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Abstract: The penetration of CaO-MgO-Al2O3-SiO2 (CMAS) 

(CMAS) is one of the most vital factors inducing the failure of air 

plasma sprayed thermal barrier coatings (APS TBCs). The CMAS 

penetration into the porous microstructures of TBCs changes the 

thermal/mechanical properties of top coat (TC) material, this 

brings about considerable thermal mismatch stress at the TC/bond 

coat (BC) interface, and accelerates the growth of the thermally 

grown oxide (TGO), finally leading to more complicated stress 

state at the interface. In present study, a two-dimensional global 

model of APS TBCs with half of the TC penetrated by CMAS is 

built to study effect of non-uniform CMAS penetration. Then, a 

local model extracted from the global are built to investigate the 

effect of interface morphologies and CMAS penetration depth. 

The results showed that non-uniform CMAS penetration in APS 

TBCs causes non-uniform TGO growth, which further leads to 

more complicated interface stress distribution. The CMAS 

penetration depth had a greater effect on the TC/TGO interface 

stress behavior, while the interface roughness had an more 

obvious influence on the stress level at BC/TGO interface under 

CMAS penetration. 

Keywords: CMAS non-uniform penetration • TGO growth • 
Interface stress • Interface roughness 
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1  Introduction 

Air plasma sprayed thermal barrier coatings (APS TBCs) 

are widely used in gas turbines as a critical thermal 

insulation component [1]. Nowadays, the penetration of 

environmental CaO-MgO-Al2O3-SiO2 (CMAS) is one of the 

most vital factors inducing the failure of APS TBCs [2-4]. 

The penetration of CMAS into the porous microstructures 

of the ceramic top coat (TC) of APS TBCs can cause 

substantial surface modification of this layer. Firstly, 

CMAS-penetration induced change of the mechanical 

parameters of TBCs brings about considerable thermal 

mismatch stress at the TC/metallic bond coat (BC) 

interface. Secondly, CMAS penetration-induced thermal 

parameter change also weakens the thermal insulation 

ability of TBCs, which furtherly accelerates the growth of 

the thermally grown oxide (TGO), and this finally leads to 

a more serious stress state at the TC/BC interface or even 

the premature initiation of the interface cracks [5]. Thus, 

understanding the CMAS penetration effect on the TGO 

growth and interface stress behavior of APS TBCs is of 

great value.  

Many researchers have focused on the 

CMAS-penetration induced surface modification of TBCs 

experimentally or theoretically. Due to the considerable 

difference of the material properties between CMAS and 

TC material, CMAS infiltrated TC layer displays totally 

different thermal/mechanical behavior than that without 

CMAS penetration [6]. Siddharth et al. [7] applied 

micro-hardness measurement to obtain the mechanical 

properties in APS TBCs after CMAS penetration, and 

found an obvious improvement of Young’s modulus 
together with a decrease of the shrinkage of TBCs. Kakuda 
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et al. [8] found that the penetration of CMAS leads to 

approximately two-fold increase of thermal conductivity of 

TBCs, and this would further cause an increase of the 

temperature at TC/BC interface, accelerating the growth of 

TGO or even the premature spallation of TBCs (shown in 

Figure 1 (a)) [2, 9-10]. However, the microstructure 

distribution or the porosity in APS TBCs mainly depends 

on the spraying process, this results that the experimentally 

measured material properties change of CMAS penetrated 

APS TBCs varies in different samples. Therefore, many 

studies applied simplified theoretical models to consider 

the effect of CMAS penetration on the thermal/mechanical 

properties of TBCs, and shows a highly agreement with the 

experimental results [11-15]. To conclude, both the 

thermal/mechanical change of TBCs induced by CMAS 

penetration have a significant effect on the 

thermal/mechanical properties of the TBCs. Some 

experiments also noticed that a premature spalling from the 

interface occurred in the APS TBCs with CMAS 

penetration, as is shown in Figure 1(b) [5]. However, the 

mechanism of CMAS-penetration induced interface 

cracking behavior in the APS TBCs is still poorly 

understood. In this respect, some numerical studies have 

been carried out to investigate the CMAS penetration 

effect on the stress behavior at TC/BC interface. Zhang et 

al. [16] found that the CMAS penetration depth has an 

influence on the interface stress behavior of TBCs because 

that the depth of CMAS penetration determines the 

modified area in TBCS, but this study did not consider the 

effect of the interface roughness and TGO growth, which is 

one of most factors inducing the interface cracks [17-19]. 

Su et al. [13] found that the increases of the Young's 

modulus of TC layer induced CMAS penetration 

accelerated the initiation and propagation of cracks on the 

rough interface of TBCs, but ignored the effect of thermal 

properties change of TBCs. In addition, the peeling of 

TBCs caused by CMAS penetration often occurs in local 

areas [5, 20], which might be owing to the non-uniform 

distribution of CMAS deposits on the TBCs surface 

(shown in Figure 1(c), causing the non-uniform CMAS 

penetration at different areas in TBCs. However, there are 

few published results on the effect of CMAS non-uniform 

penetration on the TGO growth and interface stress 

behavior. To better understand this effect, it is important to 

carry out some researches about the CMAS penetration 

effect on the TGO growth and interface stress behavior of 

APS TBCs. 

This study numerically investigated the influence of 

CMAS penetration on the TGO growth and stress behavior 

at the TC/BC interface. A two-dimensional global model of 

APS TBCs with half of the TC penetrated by CMAS is 

firstly built to study effect of non-uniform CMAS 

penetration. In this model, the temperature gradient in APS 

TBCs and the dynamic TGO growth is considered. The 

change of thermal/mechanical properties induced by 

CMAS penetration is appropriately considered by some 

theoretical models. A local model extracted from the global 

are built to investigate the effect of interface morphologies 

and CMAS penetration depth. To simplify the irregular 

interface morphology in TBCs, the morphology was 

assumed to be a perfect sinusoid.  

 

Figure 1 (a) Cross-section of APS TBCs without/with CMAS 

penetration; (b) Cross-section image of the uniform CMAS 

deposit distribution around the dividing line; (c) Plan view optical 

image of a segment of a turbine shroud.  

 

2  Numerical model 

2.1 Theoretical Basis of the surface modification 

The CMAS penetrated TC layer could be regarded as a 

two-phase composite material. Thus, effective medium 

theory can be used for the evaluation of the 

thermal/mechanical properties of TBCs after CMAS 

penetration, and calculation results would be compared 

with the experimental results from the literatures. Before 

applying the theory, several assumptions are made: ① 

The CMAS deposit is enough to completely fill each pore 

in TC layer; ② The reaction effects between TC material 

and CMAS are not considered, thus the phase 

transformation of TC material during the cooling stage is 

ignorable; ③ The TC materials are isotropic before and 

after CMAS infiltration. 

 

Young’s modulus 

The mechanical properties of two-phase composite 

material depend on the concentration, shape, continuity 

and the spatial distribution of each phase [21]. The TC 
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layer infiltrated by CMAS can be regarded as a composite 

material mixed with CMAS and TC materials. At present, 

there are two widely used models (Voigt model and Reuss 

model) to describe the mechanical properties of composite 

material containing two elastic isotropic components 

[22-23]. Among them, the Voigt model assumes that the 

load causes equal strain in the two phases, and the stress of 

the composite material is the sum of the stresses afforded 

by each phase. Therefore, the Young's modulus of the 

ceramic layer penetrated by CMAS can be written as the 

weighted average Young's modulus of each phase’s volume 
fraction: 

f c c t t
E E V EV  ,            (1) 

Where the subscript c represents CMAS, t represents the 

TC material, and f represents the material parameters of the 

TC layer after CMAS infiltration. 
cE And 

t
E  are the 

Young's modulus of CMAS and TC material (bulk), 

respectively, 
c

V  and 
t

V  are the volume fractions of 

CMAS and TC layer, respectively. Generally, the porosity 

of the ceramic layer is 10%, thus there is 
c

V = 0.1, 
t

V = 

0.9. 

The Reuss model assumes that the stress in the two 

phases in the composite are equal, thus 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 described as: 

1( )c t
f

c t

V V
E

E E

  ,            (2) 

Comparing the results calculated from the above two 

models with the experimental results, it could be found that 

Reuss model has a higher accuracy [21, 24]. Therefore, the 

present study will use Reuss model to calculate the Young's 

modulus of CMAS penetrated TC layer. In addition, it is 

generally believed that CMAS penetration almost has no 

effect on the Poisson's ratio of TC material [21]. 

 

Thermal expansion coefficient 

The thermal expansion coefficient of TC layer after 

CMAS penetration can be described by Schapery model 

[25]:  

c c c t t t
f

c c t t

E V EV

E V EV





  ,            (3) 

Where  and  are the thermal expansion 

coefficients of CMAS and TC material, respectively. It can 

be seen that the thermal expansion coefficient of TC layer 

after CMAS penetration has an obvious relationship with 

the porosity in TC layer and the thermal expansion 

coefficient of CMAS. Studies have shown that the 

penetration of CMAS with different composition leads to a 

5%~15% decrease of the thermal expansion coefficient for 

TBCs with a porosity of 0.1 [21]. In the present study, the 

thermal expansion coefficient of the TC layer is reduced by 

6.2% after CMAS penetration according to Eqs (3), which 

is in agreement with the range provided in the above 

literature. 

 

Thermal conductivity 

The microstructure characteristics in APS TBCs are 

extremely complex, and the size, shape and distribution of 

the microstructures significantly affect the thermal 

conductivity of coatings. Many studies have analyzed the 

relationship between the microstructure characteristics 

thermal conductivity in APS TBCs [24, 26-30]. To 

conclude, there are two theoretical methods: Maxwell 

model [14] and Rayleigh model [15], which are widely 

used to obtain the thermal conductivity of APS TBCs after 

CMAS penetration. Among them, Maxwell model assumes 

that the microstructures in TC layer are spherical and do 

not contact each other, then the thermal conductivity of TC 

layer penetrated by CMAS is: 

12
1 3 ( )

2
f t c c

γ
k k V V

γ
 

    
,        (4) 

Where 
c

k  and 
t

k  are the thermal conductivity of 

CMAS and TC material, respectively, 
c t

γ k k , is the 

ratio of the thermal conductivity in CMAS and TC 

material. 

The Rayleigh model can be written as: 

 1 ( 1 )
f t c c

k k V γ   ,        (5) 

In Refs [8], the Maxwell model and Rayleigh model are 

used to calculate that the thermal conductivity of TC layer 

after CMAS penetration is reduced by 10% and 2%, 

respectively. This shows that the Rayleigh model has a 

better calculation accuracy, so the present study will apply 

the Rayleigh model to calculate the thermal conductivity of 

CMAS penetrated TC layer.  

 

Specific heat 

Generally, the specific heat of TC layer after CMAS 

penetration is related to the specific heat, volume fraction 

and density of each phases, and it can be written as: 

f t t c c
C Cω C ω  ,           (6) 

Where  and are the specific heat of the TC 

material and CMAS, respectively;  and are the mass 

fractions of the TC material and CMAS, which can be 

written as: 
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2

1

i i
i

i i

j

V ρω
V ρ






,              (7) 

Where 
i
ρ  is the density of each phase. The specific 

heat calculated by Eqs (6) differs by 4% from the 

experimental results [8], indicating that this model can be 

used in the calculation of the specific heat of CMAS 

penetrated TC layer. 

 

Density 

Based on the assumption that the phase change of the 

TC material is not considered in the present study, the 

density of CMAS penetrated TC layer can be calculated 

from [8]: 

f t t c c
ρ V ρ V ρ  ,              (8) 

It should be noted that the TC material used in the above 

Eqs is bulk material, which is different from those with the 

consideration of the microstructures in TC layer. 

 

2.2 FEM model and boundary conditions 

Global model 

Figure 2(a) shows a two-dimensional multi-period 

global model of APS TBCs with CMAS non-uniform 

penetration. The multi-period means that the model is long 

enough in x axis to consider more interface morphologies. 

In the model, the thickness of TC layer HTC is 300μm, the 
thickness of the BC layer HBC is 180μm, the thickness of 
the substrate HSUB is 3mm, and the initial thickness of the 

TGO layer HTGO is 1μm. The dynamic growth of TGO is 
considered in the simulation process. In order to consider 

the influence of the interface roughness in APS TBCs, the 

interface morphology in the model is simplified as perfect 

sinusoid [17-18]. The sinusoidal curve is given as 

( ) sin(2 )y x A πx λ  , thus the roughness of the interface is 

controlled by the amplitude A and the wavelength , 

which are obtained from observation of the cross-sectional 

morphology in experiments [31]. In this study,  is set to 

a constant value of 80 µm, and amplitude A was from 5 µm 

to 20 µm, as shown in Figure 2(a). According to 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 is 

set to 6.24 mm, which contains 78 sinusoidal periods at the 

TC/TGO/BC interface. The influence of CMAS 

penetration is considered by the thermal/mechanical 

change of TC layer, and previous studies have 

demonstrated that CMAS had the greatest effect on the 

interface stress behavior when it penetrates to the bottom 

of the TC layer [21]. Therefore, in order to investigate the 

effect of non-uniform CMAS penetration, the left half TC 

layer in the model is completely penetrated by CMAS, that 

is, the penetration depth HCP=HTC=300μm, while the right 
half is not penetrated by CMAS. Considering that the APS 

TBCs model is assumed as one part from the blade, thus 

the left and right boundaries of the model should be set as 

multi-point constraint (MPC) to ensure that all points at the 

boundaries can simultaneously move in the x direction. 

The bottom boundary of the model is constrained in the y 

direction, while the upper surface boundary is a free. The 

heat flux on the left and right boundary is 0 (adiabatic). 

 

Figure 2 (a) The two-dimensional multi-period global model of 

APS TBCs with CMAS non-uniform penetration; (B) Thermal 

boundary conditions of the model. 

 

The element type used in the model is 4-node plane 

strain thermally coupled quadrilateral, bilinear 

displacement and temperature (CPE4T). Refined meshes 

are applied in the zone around TGO layer to improve the 

stress estimation accuracy here. In order to investigate the 

influence of CMAS penetration on the temperature 

distribution in TBCs, a thermal cycle condition is 

calculated in this study [32]. As is shown in Figure 2(b), 

the initial temperature of the model is 298K. During the 

heating process, the temperature at the upper surface rises 

to 1561K linearly in 0.15h, while the temperature at the 

lower surface rises to 800K. The dwell time is 5h, then the 

temperature at the upper and lower surfaces dropped to 

298K at the cooling process (0.3h). Finite element analysis 

was conducted employing the commercial software 

ABAQUS 6.13 [33]. 
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Local model  

In order to further study the influence of CMAS 

penetration depth and interface roughness on the interface 

stress behavior in APS TBCs under non-uniform CMAS 

penetration, a critical zone is selected for locally modeling 

based on the results from the multi-period global model. 

As shown in Fig 3a, the critical zone II is located around 

the dividing line of CMAS in the multi-period model. In 

order to observe the TGO growth behavior caused by the 

local non-uniform CMAS penetration around the dividing 

line, zone II includes two-period length (2L): the left 

period with CMAS penetration, while right one without 

CMAS penetration, as is shown in Figure3c. The 

constraints and thermal boundary conditions of the local 

model is consistent with the multi-period model. The 

effects of different CMAS penetration depths (HCP=0μm, 
100μm, 200μm, 300μm) on the TGO growth and interface 
stress behavior are studied. The influence of different 

interface roughness under CMAS penetration is also 

discussed.  

 

Figure 3 The local model of the critical zone II. 

 

Material parameters  

In the present study, the TC material is ZrO2-8wt.% 

Y2O3 (8YSZ), while the material of the BC is NiCoCrAlY, 

and the material of the substrate is Hastelloy-X. The TC 

layer is assumed to as visco-elastic material, while other 

layers are visco-plastic. For APS TBCs without CMAS 

penetration, the fundamental material properties of each 

layer are shown in Table 1. The CMAS penetration only 

changes the material properties of TC layer. As is shown in 

Table 2, the thermal/mechanical properties of CMAS 

penetrated TC layer are calculated based on Eqs (1) to (8), 

and the results are in agreement with the range of the 

material change in the previous studies [8, 21, 24]. It can 

be seen from Table 2 that the elastic modulus, equivalent 

thermal conductivity, and specific heat capacity of TC 

layer increased after CMAS infiltration, especially the 

thermal conductivity increased nearly twice; while the 

equivalent density and the equivalent thermal expansion 

coefficient reduced. The creep behavior of all of the layers 

is described by the Norton equation ,where , 

σ are the creep strain rate and the stress respectively, and B, 

n are material properties. The corresponding creep 

parameters of each layer are listed in Table 3. 

 

Table 1  Material properties for all layers of the APS TBCs 

[35-39]  

 
T 

(oC) 
 

(GPa

) 

v 
 

(/106K

) 

 

(

) 

 

(

) 

 

(

) 

TC 

 

25 17.5 0.2 9.68 1.05 483 5650 

800   9.88    

100

0 
12.4  10.34    

TG

O 

25 380 
0.2

7 
5.1 25.2 857 3978 

800 338      

100

0 
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  

100

0 
120  20.4 11.1 764  

SUB 

 

100 209 
0.3

8 
11.1 11.4 544 8110 

300 199 
0.3

8 
13.3 14.9   

500 185 
0.3

9 
14.0 18.3   

700 167 
0.3

9 
14.6 21.8   

900 145 
0.4

0 
15.4 25.2   

110

0 
123 

0.4

0 
17.3 28.7   

 

 

Table 2  Material properties of CMAS penetrated TC layer 

[41]. 

T 

(oC) 
 

(GPa) 

v 

 
 

(/106K) 

 

( ) 

 

( ) 

 

( ) 

25 19 0.2 8.57 2.09 501 5339 

1000 12.4  10.34    
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Table 3  The creep parameters of different layers in APS TBCs 

[40]. 

Layer B(s-1MPa-1) n 

TC 1.8e−11–1.8e−5 1 

BC 2.15e−8 2.45 

SUB 7.54e−28 4.78 

 

TGO growth model 

The TGO layer will grow at high temperature, its growth 

rate is related to temperature and time. The thickness of 

TGO layer could be written as [34]: 

exp n

TGO

Q
h c ( )t

R T
  


,        (9) 

Where, 
TGO
h  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. 

The TGO growth process can be approximated as the 

expansion along thickness direction, and its expansion 

(growth) strain can be written as: 

TGO

0

=ln TGO
h

h
 ,           (10) 

Where 0h  is the initial thickness of TGO, which is 

generally set as 1μm, thus the TGO growth rate could be 

written as: 
1

TGO
TGO

0

n

p

n

p

nk td

dt k t h




 


,       (11) 

And there is: 

(0) 0TGOε  ,           (12) 

It can be deduced that TGO growth rate 
TGO
ε decreases 

with time. In 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 APS TBCs under the non-uniform 

CMAS penetration. It is obvious that the temperature 

distributions are different at the areas with or without 

CMAS penetration. In the left half model, CMAS 

penetration leads to the deterioration of the thermal 

insulation performance in this area. Therefore, the 

temperature in the left half model is significantly higher 

than that on the right half model, this furtherly induces a 

transverse (x direction) heat flow from left part to the right 

part in the model. There are temperature gradients both in 

transverse direction and thickness direction, which is more 

complicated than the situation without CMAS non-uniform 

penetration. In order to further study the temperature 

distribution in different areas of model, three paths along 

the thickness direction are selected: path 1(the life side of 

the model), path 2 (the life side of the model), and path 3 

((the right side of the model), as is shown in Fig4a. Fig 4b 

displays the temperature distortion along the three paths. 

The temperature gradient of TC layer along path 1 is much 

smaller than that along path 3, this indicates that CMAS 

Penetration will have a greater effect on the temperature 

distribution at the interface. The temperature gradient of 

TC layer along Path 2 is between the results of Path 1 and 

Path 3, indicating that the non-uniform CMAS penetration 

causes a temperature change in transverse direction, which 

will affect the TGO growth at the interface. 

 

Figure 4 (a) The temperature distribution of the multi-period 

global model of APS TBCs under the non-uniform CMAS 

penetration; (b) The temperature distributions along THEthree 

paths in the model. 

 

To make the analysis clearer, another two critical zone 

(zone I and zone III) are selected, as is shown in Figure 

5(a). Due to the huge length of the multi-period global 

model, CMAS penetration in zone I is approximately 

uniform (HCP=300μm), while zone III can be 

approximately regarded as not being affected by CMAS 

penetration (HCP=0μm). Figure 5(b) shows the temperature 
distribution at the interface of the multi-period model after 

the heating process. It can be clearly noticed that the 
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temperature at the interface of CMAS penetrated half 

model is much higher than that of CMAS non penetrated 

right half model. The maximum temperature difference at 

the interface from the left side and right side of the model 

can reach 120K, and the closer to the dividing line, the 

larger the traverse temperature gradient is. In addition, it 

can be observed that the temperature distribution displays 

small fluctuations along the interface, which is caused by 

the interface roughness. Figure 5(c) shows the interface 

temperature distribution in three critical zones: I, II, and III. 

Among them, the interface temperature curve in zone I and 

zone III are relatively gentle, while transverse temperature 

difference in zone II can reach 22K, this might cause 

non-uniform TGO growth in this region. At the same time, 

the interface roughness also causes the non-uniform TGO 

growth at the peak and valley locations in one interface 

period. These effects will cause a more complex TGO 

growth behavior in zone II, and further has the influence 

on the interface stress behavior here. 

Figure 5 (a) The critical zones: I, II and III; (b) the temperature 

distribution at the interface of the multi-period model after the 

heating process; (c) the interface temperature distribution in three 

critical zones: I, II, and III. 

 

Figure 6(a) illustrates 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 APS TBCs can 

reach 2.18μm, which is significantly higher than that in the 
non-penetrated side (1.45μm). In addition, as is shown in 
Figure 6(b), TGO thickness at zone I is also larger than that 

at zone III, which might further cause the different 

interface stress behavior in the two regions. Although TGO 

thickness in zone II is smaller than that in zone I, the 

transverse temperature difference around the dividing line 

causes the left side TGO thickness larger than that at the 

right side. This non-uniform TGO growth behavior around 

the dividing line of CMAS will further affect the interface 

stress behavior here, which will be discussed next. 

Figure 6 (a)The distribution of TGO thickness in the multi-period 

global model of APS TBCs; (b) The distribution of TGO 

thickness in three critical zones: I, II, and III. 

Figure 7 The  distribution in TC and BC layer of the 

multi-period global model of APS TBCs at room temperature 

 

Generally, the initiation of the interface cracks mainly 

depends on the interface tensile stress at thickness 

direction (y-axis) , and  increases gradually and 

reaches its maximum at the end of the cooling process. 

Therefore, only  at the end of the cooling process was 

obtained and analyzed in this study. Figure 7 shows the 

 distribution in TC and BC layer of the multi-period 

global model of APS TBCs at room temperature. As is 

shown in this figure, 
 

 concentrated in the valley 

locations around the interface of TC layer, while stress 

state at the peak positions is compressive. Comparing the 

stress distribution in the three critical zones of TC layer, it 

is found that  is proportional to TGO thickness there 

(shown in Figure 6 (b)), thus  at zone I is the largest, 

followed by that at zone II, and  at zone III is the 

smallest. Among them, the maximum  in zone I can 

reach 317 MPa, and the maximum  in the zone III is 

110 MPa. The non-uniform TGO growth around dividing 

line in region II leads to a stress difference between the left 

and right sides, and the maximum stress difference can 

reach 40 MPa. Contrary to the stress distribution in TC 

layer, 
 

 in the BC layer mainly concentrated at the 

peak locations around the interface, while stress state at the 
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valley locations is compressive. The stress level in BC 

layer is a little small compared to that in TC layer, and the 

stress difference between the left and right sides in zone II 

also exists in BC layer. Above results indicate that the 

non-uniform CMAS penetration in APS TBCs will result 

in non-uniform interface stress distribution at the interface, 

and tensile stress  at the interface of CMAS penetrated 

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

Figure 8 The  distribution at (a) TC/TGO and (b) BC/TGO 

interface of the multi-period global model of APS TBCs 

 

Figure 8 further shows the  distribution at the 

TC/TGO and BC/TGO interface of the multi-period global 

model of APS TBCs under non-uniform CMAS 

penetration. The different stress state at the peaks or 

valleys in one-period interface demonstrates that the 

interface roughness has a great influence on the interface 

stress distribution. Furthermore, the stress difference 

between the peak and valley in the left side interface is 

much larger than that of the right side interface, indicating 

that CMAS penetration aggravates the stress difference 

induced by the interface roughness. In addition, it can be 

observed that the degree of CMAS penetration effect on 

the stress level at TC/TGO and BC/TGO interface is 

different. Figure 9 further shows the  distribution at 

the interface in the three critical zones. As shown in Figure 

9(a),  at the valleys of the TC/TGO interface increases 

from 98 MPa (zone III) to 317 MPa (zone I) CMAS 

penetration. In zone II, an obvious stress difference occurs 

at the two peak locations around dividing line. As shown in 

Figure 9(b), the stress state at the BC/TGO interface is 

opposite to that at the TC/TGO interface.  at the of 

peaks the BC/TGO interface increases from 125 MPa 

(zone III) to 228 MPa (zone I). Comparing the stress 

distribution at the two interfaces, it can be found that 

CMAS penetration has a greater effect on the  at 

TC/TGO interface. To conclude, for the TC/TGO interface, 

CMAS penetration might accelerate the cracks initiation at 

the valleys; for the BC/TGO interface, CMAS penetration 

might accelerate cracks initiation at the peaks. 

 

 

 

Figure 9 The  distribution at (a) TC/TGO and (b) BC/TGO 

of the three critical zones. 

 

3.2  The effect of CMAS penetration depth 

Figure 10 (a) The temperature distribution at the interface of 

zone II under different CMAS penetration depths (HCP=0μm, 
100μm, 200μm, 300μm); (b) the distribution of TGO thickness 
under different CMAS penetration depths; (c) TGO thickness at 

the peaks and valleys of the interface under different CMAS 

penetration depth 

 

Figure 10(a) shows the temperature distribution at the 

interface of zone II under different CMAS penetration 

depths (HCP=0μm, 100μm, 200μm, 300μm). The results are 
calculated based on the local model of zone II (shown in 

Figure 3). The interface temperature distribution on the 

two sides of the interface is completely symmetrical 

without CMAS penetration (HCP=0μm). As the CMAS 
penetration depth increases, the interface temperature 

gradually gets higher, this is due to the thermal 

conductivity change of the CMAS penetrated part of TC 

layer. When the left part of TC layer is completely 

penetrated by CMAS (HCP=300μm), the temperature at the 
left side interface increase by 90K (x=0mm) compared to 

the results without CMAS penetration. In addition, the 

temperature difference between the life and right side 



Zhen-Wei Cai et al. 

 

·10· 

around the dividing line becomes larger as CMAS 

penetration depth increases. To further investigate effect of 

the temperature difference on the TGO growth behavior, 

Figure 10(b) shows the distribution of TGO thickness 

under different CMAS penetration depths. Consistent with 

the temperature distribution shown in Figure 10(a), the 

TGO layer gradually gets thicker as CMAS penetration 

depth increases. Figure 10(c) further exhibits TGO 

thickness at the peaks and valleys of the interface under 

different CMAS penetration depth. It can be seen that the 

difference of TGO thickness between the life and right side 

around the dividing line increases with CMAS penetration 

depths. This indicates that CMAS penetration accelerate 

the non-uniform TGO growth around the dividing line, 

which might further affect the interface stress behavior 

here. 

Figure 11 The  distribution in TC and BC layer of zone II 

under different CMAS penetration depths. 

 

Figure 11 exhibits the  distribution in TC and BC 

layer of zone II under different CMAS penetration depths. 

Similar to the stress distribution at the interface of the 

multi-period model, the stress difference exists around the 

dividing line. As CMAS penetration depth increases, the 

tensile stress both in TC and BC layer increase 

considerably, and the maximum stress appears at the 

interface. Figure 12 further displays the  distribution at 

the TC/TGO and BC/TGO interface under different CMAS 

penetration depths. It can be noticed that when CMAS 

penetration depth increases, the  difference around the 

dividing line becomes larger. In addition, the influence of 

CMAS penetration depth on the stress behavior at the two 

interfaces is also different. When TC layer is completely 

penetrated by CMAS, the stress difference around the 

dividing line at the valleys of TC/TGO interface can reach 

30MPa, while that at the peaks of BC/TGO interface is 

almost equal to 0 MPa. This demonstrates that the CMAS 

penetration depth has a greater effect on the TC/TGO 

interface stress behavior, and might accelerate the initiation 

of crack at valleys of the CMAS penetrated side TC/TGO 

interface. 

 

Figure 12 The  distribution at (a) TC/TGO and (b) 

BC/TGO interface under different CMAS penetration depths 

 

3.3  The effect of interface roughness 

  Figure 13(a) and (b) show the interface temperature 

distribution of zone II under different interface amplitude 

(A=5 μm, 10 μm, 20 μm). All the cases are calculated with 
CMAS penetration depth HCP=300μm. The interface 
temperature distribution is asymmetrical around the 

dividing line of left side, and this asymmetrical 

phenomenon becomes more obvious as the A increases. As 

the interface amplitude increases from 5 μm to 20 μm, the 
temperature at the peak (point 1) increases by 12K, while 

the temperature at the peak of the right side (point 5) only 

increases by 8K, as shown in Figure 13(c). This illustrates 

that CMAS penetration aggravates the influence of 

interface roughness on the temperature at the peaks of the 

interface. The temperature at the valleys shows different 

trend with A: the temperature at the valley of the left side 

of the interface decreases (point 2), while the temperature 

at the valley of the right side of the interface increases 

slightly (point 4), this is due to the heat conduction from 

the adjacent peaks with high temperature in TGO. 

Figure 13 (a) The temperature contour of TGO in zone II under 

different interface amplitudes (A=5μm, 10μm, 20μm); (b) the 
interface temperature distribution of zone II under different 

interface amplitudes; (c) the temperature at the peaks and valleys 

of the interface under different interface amplitudes. 
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  Figure 14(a) further exhibits distribution of TGO 

thickness with different interface amplitudes. Similar to the 

interface temperature distribution shown in Figure 13, the 

maximum TGO thickness appears at the peak of the left 

side (Point 1), while the minimum appears at the valley of 

the right side (Point 4). When the interface amplitude A 

increases from 5μm to 10μm, the TGO thickness increases 
slightly, while the TGO thickness increases sharply when A 

continues to increase up to 20 μm, as is shown in Figure 
14(b). This demonstrates that TGO growth is not 

proportional to the interface amplitude. 

Figure 14 (a) The distribution of TGO thickness with different 

interface amplitudes; (b) TGO thickness at the peaks and valleys 

of the interface with different interface amplitudes. 

Figure 15 The  distribution in TC and BC layer of zone II 

under different interface amplitude 

  To investigate the effect of TGO thickness on the 

interface stress behavior in this model. Figure 15 shows the 

 distribution in TC and BC layer of zone II under 

different interface amplitude. For the TC layer, the 

interface stress redistributes as the interface amplitude 

increases, and the maximum  location gradually moves 

from the valley to the both side of it (off-valley). For the 

BC layer, as the when interface amplitude increases, the 

 at the peaks increases sharply from 200 MPa to 630 

MPa, while the maximum  location shows no change. 

Figure 16 further the  distribution at the TC/TGO and 

BC/TGO interface of zone II under different interface 

roughness. This figure clearly exhibits the stress 

redistribution at the TC/TGO interface, and the value of 

maximum  increased slightly. The stress difference 

around the dividing line induced by the non-uniform 

CMAS penetration also increases slightly at the TC/TGO 

interface. Compared to the stress level at the TC/TGO 

interface, the maximum  at the BC/TGO interface 

increases considerably, and the stress distribution shows 

some fluctuates when the interface amplitude increases to 

20μm. To conclude, the interface roughness changes the 

stress distribution at the TC/TGO interface, but has a more 

obvious influence on the stress level at BC/TGO interface 

under CMAS penetration.  

Figure 16 The  distribution at the TC/TGO and BC/TGO 

interface of zone II under different interface roughness 

4  Conclusions 

  This study numerically investigated the influence of 

CMAS penetration on the TGO growth and stress 

behavior at the TC/BC interface. Firstly, the change of 

thermal/mechanical properties induced by CMAS 

penetration is appropriately considered base on some 

theoretical models. The effect of non-uniform CMAS 

penetration is studied in a two-dimensional global model 

of APS TBCs with half of the TC penetrated by CMAS. 

The effects of interface roughness and CMAS penetration 

depth are also discussed based on a local model. The 

results indicated the following: 

(1) CMAS penetration leads to the deterioration of the 

thermal insulation performance in the CMAS 

penetration area of APS TBCs, this further causes a 

temperature difference about 100 K between the 

penetrated and non-penetrated areas. The temperature 

gradients both exist in transverse direction and 

thickness direction; 

(2) Non-uniform CMAS penetration in APS TBCs causes 

non-uniform TGO growth, which further leads to more 

complicated interface stress distribution. For the 

TC/TGO interface, CMAS penetration might 

accelerate the cracks initiation at the valleys; for the 

BC/TGO interface, CMAS penetration might 

accelerate cracks initiation at the peaks. 

(3) When CMAS penetration depth increases, the 

difference of the interface tensile stress   around the 

the dividing line of CMAS becomes larger. the 
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influence of CMAS penetration depth on the stress 

behavior at TC/TGO and BC/TGO interface is 

different. The CMAS penetration depth has a greater 

effect on the TC/TGO interface stress behavior, and 

might accelerate the initiation of crack at valleys of the 

CMAS penetrated side TC/TGO;  

(4) Compared to the stress level at the TC/TGO interface, 

the maximum  at the BC/TGO interface increases 

considerably. The interface roughness changes the 

stress distribution at the TC/TGO interface, but has an 

more obvious influence on the stress level at BC/TGO 

interface under CMAS penetration. 
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Figures

Figure 1

(a) Cross-section of APS TBCs without/with CMAS penetration; (b) Cross-section image of the uniform
CMAS deposit distribution around the dividing line; (c) Plan view optical image of a segment of a turbine
shroud.



Figure 2

(a) The two-dimensional multi-period global model of APS TBCs with CMAS non-uniform penetration; (B)
Thermal boundary conditions of the model.



Figure 3

The local model of the critical zone II.



Figure 4

(a) The temperature distribution of the multi-period global model of APS TBCs under the non-uniform
CMAS penetration; (b) The temperature distributions along THEthree paths in the model.



Figure 5

(a) The critical zones: I, II and III; (b) the temperature distribution at the interface of the multi-period model
after the heating process; (c) the interface temperature distribution in three critical zones: I, II, and III.



Figure 6

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

Figure 7



The σ22 distribution in TC and BC layer of the multi-period global model of APS TBCs at room
temperature

Figure 8

The σ22 distribution at (a) TC/TGO and (b) BC/TGO interface of the multi-period global model of APS
TBCs

Figure 9

The σ22 distribution at (a) TC/TGO and (b) BC/TGO of the three critical zones.



Figure 10

(a) The temperature distribution at the interface of zone II under different CMAS penetration depths
(HCP=0μm, 100μm, 200μm, 300μm); (b) the distribution of TGO thickness under different CMAS
penetration depths; (c) TGO thickness at the peaks and valleys of the interface under different CMAS
penetration depth



Figure 11

The σ22 distribution in TC and BC layer of zone II under different CMAS penetration depths.

Figure 12

The σ22 distribution at (a) TC/TGO and (b) BC/TGO interface under different CMAS penetration depths



Figure 13

(a) The temperature contour of TGO in zone II under different interface amplitudes (A=5μm, 10μm, 20μm);
(b) the interface temperature distribution of zone II under different interface amplitudes; (c) the
temperature at the peaks and valleys of the interface under different interface amplitudes.



Figure 14

(a) The distribution of TGO thickness with different interface amplitudes; (b) TGO thickness at the peaks
and valleys of the interface with different interface amplitudes.

Figure 15

The σ22 distribution in TC and BC layer of zone II under different interface amplitude

Figure 16

The σ22 distribution at the TC/TGO and BC/TGO interface of zone II under different interface roughness


