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Abstract 

The penetration of CaO–MgO–Al2O3–SiO2 (CMAS) is one of the most significant factors that induce the failure of air-
plasma-sprayed thermal barrier coatings (APS TBCs). The direct penetration of CMAS changes the thermal/mechanical 
properties of the top coat (TC) layer, which affects the thermal mismatch stress behavior and the growth of thermally 
grown oxide (TGO) at the TC/bond coat (BC) interface, thereby resulting in a more complicated interface stress state. 
In the present study, a two-dimensional global model of APS TBCs with half of the TC layer penetrated by CMAS is 
established to investigate the effect of non-uniform CMAS penetration on the interface stress behavior. Subsequently, 
a local model extracted from the global model is established to investigate the effects of interface morphologies and 
CMAS penetration depth. The results show that non-uniform CMAS penetration causes non-uniform TGO growth in 
APS TBCs, which consequently causes the stress behavior to vary along the interface. Furthermore, the CMAS pen-
etration depth imposes a significant effect on the TC/TGO interface stress behavior, whereas the interface roughness 
exerts a prominent effect on the stress level at the BC/TGO interface under CMAS penetration. This study reveals 
the mechanism associated with the effect of non-uniform CMAS penetration on the interface stress behavior in APS 
TBCSs.

Keywords:  CMAS non-uniform penetration, TGO growth, Interface stress, CMAS penetration depth, Interface 
roughness

© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

1  Introduction
Air plasma sprayed thermal barrier coatings (APS TBCs) 
are widely used in gas turbines as a critical thermal 
insulation component [1]. Currently, the penetration of 
environmental CaO–MgO–Al2O3–SiO2 (CMAS) is one 
of the most significant factors that induce the failure of 
air-plasma-sprayed thermal barrier coatings (APS TBCs) 
[2–4]. The penetration of CMAS into the porous micro-
structures of the ceramic top coat (TC) of APS TBCs can 
cause substantial surface modification. First, the change 
in the mechanical parameters pertaining to the TC layer 

results in a considerable thermal mismatch stress at the 
TC/metallic bond coat (BC) interface. Second, the change 
in the thermal parameter weakens the thermal insulation 
ability of TBCs, thereby further accelerating the growth 
of the thermally grown oxide (TGO), and then aggravat-
ing the stress state at the TC/BC interface or initiating 
interface cracks prematurely [5]. Hence, understanding 
the CMAS penetration effect on the TGO growth and 
interface stress behavior of APS TBCs is crucial.

The CMAS-penetration-induced surface modification 
of TBCs has been extensively investigated both experi-
mentally and theoretically. Owing to the considerable dif-
ference in material properties between CMAS and the TC 
material, a CMAS-infiltrated TC layer exhibits thermal/
mechanical behaviors that differ completely from that 
of a TC layer without CMAS penetration [6]. Siddharth 
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et  al. [7] performed micro-hardness measurement to 
obtain the mechanical properties of APS TBCs after 
CMAS penetration and discovered a significant improve-
ment in terms of the Young’s modulus, in addition to a 
decrease in the strain tolerance of TBCs. Kakuda et al. [8] 
experimentally revealed that the penetration of CMAS 
resulted in an approximately two-fold increase in thermal 
conductivity in the TC layer, which further resulted in an 
increase in temperature at the TC/BC interface, thereby 
accelerating the growth of TGO or initiating interface 
cracks, as shown in Figure 1(a) [2, 9, 10]. In some experi-
ments, premature spalling was observed from an inter-
face in APS TBCs under CMAS penetration, as shown in 
Figure 1(b) [5]. However, the microstructure characteris-
tics of APS TBCs, such as porosity, size, shape, and distri-
bution, primarily depends on the spraying process, which 
causes the experimentally measured material properties 
of CMAS-penetrated APS TBCs to vary among different 
samples. Therefore, simplified theoretical models have 
been applied to consider the effect of CMAS penetration 
on the thermal/mechanical properties of TBCs, and the 
results indicated consistency with experimental results 
[11–14]. However, the mechanism of CMAS penetration-
induced TGO growth and the interface stress behavior in 

APS TBCs are yet to be elucidated. Hence, some numeri-
cal studies have been performed to investigate the CMAS 
penetration effect on the stress behavior at the TC/
BC interface. Shen [15] and Zhou [16] investigated the 
dynamic TGO growth and the corresponding interface 
stress behavior in APS TBCs without CMAS penetra-
tion; they reported that the interface roughness and TGO 
non-uniform growth significantly affected the interface 
stress distribution. When considering the effect of CMAS 
penetration, Zhang et al. [17] discovered that the CMAS 
penetration depth affected the interface stress behavior 
of TBCs because the depth of CMAS penetration deter-
mines the modified area in TBCs; however, they disre-
garded the effects of the interface roughness and TGO 
growth, which are the most important factors that induce 
interface cracks [18–21]. Su et  al. [22] discovered that 
CMAS penetration-induced TGO growth increased the 
Young’s modulus in the TC layer and accelerated the ini-
tiation and propagation of cracks on the rough interface 
of TBCs; however, they disregarded the effect of thermal 
property change on TGO growth. To solve this prob-
lem, Xu et al. [23] developed a chemo-thermo-mechan-
ically constitutive theory to describe CMAS corrosion in 
TBCs. However, the experiments and numerical studies 

Figure 1  (a) Cross-section of APS TBCs without/with CMAS penetration, (b) Plan-view optical image showing turbine shroud segment with peeling 
of TBCs, (c) Cross-section image of non-uniform CMAS deposit distribution around partition line
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were performed in an isothermal environment, and the 
temperature gradient in the TBCs and its change with the 
CMAS penetration depths were not discussed, although 
TGO growth is extremely sensitive to temperature. In 
addition, some experiment results showed a non-uni-
form distribution of CMAS deposits on the blade surface 
(shown in Figure  1(c)), which might further cause non-
uniform CMAS penetration in TBCs or local peeling. 
Results regarding the effect of CMAS non-uniform pen-
etration on TGO growth and interface stress behavior are 
scarce. To better understand the abovementioned effect, 
investigations regarding the CMAS penetration effect 
on the TGO growth and interface stress behavior of APS 
TBCs must be performed.

In this study, the effect of CMAS penetration on the 
TGO growth and stress behavior at the TC/BC interface 
was investigated numerically. A two-dimensional global 
model of APS TBCs with half of the TC layer penetrated 
by CMAS was established to investigate the effect of non-
uniform CMAS penetration. In this model, the change 
in the thermal/mechanical properties induced by CMAS 
penetration was appropriately considered by the theo-
retical models, and its effect on the temperature gradient 
and the dynamic TGO growth in TBCs were investigated. 
A local model extracted from the global model was used 
to investigate the effect of interface morphologies and 
CMAS penetration depth. To simplify the irregular inter-
face morphology in TBCs, the morphology was assumed 
to be a perfect sinusoid.

2 � Numerical Model
2.1 � Theoretical Basis of Surface Modification
The CMAS-penetrated TC layer can be regarded as 
a two-phase composite material. Hence, the effective 
medium theory can be applied to evaluate the thermal/
mechanical properties of TBCs after CMAS penetration. 
Subsequently, the calculation results can be compared 
with experimental results reported in the literatures. 
Before applying the theory, the following are assumed: (1) 
The CMAS deposit can completely fill each pore in the 
TC layer; (2) because the reaction effects between the TC 
material and CMAS are not considered, the phase trans-
formation of the TC material during the cooling stage is 
negligible; (3) the TC materials are isotropic before and 
after CMAS infiltration.

2.1.1 � Young’s Modulus
The mechanical properties of two-phase composite 
materials depend on the concentration, shape, conti-
nuity, and spatial distribution of each phase [24]. Cur-
rently, two models (the Voigt model and Reuss model) 
are used extensively to describe the mechanical prop-
erties of composite materials comprising two elastic 

isotropic components [25, 26]. Between them, the Voigt 
model assumes that the load causes an equal strain in 
two phases, and that the stress of the composite mate-
rial is the sum of the stresses afforded by each phase. 
Therefore, the Young’s modulus of the ceramic layer pen-
etrated by CMAS can be written as the weighted average 
Young’s modulus of the volume fraction for each phase, 
as follows:

where the subscript c represents CMAS, t the TC mate-
rial, and f the material parameters of the TC layer after 
CMAS infiltration. Ec and Et are the Young’s moduli of 
CMAS and TC material (bulk), respectively; Vc and Vt are 
the volume fractions of CMAS and the TC layer, respec-
tively. Generally, the porosity of the ceramic layer is 10%; 
therefore, Vc = 0.1 and Vt = 0.9.

The Reuss model assumes that the stress in two phases 
in the composite are equal; hence, the total strain of 
the composite is equal to the sum of the strains in each 
phase. Therefore, the Young’s modulus of the TC layer 
penetrated by CMAS can be expressed as

Comparing the results calculated using the two above-
mentioned models with the experimental results, it was 
discovered that the Reuss model afforded a higher accu-
racy [24, 27]. Therefore, the Reuss model was used in 
the present study to calculate the Young’s modulus of a 
CMAS-penetrated TC layer. In addition, it is generally 
believed the effect of CMAS penetration on the Poisson’s 
ratio of the TC material is minimal [24].

2.1.2 � Thermal Expansion Coefficient
The thermal expansion coefficient of the TC layer after 
CMAS penetration can be described using the Schapery 
model, as follows [28]:

where αc and αt are the thermal expansion coefficients of 
CMAS and the TC material, respectively.

As presented, the thermal expansion coefficient of 
the TC layer after CMAS penetration is correlated with 
the porosity in the TC layer and the thermal expansion 
coefficient of CMAS. Studies showed that the penetra-
tion of CMAS with different compositions resulted in a 
5%–15% decrease in the thermal expansion coefficient 
for TBCs with a porosity of 0.1 [24]. In the present 
study, the thermal expansion coefficient of the TC layer 
reduced by 6.2% after CMAS penetration (as calculated 

(1)Ef = EcVc + EtVt ,

(2)Ef =

(

Vc

Ec
+

Vt

Et

)−1

,

(3)αf =
αcEcVc + αtEtVt

EcVc + EtVt
,
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using Eq. (3)), which agrees wells with the range pro-
vided in the abovementioned study.

2.1.3 � Thermal Conductivity
The microstructure characteristics of APS TBCs are 
extremely complex; in fact, the size, shape, and distri-
bution of the microstructures significantly affect the 
thermal conductivity of the coatings. The relationship 
between the microstructure characteristics and thermal 
conductivity of APS TBCs has been investigated exten-
sively [27, 29–32]. To obtain the thermal conductivity 
of APS TBCs after CMAS penetration, two theoreti-
cal methods are typically used: the Maxwell model [13] 
and the Rayleigh model [14]. Between them, the Max-
well model assumes that the microstructures in the TC 
layer are spherical and not in contact with each other. 
Therefore, the thermal conductivity of a TC layer pen-
etrated by CMAS is expressed as

where kc and kt are the thermal conductivity of CMAS 
and the TC material, respectively. γ = kc

/

kt is the ratio 
of thermal conductivity in CMAS and the TC material.

The Rayleigh model can be written as

In a previous study [8], the Maxwell and Rayleigh 
models were used to calculate the thermal conductivity 
of the TC layer after CMAS penetration, and the results 
indicated a reduction by 10% and 2%, respectively, as 
compared with before CMAS penetration. This shows 
that the Rayleigh model affords a better calculation 
accuracy. Therefore, the Rayleigh model was used in the 
present study to calculate the thermal conductivity of a 
CMAS-penetrated TC layer.

2.1.4 � Specific Heat
Generally, the specific heat of the TC layer after CMAS 
penetration is associated with the specific heat, volume 
fraction, and density of each phases, and it can be writ-
ten as:

where Ct and Cc are the specific heat of the TC material 
and CMAS, respectively; ωt and ωc are the mass fractions 
of the TC material and CMAS, respectively, which can be 
written as

(4)kf = kt

[

1+ 3Vc

(

γ + 2

γ − 2
− Vc

)−1
]

,

(5)kf = kt [1+ Vc(γ − 1c)].

(6)Cf = Ctωt + Ccωc,

where ρi is the density of each phase. The specific heat 
calculated using Eq. (6) differed from the experimental 
results by 4% [8], indicating that the model can be used to 
calculate the specific heat of the CMAS-penetrated TC 
layer with reasonable accurately.

2.1.5 � Density
By disregarding the phase change of the TC material in 
the present study, the density of the CMAS-penetrated 
TC layer can be calculated as follows [8]:

It is noteworthy that the TC material used in the equa-
tion above is the bulk material, which differs from the 
material where microstructures are considered in the TC 
layer.

2.2 � FEM Model and Boundary Conditions
2.2.1 � Global Model
Figure 2(a) shows a two-dimensional multi-period global 
model of APS TBCs with CMAS non-uniform pen-
etration. Here, multi-period implies that the model is 

(7)
ωi =

Viρi
2
∑

j=1

Viρi

,

(8)ρf = Vtρt + Vcρc.

Figure 2  (a) Two-dimensional multi-period global model of APS 
TBCs with CMAS non-uniform penetration, (b) thermal boundary 
conditions of model
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sufficiently long in the x-axis to allow the consideration 
of more interface morphologies. In the model, the thick-
ness of the TC layer HTC was 300  μm, the thickness of 
the BC layer HBC was 180 μm, the thickness of the sub-
strate HSUB was 3  mm, and the initial thickness of the 
TGO layer HTGO was 1 μm. The dynamic growth of TGO 
was considered in the simulation. To consider the effect 
of the interface roughness in the APS TBCs, the inter-
face morphology in the model was simplified to a per-
fect sinusoid [18, 19]. The sinusoidal curve is expressed 
as y(x) = A · sin(2πx

/

�) ; therefore, the roughness of the 
interface is controlled by the amplitude A and the wave-
length � , which are obtained by observing the cross-
sectional morphology in experiments [33]. In this study, 
� was set to a constant value of 80 µm, and amplitude A 
was set to between 5 and 20 µm, as shown in Figure 2(a). 
Base on the size of the CMAS non-uniform coverage area 
on the blade surface shown in Figure 1(c), the length of 
the global model L was set to 6.24 mm, which contained 
78 sinusoidal periods at the TC/TGO/BC interface. The 
effect of CMAS penetration was considered based on 
the thermal/mechanical change of the TC layer. Previous 
studies have demonstrated that CMAS exerts the greatest 
effect on the interface stress behavior when it penetrates 
the bottom of the TC layer [24]. Therefore, to investigate 
the effect of non-uniform CMAS penetration, the left-
half TC layer in the model was completely penetrated by 
CMAS, i.e., the penetration depth HCP = HTC = 300 μm, 
whereas the right-half was not penetrated by CMAS. 
Because the APS TBCs model was assumed to be part of 
the blade, the left and right boundaries of the model was 
set as a multi-point constraint to ensure that all points 
at the boundaries can propagate simultaneously in the 
x-direction. The bottom boundary of the model was con-
strained in the y-direction, whereas the upper surface 
boundary was unconstrained. The heat flux on the left 
and right boundary was 0 (adiabatic).

The element type used in the model was 4-node plane 
strain thermally coupled quadrilateral, bilinear displace-
ment and temperature (CPE4T). Refined meshes were 
applied in the region around the TGO layer to improve 
the stress estimation accuracy therein. To investigate 
the effect of CMAS penetration on the temperature dis-
tribution in the TBCs, the thermal cycle condition was 
determined [34]. As shown in Figure 2(b), the initial tem-
perature of the model was 298  K. During heating, the 
temperature at the upper surface increased to 1561 K lin-
early within 0.15 h, whereas the temperature at the lower 
surface increased to 800 K. The dwell time was 5 h. Sub-
sequently, the temperature at the upper and lower sur-
faces decreased to 298 K during cooling (0.3 h). A finite 
element analysis was conducted using the commercial 
software ABAQUS 6.13 [35].

2.2.2 � Local Model
To further investigate the effects of CMAS penetration 
depth and interface roughness on the interface stress 
behavior in the APS TBCs under non-uniform CMAS 
penetration, a critical zone was selected to perform a 
local modeling based on the results from the multi-
period global model. As shown in Figure  3, the critical 
Zone II was located around the partition line of CMAS 
in the multi-period model. To observe the TGO growth 
behavior caused by the local non-uniform CMAS pen-
etration around the partition line, Zone II was imposed 
with a two-period length (2L): the left period involved 
CMAS penetration, whereas the right period did not. The 
constraints and thermal boundary conditions of the local 
model was consistent with the multi-period model. The 
effects of different CMAS penetration depths (HCP =  0, 
100, 200, and 300 μm) on the TGO growth and interface 
stress behavior were investigated. The effects of different 
interface roughness levels under CMAS penetration are 
discussed herein.

2.2.3 � Material Parameters
In the present study, the material used for the TC was 
ZrO2-8wt.% Y2O3 (8YSZ), whereas that used for the 
BC was NiCoCrAlY. The material used for the sub-
strate was Hastelloy-X. The TC layer was assumed to 
as visco-elastic, whereas the other layers were visco-
plastic. For the APS TBCs without CMAS penetra-
tion, the fundamental material properties of each layer 
are shown in Table  1. The CMAS penetration only 

Figure 3  Local model of critical Zone II
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changed the material properties of the TC layer. As 
shown in Table 2, the thermal/mechanical properties of 
the CMAS-penetrated TC layer were calculated using 
Eqs. (1)‒(8), and the results agreed well with the range 
of material change of previous studies [8, 24, 27]. As 
shown in Table 2, the elastic modulus, equivalent ther-
mal conductivity, and specific heat capacity of the TC 
layer increased after CMAS infiltration. In particular, 
the thermal conductivity increased by approximately 
twice, whereas the equivalent density and the equiva-
lent thermal expansion coefficient decreased. The 
creep behavior of all of the layers can be described by 
the Norton equation ε̇cr = Bσ n , where ε̇cr and σ are the 
creep strain rate and stress respectively, whereas B and 
n are material properties. The corresponding creep 
parameters of each layer are listed in Table 3.

2.2.4 � TGO Growth Model
The TGO layer will grow at high temperatures. Its 
growth rate is associated with temperature and time. 
The thickness of the TGO layer can be written as Eq. 
(9) [36].

where, hTGO is the thickness of the TGO layer; R is the 
universal gas constant; T is the temperature; t is the time; 
n is the BC layer oxidation exponent; C and Q are fitting 
parameters. These parameters are shown in Table 4.

(9)hTGO = C · exp

(

−
Q

R · T

)

tn,

Table 1  Material properties for all layers of APS TBCs [37–41]

T
(oC)

E
(GPa)

v a
(/106K)

k
(W/mK)

C
(J/kg∙K)

ρ
(kg/m3)

TC 25 17.5 0.2 9.68 1.05 483 5650

800 9.88

1000 12.4 10.34

TGO 25 380 0.27 5.1 25.2 857 3978

800 338

1000 312 9.8

BC 25 220 0.3 10.3 4.3 501 7320

400 200 12.7 6.4 592

800 164 14.1 10.2 781

1000 120 20.4 11.1 764

SUB 100 209 0.38 11.1 11.4 544 8110

300 199 0.38 13.3 14.9

500 185 0.39 14.0 18.3

700 167 0.39 14.6 21.8

900 145 0.40 15.4 25.2

1100 123 0.40 17.3 28.7

Table 2  Material properties of CMAS-penetrated TC layer [42]

T
(℃)

E
(GPa)

v a
(/106 K)

k
(W/mK)

C
(J/kg∙K)

ρ
(kg/m3)

25 19 0.2 8.57 2.09 501 5339

1000 12.4 10.34

Table 3  Creep parameters of different layers in APS TBCs [42]

Layer B (s−1MPa−1) n

TC 1.8 × 10−11–1.8 × 10−5 1

BC 2.15 × 10−8 2.45

SUB 7.54 × 10−28 4.78

Table 4  Parameters for TGO growth model [43]

n R (J/mol·K) C (μm/s0.25) Q (J/mol)

0.25 8.314472 748 87575
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The TGO growth process can be approximated as 
expansion along the thickness direction, and its expan-
sion (growth) strain can be written as

where h0 is the initial thickness of the TGO, which is gen-
erally set as 1 μm.

Therefore, the TGO growth rate can be written as

Furthermore,

It can be deduced that the TGO growth rate ε̇TGO 
decreases with time. In the ABAQUS software, the TGO 
growth can be simulated by defining the anisotropic 
swelling of the material.

3 � Results and Discussion
3.1 � TGO Growth and Interface Stress Behavior in APS TBCs 

Under Non‑uniform CMAS Penetration
Figure  4(a) shows the temperature distribution of the 
multi-period model of the APS TBCs under non-uni-
form CMAS penetration. It is evident that the tempera-
ture distributions were different between the areas with 
and without CMAS penetration. In the left-half model, 
CMAS penetration deteriorated the thermal insulation 
performance in the area therein. Therefore, the tempera-
ture in the left-half model was significantly higher than 
that in the right-half model. This induced a transverse 
(x-direction) heat flow from the left to the right region 
in the model. Temperature gradients appeared in both 
the transverse and thickness directions, which is a more 
complicated situation than that without CMAS non-uni-
form penetration. To further investigate the temperature 
distribution in different areas of the model, three paths 
along the thickness direction were selected: Path 1(the 
left side of the model), Path 2 (the left side of the model), 
and Path 3 ((the right side of the model), as shown in 
Figure  4(a). Figure  4(b) shows the temperature distor-
tion along the three paths. The temperature gradient of 
the TC layer along Path 1 was much smaller than that 
along Path 3. This indicates that CMAS penetration will 
impose a greater effect on the temperature distribution at 
the interface. The temperature gradient of the TC layer 
along Path 2 was that between Path 1 and Path 3, indi-
cating that the non-uniform CMAS penetration caused 
a temperature change in the transverse direction, which 
will further affect TGO growth.

(10)εTGO = ln
hTGO

h0
,

(11)ε̇TGO =
dεTGO

dt
=

nkpt
n−1

kptn + h0
.

(12)ε̇TGO(0) = 0.

For a clearer analysis, two critical zones (Zones I and 
III) were selected, as shown in Figure 5(a). Owing to the 
significant length of the multi-period global model, the 
CMAS penetration in Zone I is approximately uniform 
(HCP =  300  μm), whereas Zone III can be regarded as 
not being affected by CMAS penetration (HCP = 0 μm). 
Figure  5(b) shows the temperature distribution at the 
interface of the multi-period model after heating was per-
formed. It is evident that the temperature at the interface 
of the CMAS-penetrated half-model was much higher 
than that of the CMAS-non-penetrated right-half model. 
The maximum temperature difference at the interface 
from the left and right sides of the model can reach 
120  K, and areas closer to the partition line indicated a 
greater traverse temperature gradient. In addition, the 
temperature distribution showed slight fluctuations along 
the interface, which were caused by the interface rough-
ness. Figure 5(c) shows the interface temperature distri-
bution in three critical zones: I, II, and III. Among them, 
the interface temperature curve in Zones I and III were 
relatively gentle. Meanwhile, the transverse temperature 
difference in Zone II reached 22  K, which might cause 
non-uniform TGO growth therein. Additionally, the 

Figure 4  (a) Temperature distribution of multi-period global model 
of APS TBCs under non-uniform CMAS penetration, (b) temperature 
distributions along three paths in model
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interface roughness causes a non-uniform TGO growth 
at the peak and valley locations in one interface period. 
These effects resulted in a more complex TGO growth 
behavior in Zone II, thereby affecting the interface stress 
behavior therein.

Figure  6(a) shows the distribution of TGO thickness 
in the multi-period global model. Consistent with the 
temperature distribution shown in Figure 5(a), the TGO 
thickness in the CMAS-penetrated side of the APS TBCs 
can reach 2.18  μm, which is significantly higher than 
that in the non-penetrated side (1.45  μm). In addition, 
as shown in Figure  6(b), the TGO thickness in Zone I 
was greater than that in Zone III, which might result in 
different interface stress behaviors in the two regions. 
Although the TGO thickness in Zone II was smaller than 
that in Zone I, the transverse temperature difference 
around the partition line caused the left-side TGO thick-
ness to be greater than that at the right side. This non-
uniform TGO growth behavior around the partition line 
of CMAS will further affect the interface stress behavior 
therein—this will be discussed next.

Generally, the initiation of interface cracks primarily 
depends on the interface tensile stress in the thickness 

direction (y-axis), i.e., σ22, where σ22 increases gradu-
ally and reaches its maximum at the end of cooling. 
Therefore, only σ22 at the end of cooling was obtained 
and analyzed in this study. Figure 7 shows the σ22 dis-
tribution in the TC and BC layers of the multi-period 
global model of the APS TBCs at room temperature. 
As shown, σ22 was concentrated in the valley locations 
around the interface of the TC layer, and the stress state 
at the peak positions was compressive. Comparing the 
stress distributions in the three critical zones of the TC 
layer, it was discovered that σ22 was proportional to the 
TGO thickness therein (shown in Figure  6(b)); there-
fore, σ22 in Zone I is the highest, followed by that at 
Zones II and III. The maximum σ22 values in Zones I 
and III were 317 and 110  MPa, respectively. The non-
uniform TGO growth around the partition line in Zone 
II resulted in a stress difference between the left and 
right sides, and the maximum stress difference was 
40  MPa. Contrary to the stress distribution in the TC 
layer, the σ22 in the BC layer primarily concentrated at 
the peak locations around the interface, and the stress 
state at the valley locations was compressive. The stress 
level in the BC layer was significantly lower than that in 

Figure 5  (a) Critical zones: I, II and III, (b) temperature distribution at interface of multi-period model after heating, (c) interface temperature 
distribution in three critical zones: I, II, and III
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the TC layer, and the stress difference between the left 
and right sides in Zone II was evident in the BC layer. 
The results above indicate that the non-uniform CMAS 
penetration in the APS TBCs will result in a non-uni-
form interface stress distribution at the interface, and 
that the σ22 at the interface of the CMAS-penetrated 

area was much larger than that in the non-penetrated 
area.

Figure 8 shows the σ22 distribution at the TC/TGO and 
BC/TGO interfaces of the multi-period global model of 
the APS TBCs under non-uniform CMAS penetration. 
The different stress states at the peaks or valleys in the 

Figure 6  (a) Distribution of TGO thickness in multi-period global model of APS TBCs, (b) distribution of TGO thickness in three critical zones: I, II, and 
III

Figure 7  Distribution of σ22 in TC and BC layers of multi-period global model of APS TBCs at room temperature
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one-period interface shows that the interface roughness 
significantly affected the interface stress distribution. 
Furthermore, the stress difference between the peak and 
valley at the left-side interface was much larger than that 
at the right-side interface, indicating that CMAS pen-
etration aggravated the stress difference induced by the 
interface roughness. In addition, it was observed that the 
CMAS penetration effects on the stress level at the TC/
TGO and BC/TGO interfaces were different. Figure  9 
shows the σ22 distribution at the interface in the three 
critical zones. As shown in Figure 9(a), the σ22 at the val-
leys of the TC/TGO interface increased from 98  MPa 
(Zone III) to 317 MPa (Zone I) with CMAS penetration. 
In Zone II, a significant stress difference was observed 
at the two peak locations around the partition line. As 
shown in Figure  9(b), the stress state at the BC/TGO 

interface was opposite to that at the TC/TGO interface. 
The σ22 at the of peaks the BC/TGO interface increased 
from 125 MPa (Zone III) to 228 MPa (Zone I). Compar-
ing the stress distribution at the two interfaces, it was dis-
covered that CMAS penetration imposed a greater effect 
on the σ22 at the TC/TGO interface. To summarize, at the 
TC/TGO and BC/TGO interfaces, CMAS penetration 
might accelerate crack initiation at the valleys and peaks, 
respectively.

3.2 � Effect of CMAS Penetration Depth
Figure  10(a) shows the temperature distribution at the 
interface of Zone II under different CMAS penetration 
depths (HCP  =  0 100, 200, 300  μm). The results were 
obtained based on the local model of Zone II (shown in 
Figure  3). The interface temperature distribution at the 

Figure 8  Distribution of σ22 at (a) TC/TGO, and (b) BC/TGO interface of multi-period global model of APS TBCs

Figure 9  Distribution of σ22 at (a) TC/TGO, and (b) BC/TGO of three critical zones
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two sides of the interface was completely symmetrical 
for the case without CMAS penetration (HCP =  0  μm). 
As the CMAS penetration depth increased, the interface 
temperature increased gradually owing to the thermal 
conductivity change in the CMAS-penetrated region 
of the TC layer. When the left region of TC layer was 
completely penetrated by CMAS (HCP  =  300  μm), the 
temperature at the left-side interface increased by 90 
K (x =  0  mm) compared with the case without CMAS 
penetration. In addition, the temperature difference 
between the left and right sides around the partition line 
increased with the CMAS penetration depth. To further 
investigate effect of temperature difference on the TGO 
growth behavior, the distribution of TGO thickness 
under different CMAS penetration depths is presented 
in Figure  10(b). Consistent with the temperature distri-
bution shown in Figure  10(a), the TGO layer increased 
gradually with the CMAS penetration depth. Figure 10(c) 
shows the TGO thickness at the peaks and valleys of the 

interface under different CMAS penetration depths. As 
shown, the difference in the TGO thickness between the 
left and right sides around the partition line increased 
with the CMAS penetration depth. This indicates that 
CMAS penetration accelerated the non-uniform TGO 
growth around the partition line, which might further 
affect the interface stress behavior.

Figure  11 shows the σ22 distribution in the TC and 
BC layers of Zone II under different CMAS penetration 
depths. Similar to the stress distribution at the inter-
face of the multi-period model, a stress difference was 
observed around the partition line. As the CMAS pen-
etration depth increased, the tensile stress in both the TC 
and BC layers increase considerably, and the maximum 
stress appeared at the interface. Figure 12 shows the σ22 
distribution at the TC/TGO and BC/TGO interfaces 
under different CMAS penetration depths. As shown, 
when the CMAS penetration depth increased, the σ22 dif-
ference around the partition line increased. In addition, 

Figure 10  (a) Temperature distribution at interface of Zone II under different CMAS penetration depths (HCP = 0, 100, 200, and 300 μm), (b) 
distribution of TGO thickness under different CMAS penetration depths, (c) TGO thickness at peaks and valleys of interface under different CMAS 
penetration depths
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the CMAS penetration depth affected the stress behav-
ior at the two interfaces differently. When the TC layer 
was completely penetrated by CMAS, the stress differ-
ence around the partition line at the valleys of the TC/
TGO interface reached 30  MPa, whereas that at the 
peaks of BC/TGO interface was approximately 0  MPa. 
This shows that the CMAS penetration depth imposed 
a greater effect on the TC/TGO interface stress behavior 
and might accelerate crack initiation at the valleys of the 
TC/TGO interface at the CMAS-penetrated side.

3.3 � Effect of Interface Roughness
Figure 13(a) and (b) shows the interface temperature dis-
tribution of Zone II under different interface amplitudes 
(A =  5, 10, and 2  μm). The calculation for all cases was 

based on HCP =  300 μm. The interface temperature dis-
tribution was asymmetrical around the partition line of 
the left side, and this asymmetrical phenomenon became 
more evident as A increased. As A increased from 5 to 
20 μm, the temperature at the peak (point 1) increased by 
12 K, whereas the temperature at the peak of the right side 
(point 5) only increased by 8 K, as shown in Figure 13(c). 
This shows that CMAS penetration aggravated the effect 
of interface roughness on the temperature at the peaks 
of the interface. The temperature at the valleys exhibited 
different trends depending on A: the temperature at the 
valley of the left side of the interface decreased (Point 2), 
whereas that of the right side of the interface increased 
slightly (Point 4). This is due to the heat conduction from 
the adjacent peaks with high temperature in the TGO.

Figure 11  Distribution of σ22 in TC and BC layers of Zone II under different CMAS penetration depths

Figure 12  Distribution of σ22 at (a) TC/TGO, and (b) BC/TGO interfaces under different CMAS penetration depths
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Figure  14(a) shows the distribution of TGO thickness 
for different interface amplitudes. Similar to the inter-
face temperature distribution shown in Figure  13, the 

maximum TGO thickness appeared at the peak of the left 
side (Point 1), whereas the minimum appeared at the val-
ley of the right side (Point 4). When A increased from 5 

Figure 13  (a) Temperature contour of TGO in Zone II under different interface amplitudes (A = 5, 10, and 20 μm), (b) interface temperature 
distribution of Zone II under different interface amplitudes, (c) temperature at peaks and valleys of interface under different interface amplitudes

Figure 14  (a) Distribution of TGO thickness for different interface amplitudes, (b) TGO thickness at peaks and valleys of interface vs. interface 
amplitude
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to 10 μm, the TGO thickness increased slightly, whereas 
it increased significantly when A increased to 20 μm, as 
shown in Figure 14(b). This shows that the TGO growth 
was not proportional to A.

To investigate the effect of TGO thickness on the inter-
face stress behavior, the σ22 distribution in the TC and BC 
layers of Zone II under different values of A is presented, 
as shown in Figure  15. For the TC layer, the interface 
stress redistributed as A increased, whereas the position 
with the maximum σ22 shifted gradually from the valley 
to both sides of the valley (off-valley). For the BC layer, 
as A increased, the σ22 at the peaks increased signifi-
cantly from 200 to 630  MPa, whereas the position with 
the maximum σ22 did not change. Figure  16 shows the 
σ22 distribution at the TC/TGO and BC/TGO interfaces 
of Zone II under different interface roughness values. It 
is evident that the stress redistribution at the TC/TGO 

interface and the maximum σ22 value increased slightly. 
The stress difference around the partition line induced by 
the non-uniform CMAS penetration increased slightly at 
the TC/TGO interface. Compared with the stress level at 
the TC/TGO interface, the maximum σ22 at the BC/TGO 
interface increased considerably, and the stress distribu-
tion fluctuated slightly when A increased to 20  μm. To 
summarize, the interface roughness changed the stress 
distribution at the TC/TGO interface; however, it exerted 
a more significant effect on the stress level at the BC/
TGO interface under CMAS penetration.

4 � Conclusions
The effect of CMAS penetration on the TGO growth 
and stress behavior at the TC/BC interface was inves-
tigated numerically in this study. First, the change in 
thermal/mechanical properties induced by CMAS 

Figure 15  Distribution of σ22 in TC and BC layers of Zone II under different interface amplitudes

Figure 16  Distribution of σ22 at TC/TGO and BC/TGO interfaces of Zone II under different interface roughness values
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penetration was considered using theoretical mod-
els. The effect of non-uniform CMAS penetration was 
investigated using a two-dimensional global model 
of APS TBCs, where half of the TC was penetrated by 
CMAS. The effects of interface roughness and CMAS 
penetration depth were discussed based on a local 
model. The conclusions were as follows:

(1)	 CMAS penetration deteriorated the thermal insula-
tion performance of the CMAS penetration area of 
the APS TBCs, which then resulted in a tempera-
ture difference of approximately 100 K between the 
penetrated and non-penetrated areas. Temperature 
gradients were present in both the transverse and 
thickness directions.

(2)	 Non-uniform CMAS penetration in the APS TBCs 
caused a non-uniform TGO growth, which resulted 
in a more complicated interface stress distribution. 
At the TC/TGO and BC/TGO interfaces, CMAS 
penetration might accelerate crack initiation at the 
valleys and peaks, respectively.

(3)	 When the CMAS penetration depth increased, the 
difference in σ22 around the partition line of CMAS 
increased. The CMAS penetration depth affected 
the stress behavior at the TC/TGO and BC/TGO 
interfaces differently. The CMAS penetration depth 
imposed a greater effect on the TC/TGO interface 
stress behavior and might accelerate crack initia-
tion at the valleys of the TC/TGO interface at the 
CMAS-penetrated side.

(4)	 Compared with the TC/TGO interface, the maxi-
mum σ22 at the BC/TGO interface increased con-
siderably. The interface roughness changed the 
stress distribution at the TC/TGO interface but 
imposed a more prominent effect on the stress level 
at the BC/TGO interface under CMAS penetration.
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