide (TGO), which controls the mechanical 
stability of TBC systems, usually consists of two stages. In the first stage, the outer mixed oxide (MO) and alumina 
grow simultaneously. In the second stage, the intact alumina protective layer is gradually replaced by the porous 
inner MO. The MO deteriorates the interface integrity and exhibits a higher growth rate, which should be 
investigated. In this study, a numerical method was developed to simulate the stress evolution of two-stage TGO 
growth. The results show that the inner MO growth can significantly change the stress evolution during high- 
temperature oxidation and induce higher thermal mismatch stress after cooling down. This adverse effect en-
hances the risk of TC failure and should be taken seriously in the heavy-duty gas turbine’s operation and 
maintenance.   

1. Introduction 

The heavy-duty gas turbine is subjected to a long period of high- 
temperature operation during service. Thermal barrier coating (TBC) 
systems are widely used to provide thermal protection for superalloy 
blades [1–4]. A typical TBC system consists of a yttria-partially stabi-
lized zirconia top coat (TC) and aluminium-rich bond coat (BC). Upon 
exposure to high temperatures, a heterogeneous thermally grown oxide 
(TGO) layer forms at the interface between the TC and BC. Regular 
maintenance inspections are necessary for heavy-duty gas turbines. 
Prior to an inspection, a force cooling practice is performed to speed the 
cool-down process and shorten the outage time [5]. Accompanied by the 
cool-down process, the thermal mismatch stress is generated. The 
growth of the TGO layer will not only induce high local stresses during 
operation but also intensify the mismatch stress after cooling down 
[6–10]. These stresses may lead to the formation of undesirable micro-
cracks or macrocracks. The nucleation and coalescence of cracks at the 
TGO–TC interface within the TGO or at the TGO–BC interface causes the 
delamination or spalling of the protective TC, leading to the catastrophic 
failure of the TBC system and the superalloy blades of gas turbines 
[10–14]. Although the mechanical degradation caused by the TGO 
growth has been experimentally confirmed [6–9,15–18], the impact of 

TGO growth on the evolution of stresses remains unclear. In particular, 
the stress fields within the heterogeneous TGO and TC layers are com-
plex, rendering the experimental characterization of the oxidatio-
nal–mechanical behaviors of the TBC system an exigent task [19–25]. 
An accurate analysis is imperative for understanding the stress evolution 
and failure induced by TGO growth. 

In order to achieve a well-predicted stress evolution, the description 
of the TGO growth process should be consistent with the experimental 
observation. In most of the previous numerical models [26–47], a 
simplification was used in which the TGO only consists of a single 
component (i.e., alumina). However, according to experimental reports, 
the realistic description of the TGO layer should consider not only the 
growth of alumina, but also the formation of multiple mixed oxides 
(MO), such as chromia, spinel, and nickel oxide [8,48–52]. Nir-
anatlumpong et al. confirmed that the TGO contains three different 
oxide layers [53]. From top to bottom, these are Ni, Cr-rich oxide layer 
(i.e., outer MO), alumina scale layer, and Cr, Al, and Ni-rich oxide layers 
(i.e., inner MO). The detailed description of TGO growth behavior has 
been experimentally studied by Bai et al. [54]. As shown in Fig. 1, the 
TGO growth could be divided into two stages: in the first stage (i.e., 
0–200 h), the outer MO and dense alumina grow simultaneously; in the 
second stage (i.e., after 200 h), the MO formed gradually from the 
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bottom of the Al2O3 layer. Due to the depletion of aluminum within the 
region near the Al2O3 layer, the Al2O3 phase would transform to (Ni, Co) 
Al2O4 spine, i.e. the inner MO [54]. The growth of the inner MO swal-
lowed the previously formed Al2O3, leading to the disappearance of the 
dense Al2O3 scale. Similar observations have also been reported by other 
researchers [16,52,55–57]. The mechanical stability of porous MO is 
considerably lower than that of dense alumina, and the growth rate of 
MO is several times higher than that of alumina [58]. Hence, the for-
mation and continuous growth of MO during the second stage is ex-
pected to significantly influence the performance and service life of the 
TBC system. 

Motivated by the experimental observations, a few recent works 
have studied the stress evolution and mechanical degradation by 
considering the growth of both MO and alumina layers. Xu et al. 
investigated the interfacial failure mechanism by considering the role of 
mixed oxides [59] and concluded that the high growth rate of MO in-
duces the initiation and propagation of interface cracks. Lv et al. intro-
duced a thermo–elasto–viscoplastic constitutive model in which both 
the sintering and MO growth effects were considered [60]. Busso et al. 
investigated the results of MO oxidation under stresses with different 
levels of bond coat roughness [61]. The FE modeling demonstrated that 
the MO growth generated a four-time higher out-of-plane tensile stress 
within the yttria stabilized zirconia (YSZ) at high temperature. Xie et al. 
set up a spherical model to describe the growth of MO and studied the 
corresponding catastrophic stress [62]. The spherical model can provide 
an understanding of the first-order effect of MO growth, but the model is 
oversimplified and cannot capture the real TGO composition evolution. 
Overall, the aforementioned studies only focused on the situation in 
which the MO formed above the alumina layer (i.e., the first stage of 
TGO growth). The second stage of oxidation (i.e., the inner MO forms 
underneath the alumina layer, rises upward, and eventually replaces the 
alumina) is usually neglected. Moreover, as aforementioned, the TBC 
system suffers from high thermal mismatch stress due to the cool-down 
process. The influence of inner MO growth on the stress after cooling 
down is of great importance to the mechanical stability of the TBC 
system during maintenance. However, the problem has received scant 
attention in the research literature. Under these circumstances, the 
evolution analysis of the stress field and prediction of the crack forma-
tion would considerably differ from the more realistic results yielded by 
a two-stage TGO oxidation model. Hence, the variation between the 
qualitative results obtained by numerical studies and experimental ob-
servations is probably due to neglecting the inner MO growth [39,47, 
63–70]. Previous studies show that the detailed microstructure of TGO 
dominates the failure of TBC. However, up to date, there is no general 
and accurate method to analyze the stress evolution of the two-stage 

growth of TGO. 
In the present work, a numerical method and a new accurate TGO- 

growth model that can well represent the two stages of oxidation are 
formulated. The growth of the inner MO is introduced into the new 
model by adding a material ‘phase’ transition from alumina to MO at the 
bottom of the TGO layer. The TGO-growth model is implemented into 
the finite element simulation by utilizing the user subroutines UEXPAN 
and USDFLD in ABAQUS. During the high-temperature oxidation stage 
and rapid-cooling stage, the evolution of the stress field within the TC 
layer and at the BC–TGO–TC interfaces in the TBC system were well 
predicted. The predicted stress distributions in the two cases with and 
without considering the growth of the inner MO at high-temperature 
oxidation were compared. The growth of the inner MO significantly 
increased the thermal growth stress within the TC layer and at the in-
terfaces. The influence of the TGO layer creep on the stress evolution 
was also investigated. It was found that the stress field considerably 
depended on the creep behavior of the TGO layer, i.e., the high creep 
rate moderated the stress generated during the oxidation. Although the 
stress generated at high temperature can be released due to creep, the 
growth of MO can still aggravate the thermal mismatch stress after 
cooling down. This prediction of oxidation-induced stress evolution can 
aid in better comprehending the mechanical failure of the TBC system 
and designing a TBC system with enhanced mechanical stability. 

2. Numerical analysis 

2.1. TGO growth 

The TGO usually exhibits a columnar grain microstructure, as shown 
in Fig. 2. The non-mechanical strain associated with the TGO growth 
contains two components: the thickening strain (εt) and lateral strain (εl) 
related to the TGO’s formed at the TGO–BC interface and inside the 
oxide layer, respectively. The directions of εt and εl are normal and 
parallel to the interface, respectively. The oxidation of aluminium is 
presented by the following reaction: 

4Al+ 3O2→2Al2O3 (1) 

The εAl2O3
l , which is the lateral strain associated with the formation of 

Al2O3, varies within the experimentally determined range, i.e., 10− 4̃

5 × 10− 3 [59]. The thickening strain, εAl2O3
t , is usually considered as 10 

times the lateral strain [12,65]. Thus, in the present work, the values of 
εAl2O3

l and εAl2O3
t are selected as 2 × 10− 3 and 2× 10− 2, respectively. 

Similarly, the MO formation can be represented by the following 
reaction. 

Fig. 1. (a) Backscattered electron images of cross-sectional morphology of TGO layer at different oxidation times; (b) evolution of TGO thickness at thermal 
oxidation [54]. 
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[Ni] + α − Al2O3 + Cr2O3 + [O]→Ni(Al,Cr)2O4 (2) 

Although the magnitude of the strain induced by this reaction has not 
been reported in the literature, a qualitative estimation has been 
recently provided by Maier et al. [58]; They indicated that the strain 
associated with the MO formation was isotropic and several times larger 
than that of Al2O3. Accordingly, it is assumed that the thickening and 
lateral strains caused by the MO growth are identical and equal to 4×
10− 2 (i.e., εMO

l = εMO
t = εMO = 4× 10− 2). 

The implementation of TGO growth into the FE model is schemati-
cally shown in Fig. 3. In the first stage (i.e., 0–200 h), the outer MO and 
dense alumina grow simultaneously, and in the second stage (after 200 
h), the inner MO begins to form at the bottom and gradually replace the 
initially formed alumina. In the proposed model, it is assumed that the 
transitioning of the ‘phase’ from the bond coat to alumina and from 
alumina to MO consistently occurs over time as the oxidation progresses. 
To define these transitions, the user subroutines USDFLD and UEXPAN 
in the commercial FEM package, ABAQUS 6.14, are utilized. All the field 
variables of elements, such as material properties and thermal growth 
strains, can be defined as a function of a solution-dependent variable 
(SDV). This state variable (SDV) defines the various types of oxides as 
well as the element phase transition in which 0, 1, and 2 represent the 
bond coat, alumina, and MO, respectively. The changes in the SDV with 
the oxidation time, from 0 to 1 and then from 1 to 2, exactly follow the 
variation in the thickness of different components in the TBC system, as 
shown in Fig. 1(b). The oxidation generates the thickening and lateral 
growth strains within the columnar TGO grain. Baker et al. [71] proved 

that the TGO growth strain should be implemented on the elements at 
the TGO–BC interface; this can be easily achieved by exploiting the 
UEXPAN subroutine. 

To illustrate the ‘phase’ transitions upon thermal oxidation, an FE 
analysis flowchart of the ninth TGO element layer, which is located 
4–4.5 μm in the TGO, is shown in Fig. 4; Ttotal and Δt denotes the total 
exposure and increment times, respectively. When the exposure time is 
less than 60 h, the material of the ninth element layer lies in the initial 
bond coat; thus, no growth strain is involved. From 60 to 200 h, the bond 
coat at that location starts to oxidize, and α − Al2O3 is first generated, 
accompanied by the corresponding growth strain. From 200 to 300 h, 
this layer remains as α − Al2O3. After 300 h, the inner MO begins to form 
and expand, gradually replacing the initial alumina layer. The material 
property transforms from that of α − Al2O3 to that of MO; the growth 
strain of MO is applied to this element layer. A similar procedure is also 
applied to other TGO discretized layers. 

2.2. Geometry and material properties 

Previous research works have demonstrated that high growth 
stresses, which lead to the failure of TBC systems, tend to accumulate in 
regions with curved interfaces [72]. The present work aims to analyze 
the complicated stress distribution in these ragged regions; accordingly, 
a two-dimensional plane strain model with a curved TC–TGO interface is 
developed, as shown in Fig. 5. The model consists of four different 
constituent layers representing the TC, TGO, BC, and substrate. To 
significantly reduce the influence of boundary conditions, the width of 
the TBC system is set as six times larger than that of the ragged region. A 
periodic boundary condition is imposed on both sides of the TBC model 
to ensure the compatibility of deformation; all geometric data are listed 
in Table 1. The meshes in the ragged region where 18 layers of elements 
are used for the initial TGO and TGO thickening layer (each layer has a 
TGO thickness of 0.5 μm) are refined. After meshing, the resulting model 
consists of 148 312 four-node quadrilateral elements. By checking the 
mesh sensitivity, it was confirmed that a good mesh-independent solu-
tion was obtained under this mesh refinement. 

The material properties of the TBC system are listed in Table 1 [59, 
73]. All layers are considered homogeneous and isotropic. The YSZ and 
substrate are assumed to follow the linear elastic constitutive law. For 
the TGO (alumina and MO) and BC layer, the following Norton 
power-law creep behavior is used: 

ε̇cr =Bσn (3)  

where ˙εcr is the strain rate (s− 1), B is the pre-factor (s− 1MPa− n ), σ is the 
stress (MPa), and n is the power-law creep exponent. The creep indices 

Fig. 2. Schematic of TGO growth in the TBC system. Oxides form at TGO–BC 
interface and within the columnar TGO, inducing a thickening growth strain 
(εt) and lateral growth strain (εl), respectively. 

Fig. 3. Schematic of TGO growth process at different oxidation times.  
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of each layer are summarised in Table 2; for BC, BBC = 3.9 × 10− 6 and 
nBC = 2.5 [63]. For the TGO, three different orders of pre-factor are 
selected: large creep with BAl2O3 = 7.3 × 10− 9 and BMO = 5× 10− 9; 
medium creep with BAl2O3 = 7.3 × 10− 10 and BMO = 5× 10− 10; small 
creep with BAl2O3 = 7.3 × 10− 11 and BMO = 5× 10− 11. The effect of TGO 
creep, which is a key factor in determining the stress field and TBC 
failure, can be investigated by comparing the results from the three 
simulation cases. The power-law creep exponent is fixed as nAl2O3 =

nMO = 1 [59,64,73]. 
The temperature loading history consists of two stages. First, the TBC 

system is held at 1100 ◦C for 500 h (holding time, tH), representing its 
service situation in a high-temperature environment. Then, the model is 
exposed to a temperature gradient decreasing from 1100 to 25 ◦C for 1 h 

(cooling time, tL). In this work, the growth stress induced by the 
oxidation during the holding time and the mismatch stress induced by 
the different coefficients of thermal expansion (CTE) during the cooling 
time [fx]are investigated. At a high temperature in a stress-free state, the 
TBC system is sprayed. Moreover, the heating stage is not considered in 
the present simulation. Similar assumptions have also been used in other 
studies [34,35,46,70,74–76]. 

3. Results and discussions 

TBC in heavy-duty gas turbines usually serves at high temperature 
for months, then it cools down along with the halt of the engine for 
maintenance. Based on the generalized numerical framework and the 
new model, we investigate the stress evolution with the TGO growth for 

Fig. 4. Flowchart of FE analysis with user subroutines UEXPAN and USDFLD.  

Fig. 5. (a) Schematic of two-dimensional model of the TBC system. (b) Refined mesh in ragged region vicinity; (c) Magnified view of refined mesh.  
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the two circumstances. 

3.1. Stress development during high-temperature oxidation 

In order to highlight the influence of inner MO growth. Two cases are 
investigated: Case A describes a completed oxidation process extracted 
from the experimental observation, which includes two oxidation 
stages. While in Case B, only the first stage of oxidation is considered, i.e. 
the formation of inner MO in the second stage is ignored. Similar 
simplified models of the TGO growth, such as case B, have been widely 
used in most of the previous studies [59,61,62,70]. Although the fore-
going models may be useful to qualitatively capture the stress evolution 
induced by the TGO growth, the quantitative predictions of the stress 
field from the simplified models can substantially differ from those of 

the more realistic TGO growth model with two stages of oxidation. 
The thickness and distribution of different components within the 

TBC system at different exposure times for Cases A and B are plotted in 
Fig. 6, (a) and (b), respectively. Different components are represented by 
the contour plot of the SDV: the black regions (SDV = 1) represent the 
alumina layer developed upon the early oxidation, whereas the dark 
grey regions (SDV = 2) represent the MO layers generated in the 
following oxidation process. During the first stage of oxidation (0–200 
h), alumina and outer MO were simultaneously formed, and no differ-
ence between Cases A and B was found. However, after 200 h, the inner 
MO began to form and gradually replaced the initially formed alumina 
layer in Case A. The evolution of the thickness and composition of 
different oxide components in Case A is in good agreement with 
experimental observations, as shown in Fig. 1, indicating that the 
modified TGO growth model can well represent the real TGO growth 
process. In contrast, as shown in Fig. 6(b), no formation and growth of 
the inner MO are observed in Case B. 

The growth strain associated with the MO formation is several times 
larger than that of Al2O3. The growth of the inner MO layer and the 
subsequent replacement of Al2O3 simulated in case A would induce a 
significant difference in the distribution of growth stresses when 
compared with the simplified case (Case B). The stress evolutions with 
and without considering the two stages of oxidation in the TBC system 
are plotted in Fig. 7. The maximum σyy stress within the TC layer is 
selected to represent the characteristic stress level because it is usually 
the direct cause of the TC protective layer spalling, which occurs during 
the service life of the TBC system. The σyy stress distributions within the 
TC layer at 20, 200, and 500 h are also shown in the insets of Fig. 7. In 

Table 1 
Physical and geometric parameters*.   

Temperature (◦C)  Young’s modulus (GPa) Poisson’s ratio Yield strength (MPa) Thermal expansion (α× 10− 6/
◦C)  Layer thickness (μm)  

TC 25 50 0.1 / 9.0 200 
200 9.2 
400 9.6 
800 10.8 
1100 12.2 

TGO (α − Al2O3)  / 325 0.3 / 8 0.5 (Initial) 
TGO (Mixed oxide) / 100 0.3 / 6 0 (Initial) 
BC 25 200 0.3 426 12.3 150 

200 190 412 14.2 
400 175 396 15.2 
800 145 284 16.3 
1100 120 114 17.6 

SUB 25 220 0.3 / 14.8 1500 
200 210 15.2 
400 190 15.6 
800 155 16.9 
1100 120 18.0 

∗W = 480μm,  L = 40μm. The parameters of α − Al2O3 and mixed oxide is taken from Ref. [59] and other material date are taken from Ref. [73]. 

Table 2 
Creep parameters [59,63,64,73].   

B (s− 1MPa− n)  n  

BC 3.9× 10− 6  2.5 

TGO (α − Al2O3)  Large creep: 7.3× 10− 9  1 

Medium creep: 7.3× 10− 10  

Small creep: 7.3× 10− 11  

TGO (Mixed oxide) Large creep: 5× 10− 9  1 

Medium creep: 5× 10− 10  

Small creep: 5× 10− 11   

Fig. 6. Contour plot of SDV representing thickness and distribution of different oxides within the TBC system at different exposure times. (a) Case A: TGO growth 
with two stages of oxidation; (b) Case B: TGO growth only with the first stage of oxidation. 
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this study, to minimize the influence of stress relaxation, the small creep 
pre-factors of the BC and TGO layers are preset. 

In Fig. 7, the maximum value and distribution of σyyin the TC layer 
before 200 h for Cases A and B are practically identical because they 
have the same TGO growth behaviors in the first stage of oxidation. In 
the second stage of oxidation, the Al2O3 and outer MO layers continue to 
thicken, whereas the inner MO layer starts to form and replace the 
initially formed Al2O3 layer. From 200 to 300 h, the growths of Al2O3 
and outer MO layers dominate the oxidation of the BC layer, resulting in 
the continuous increase in magnitudes of σyy in the TC layer. With the 
contribution of the inner MO layer growth, the increase in σyy in Case A 
is slightly greater than that in Case B, which does not consider the inner 
MO layer growth. After 300 h, the formation of Al2O3 and outer MO 
layers is practically complete. Eventually, the formation of the inner MO 
layer dominates the oxidation of the BC layer; this MO layer then re-
places the initially formed Al2O3 layer, as shown in Fig. 6(a). This sec-
ond stage of oxidation causes the TC layer to maintain a relatively high- 
stress level of approximately 860 MPa, as shown in Fig. 7. In contrast, as 
indicated by Fig. 6(b), the thickness and distribution of the various oxide 
components of TGO remain unchanged after 300 h, leading to the stress 
relaxation from 700 to 440 MPa. A previous study confirmed that the 
maximum σyy stress located at the flank of the protuberance generated 
short subcritical cracks within the TC layer; ultimately, these cracks 
resulted in the catastrophic spalling of this layer [72]. Under these cir-
cumstances, it is assumed that the new TGO growth model in this work, 
which considers the two stages of TGO growth, can better predict the 
stress field within the TBC system and system failure; that is, the 
high-stress level caused by the growth of the inner MO layer promotes 
the failure of the TBC system. 

The effect of TGO layer creep is also considered in the present work. 
The TBC system usually functions in an extremely high-temperature 
environment in which the stress relaxation caused by the creep of the 
superalloy cannot be ignored. Moreover, the TGO layer creep rate varies 
over several orders at a high temperature gradient. Therefore, a quali-
tative study of the relationship between the stress field developed within 
the TBC system and the creep behavior of the TGO layer is crucial. The 
distribution and evolution of the maximum σyy stress within the TC layer 
upon thermal oxidation at different creep rates are shown in Fig. 8. 
Three different pre-factor orders for the TGO layer are selected to 
represent different creep rates, i.e., large creep with BAl2O3 = 7.3× 10− 9 

and BMO = 5× 10− 9, medium creep with BAl2O3 = 7.3 × 10− 10 and 

BMO = 5× 10− 10, and small creep with BAl2O3 = 7.3 × 10− 11 and BMO =

5× 10− 11. It is found that the σyy stress within the TC layer induced by 
the TGO growth is significantly relaxed as the creep rate increases. For 
the case of a small creep with an inner MO growth (black solid lines), the 
maximum σyy stress within the TC layer (usually developed at the valley 
of the protuberance) always maintains a relatively high level and rea-
ches ~800 MPa after 500 h of oxidation. This indicates that the stress 
relaxation induced by the small creep rate is a relatively slow process 
compared with the development of stress generated by the TGO growth; 
consequently, a high growth stress, which is maintained within the TC 
layer, presumably causes the initiation and propagation of sub-cracks. In 
contrast, for the case of the large creep with the inner MO growth, the 
thermal growth stresses completely relax as a result of the relatively fast 
TGO creep, as shown by the blue solid lines in Fig. 8. In this circum-
stance, the TC layer in the TBC system is under a stress-free state despite 
the continuous TGO growth. 

The isothermal oxidation at high temperatures also leads to the 
development of normal stress (σn) at the TGO–TC and TGO–BC in-
terfaces, potentially resulting in the delamination of the TC or TGO 
layer. The distributions of normal stress (σn) as a function of the 
normalized location at the TGO–TC and TGO–BC interfaces are plotted 
in Fig. 9, (a) and (b), respectively. The normal stress distributions are 
obtained at the oxidation time of 500 h, at which point the oxidation of 
the BC layer is practically complete. At the TGO–TC interface, a 
compressive stress field develops at the peak of the protuberance and 
transforms into a tensile stress field at the valley. The transformation of 
the developed stress from compression to tension at the valley mainly 
results from the change in the sign of the radius of curvature of the 
TGO–TC interface [63]. It should be noted that the inner MO growth 
increases the magnitudes of the compressive stress at the peak and 
tensile stress at the valley; the comparison between the solid and dashed 
lines is shown in Fig. 9(a). This comparison indicates that the growth of 
the inner MO layer not only increases the possibility of coating layer 
spalling but also the facilitation of interfacial failures, such as interfacial 
delamination, by inducing a larger normal stress field at the interface. 
However, in Fig. 9(b), the plots of the normal stress distributions (σn) at 
the TGO–BC interface indicates that the growth of the inner MO does not 
simply increase the compressive stress at the peak and tensile stress at 
the valley but also enhances the compressive normal stress at the 
interface while reducing the tensile stress. However, this does not imply 
that the inner MO growth reduces the possibility of interfacial delami-
nation at the TGO–BC interface. It should be noted that once the alumina 
layer is gradually replaced by the inner MO, the interfacial fracture 
toughness of the TGO–BC interface significantly weakens. Therefore, 
even if the tensile normal stress that developed at the interface slightly 

Fig. 7. Evolution of maximum σyy stress within TC layer with (Case A) and 
without (Case B) considering two stages of oxidation in the TBC system. Insets 
show distributions of σyy within TC layer at 20, 200, and 500 h upon high- 
temperature oxidation. 

Fig. 8. Evolution of maximum σyy stress within TC layer upon thermal oxida-
tion at different creep rates of TGO layer. Insets show distributions of σyy within 
TC layer at 500 h upon high-temperature oxidation. 
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decreases, the interfacial delamination still occurs because of the weak 
interfacial strength. 

Similar to the σyy variation in the TC layer with various creep co-
efficients of the TGO layer, the normal stress generated by the small TGO 
creep at the interface is significantly higher than those induced by the 
medium and large creeps, as shown in Fig. 7. Moreover, the large TGO 
creep reduces the stresses induced by growth. In Fig. 9, (a) and (b), it is 
clear that the tensile normal stress at the valley only appears at a low 
creep rate, indicating that if the stress induced by growth is relaxed by 
the creep, the normal stress at the interface tends to be compressive. 
Although it is difficult to experimentally measure the TGO layer creep 
rate, this qualitative study still provides a good prediction of the stress 
evolution and possibility of TBC failure. 

3.2. Stress development after cooling 

Stress development during the cooling stage is another critical factor 
that influences the mechanical integrity of the TBC system. During the 
cooling stage, the temperature decreases from 1100 to 25 ◦C, as dis-

cussed in Section 2.2. The TBC system would generate another stress 
field because of the CTE mismatch. In this study, because the cooling 
time is relatively short, the creep during cooling is ignored. For the three 
different creep rates, the stress distributions (σ22 ) within the TC layer 
after cooling are plotted in Fig. 10(a). It is evident that σ22 exhibits a 
similar distribution for both cases with and without considering the 
inner MO growth; it also exhibits different magnitudes, indicating that 
the inner MO growth increases the stress level. Again, the TGO layer 
creep affects the distribution of mismatch stress. However, it does not 
considerably relax the stress during cooling because of the relatively 
short cooling time compared with the oxidation time. Nevertheless, the 
creep strain that is generated during the high-temperature oxidation 
alters the mismatch strain and stress resulting from the CTE mismatch 
during cooling, as shown in Fig. 10(a). The maximum σ22 stress in 
Fig. 10(a), normalized by the Young’s modules of TC, is plotted as a 
histogram in Fig. 10(b). Compared with the stress evolution with high- 
temperature oxidation, as discussed in Section 3.1, the effect of inner 
MO growth on the stress evolution upon cooling is not limited to the low 
creep rate; instead, the inner MO growth increases the stress magnitude 

Fig. 9. Normal traction (σn) at (a) TGO–TC and (b) TGO–BC interfaces at 500 h with high-temperature oxidation.  

Fig. 10. (a) Distributions of σyy within TC layer after cooling; (b) The normalized maximum σyy stress within TC after cooling; (c) Distribution of normal stress (σn) 
developed at TGO–TC interface after cooling; (d) The normalized maximum tractions (σn) developed at TGO–TC interface after cooling. 
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with the creep rate. This indicates that the oxidation of the inner MO 
significantly affects the stress distribution and failure after cooling. 

The normal stress distribution (σn) at the TGO–TC interface after 
cooling is plotted in Fig. 10(c). It can be observed that the inner MO 
growth distinctly increases the normal stress at the interface with the 
three creep rates. The maximum tensile stress at the valley shown in 
Fig. 10(c) is extracted and then plotted as a histogram in Fig. 10(d). The 
value of the maximum traction is also normalized by the Young’s 
modules of TC. The inner MO growth increases the maximum tensile 
stress at the interface similar to its effect on the maximum normal stress 
(σ22) within the TC layer. It significantly increases the possibility of 
interfacial delamination of the TC layer during cooling. 

It is worth noting that the calculated stress may be much higher than 
some of the experimental measurement. This inconsistency can be due to 
several factors. Firstly, every material used here is assumed dense, 
consistent and homogeneous. The porosity and inhomogeneity of each 
components are not considered. Therefore, the strength of the material is 
stronger than that of the real situation. Secondly, this study does not 
engage the mechanism of crack’s initiation and propagation, which can 
help reduce the stress level under real service conditions. Thirdly, the 
creep during cooling is not considered. So that the stress relaxation is 
neglected. Overall, the result of this study provides the maximum 
possible stress. Despite all this, the findings clearly indicate that the 
inner MO growth can dramatically intensify the low-temperature 
stresses. Thus, the inner MO growth may become the main reason for 
the failure of the TBC system during the shut down of heavy-duty gas 
turbines. To avoid this situation, several measures can be considered. 
For example, improve the powder formula to control the ingredient of 
MO, making the MO more uniform and have a smaller volume expansion 
rate. The thermal mismatch stress can also be moderated by a prolonged 
cooling stage, letting the stress have enough time to relax. In general, the 
modified TGO growth model with two stages of oxidation is essential for 
the analysis of stress development and can further provide a better 
approach for the failure analysis and service life prediction of the TBC 
system. 

4. Conclusion 

A numerical method is introduced to simulate the TGO growth and 
the stress evolution in the TBC system. A new TGO-growth model is 
formulated by considering the two-stage oxidation: In the first stage, the 
outer MO and alumina grow simultaneously. In the second stage, the 
inner MO forms at the bottom and gradually replace the alumina. The 
focus of this work is to study the second stage’s effect, i.e. the inner MO 
growth. The stress evolutions, both in high-temperature oxidation and 
after cooling down, are studied. 

By comparing the result with and without the inner MO growth, we 
found that the formation of the inner MO and its replacement of the 
initially formed alumina generate considerably higher stresses within 
the TBC system. During the high-temperature oxidation, the TGO creep 
can reduce the growth stress and decreases the adverse effect of the 
inner MO growth. However, the strain caused by inner MO growth is 
always present. Consequently, at the rapid cooling stage, the thermal 
mismatch stresses with inner MO growth is significantly higher than that 
without inner MO growth. Thus, the inner MO growth on the stress 
development in the TBC system is crucial to the failure of TBC systems. 
Our two-stage oxide growth model provides a better approach to accu-
rately predict the service life of the TBC system. 
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[71] M. Bäker, Influence of material models on the stress state in thermal barrier coating 
simulations, Surf. Coating. Technol. 240 (2014) 301–310. 

[72] C.H. Hsueh, J.A. Haynes, M.J. Lance, P.F. Becher, M.K. Ferber, E.R. Fuller, S. 
A. Langer, W.C. Carter, W.R. Cannon, Effects of interface roughness on residual 
stresses in thermal barrier coatings, J. Am. Ceram. Soc. 82 (1999) 1073–1075. 

[73] L. Su, W. Zhang, Y. Sun, T.J. Wang, Effect of TGO creep on top-coat cracking 
induced by cyclic displacement instability in a thermal barrier coating system, Surf. 
Coating. Technol. 254 (2014) 410–417. 

[74] H.X. Zhu, N.A. Fleck, A.C.F. Cocks, A.G. Evans, Numerical simulations of crack 
formation from pegs in thermal barrier systems with NiCoCrAlY bond coats, Mater. 
Sci. Eng. 404 (2005) 26–32. 
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