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Abstract: With the increase of operating temperature of aero-engine turbine blades, a vitreous material (CMAS) consisting 

mainly of CaO, MgO, Al

2

O

3

 and SiO

2

 are increasingly harmful to the thermal barrier coatings deposited on the blade. 

Therefore, the performance and durability of thermal barrier coatings should be improved. The influence of CMAS penetration 

on interfacial crack propagation and residual stress in the thermal barrier coatings prepared by electron beam physical vapor 

deposition was investigated by the finite element method. The sinusoidal curves with fixed wavelength and varying amplitude 

were used to model the interfaces with different roughness. At the same time, the effect of the elastic modulus of CMAS and 

the interaction between interface and CMAS were taken into account. The results show that the increase of CMAS elastic 

modulus has an inhibitory effect on interfacial cracks, and that the smaller the thermally grown oxide (TGO) amplitude and 

thickness, the more obvious the inhibition. There is a critical point for CMAS elastic modulus to affect the maximum residual 

stress S

22

 in top coat (TC) layer. Before the critical point, the change of CMAS elastic modulus has a greater influence on the 

maximum residual stress of TC layer, and with the increase of elastic modulus of CMAS, the maximum residual stress of TC 

layer decreases greatly; after the critical point, the maximum residual stress of TC layer is hardly affected by the change of 

elastic modulus of CMAS. These results are of great significance to study the failure mechanism of thermal barrier coatings 

prepared by electron beam physical vapor deposition, and can provide guidance for the optimization of the interface of thermal 

barrier coatings. 

 

Key words: thermal barrier coatings; CMAS; interface morphology; interfacial crack; finite element method 

 

 

 

Thermal barrier coatings (TBCs) are currently widely used 

for insulation and protection of critical metal components in 

the hot-side components of gas turbines, to improve the 

thermal efficiency of the engine by reducing the service 

temperature of the alloy matrix. TBCs are a multi-layer sys-

tem, usually composed of substrate (SUB), bond coat (BC) 

and ceramic top coat (TC). When the coating works at high 

temperature, elements such as Al in the bonding layer will 

diffuse outward and oxidize, forming a thermally grown ox-

ide (TGO) layer between the TC layer and the BC layer

[1]

. At 

present, the methods for preparing TBCs are mainly atmos-

pheric plasma spraying (APS) and electron beam physical 

vapor deposition (EB-PVD). EB-PVD TBCs have a good 

columnar crystal structure, and their thermal shock resistance 

and spallation resistance are much better than those of APS 

coating. Therefore, EB-PVD TBCs are required for hot-side 

components operated in harsh environments, such as 

aero-engine blades

[2, 3]

. 

In the past decade, a great deal of research has been done 

on the durability of TBCs, mainly focusing on oxidation, 

erosion and foreign object damage. However, with the in-

crease of service temperature of aero-engine, the perform-

ance and durability of TBCs have higher requirements, and 

further, in the coating system subjected to high temperatures, 

new degradation phenomena appears. In fact, under working 

conditions, the engine can inhale various particles (dust, sand, 

volcanic ash, etc.), most of which are calcium, magnesium, 

aluminum silicates, known as CMAS (the main chemical 

constituents are CaO, MgO, Al

2

O

3

 and SiO

2

), and they are 

more and more harmful to the TBCs of engine blades. With 
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the increase of operating temperature, the local surface tem-

perature of TBCs can be higher than the melting point of 

CMAS

[3]

. Due to the excellent wettability and low viscosity 

of CMAS, these pollutants can penetrate into the internal 

pores of TBCs. It has been proved that the most successful 

and widely used thermal barrier coating ceramic materials, 

(6%~8%)Y

2

O

3

 partially stabilized ZrO

2

 (YSZ), cannot resist 

CMAS corrosion. In particular, the large columnar crystal 

gap in typical columnar crystal structure of EB-PVD coating 

provides natural conditions for CMAS infiltration. Studies 

have shown that the CMAS deposited on the surface of the 

turbine blade will melt and penetrate into the YSZ when the 

temperature exceeds 1150 °C. When the temperature de-

creases, the melted CMAS will solidify between the YSZ 

gaps. Because of the difference of elastic modulus and ther-

mal expansion coefficient, the strain tolerance of YSZ and 

interfacial bonding force will be greatly reduced, resulting in 

the peeling of the thermal barrier coatings from the edge of 

the blade or the overall peeling from the interface, eventually 

leading to the failure of the coating

[4]

. Since the erosion of 

CMAS mainly occurs at the high temperature stage, it inevi-

tably costs a lot to analyze the failure process of coatings 

through experiments, and it is also difficult to accurately 

characterize the distribution of the internal stress field of the 

coating failure caused by CMAS during the high temperature 

process. In order to solve this problem, in recent years, many 

scholars have analyzed the influence of CMAS infiltration on 

coating spall by finite element method, and achieved re-

markable results. 

Li et al

[5]

 investigated the thermodynamic and thermo-

chemical interaction between the coating and molten CMAS 

in the early failure of TBCs, and found that porous TBCs are 

very susceptible to corrosion by molten CMAS. Guo et al

[6, 7]

 

studied the thermal shock life and failure mode of EB-PVD 

TBCs under the coupled action of CMAS and high tempera-

ture gas thermal shock. The results show that the thermal 

shock life of EB-PVD TBCs decreases by 60%~70% under 

the coupled action of CMAS. 

Krämer et al

[8]

 studied the thermochemical effect of 

CMAS and the evolution of morphology and structure of co-

lumnar crystal in EB-PVD ceramic layer. It was found that 

both the penetration and the corrosion effect of CMAS on 

YSZ layer are related to the initial position of transverse 

crack and the position at which the spallation occurs. Mercer 

et al

[9]

 experimentally investigated the infiltration process of 

molten CMAS into columnar TC layer and the damage of the 

coating caused by the infiltration. They concluded that the 

coating is debonded and peels off when the infiltration depth 

of CMAS reaches a critical value. Su

[10]

 proposed a physical 

model combining CMAS penetration and EB-PVD columnar 

microstructure. Theoretical and numerical analyses show that 

the CMAS penetration mainly affects the overall in-plane 

modulus of coatings. The mechanism of CMAS induced in-

terfacial delamination is that CMAS penetrates into the co-

lumnar gap and increases the overall effective modulus of the 

surface layer, promoting the delamination of coatings. Su et 

al 

[11]

 further adopted the method of finite element analysis to 

study the effect of CMAS erosion on the delamination crack 

in EB-PVD TBCs with bending interfaces. The results show 

that it mainly occurs in the region above the curved interface, 

and the tensile stress level of the delamination crack de-

creases with the increase of the in-plane modulus of TC. At 

the same time, the shear stress increases, mainly appearing in 

the peripheral region of the bending zone. When the delami-

nation crack extends to the region, the shear stress drives the 

delamination crack. 

During the use of gas turbine engines, TBCs can undergo a 

variety of degradation mechanisms. However, these problems 

are mostly studied independently in laboratory, and many 

mechanisms usually occur at the same time in reality. People 

have done a lot of work on the oxidation of the BC 

[12-15]

, the 

interface morphology of the BC

[16]

, the erosion of the TC

[17, 18]

, 

the corrosion of the TC

[19-21]

 and the role of material parame-

ters of each layer causing the failure of the TBCs 

[22-24]

. 

However, most of them do not consider the oxidation of 

BC and the influence of different interface morphologies 

when studying the erosion and corrosion of TC. In this study, 

the sinusoidal curve was used to model the interface between 

layers based on EB-PVD TBCs microstructure and CMAS 

infiltration model (Fig.1). The influence of CMAS infiltra-

tion on the propagation of BC-TGO interface cracks and re-

sidual stress was studied by finite element method. By 

studying the interaction between CMAS erosion and coating 

interface morphology, the failure mode of TBCs under 

CMAS erosion can be explained more comprehensively, 

which can provide reference for the improvement of thermal 

barrier coatings.  

1  Finite Element Model 

1.1 �

��

�Geometrical model�

��

�

Based on the microstructure of EB-PVD coatings (Fig.1) 

and CMAS infiltration characteristics, a two-dimensional 

plane strain model was established using commercial finite 

element software ABAQUS

[25]

. The whole model is shown in 

 

 

 

 

 

 

 

 

 

 

Fig.1  Micrograph of EB-PVD TBCs (a) and CMAS penetration  

structure (b)
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Fig.2. The TBCs structure consists of four layers: TC, TGO, 

BC and SUB. The TC consists of columnar crystal micro-

structures and infiltrated CMAS. It is assumed that all the 

columns are vertical to the interface and distributed in paral-

lel, the spacing between the columns is d=1 µm, and the 

width of the column is D=9 µm. Assuming that the layers are 

perfectly bonded without relative sliding, and cohesive ele-

ments are embedded at the interface between TGO and BC. 

The thickness of each layer is h

TC

=100 µm, h

TGO

=5 µm, 

h

BC

=100 µm and h

SUB

=2500 µm. According to Ref.[26], the 

infiltration time of CMAS in the columnar crystal space is 

less than 1 min under the high-temperature corrosion 

environment of 1100 °C. So in this study, it is assumed that 

the CMAS is completely penetrated, namely, the penetration 

height of CAMS is h

CMAS=

h

TC

. The penetration width is the 

same as the columnar crystal spacing. It should be pointed 

out that in the actual penetration process of CMAS, a thin 

layer of CMAS will be deposited on the coating surface. 

When the molten CMAS penetrates into a region where the 

temperature is lower than its melting point, it will become a 

dense solid and stop downward penetration. CMAS partial 

infiltration destroys the loose structure of the coating, and 

divides the columnar crystal gap into two parts, namely 

permeated part and non-permeated one. The difference be-

tween the material parameters of the two parts will easily 

deduce large tensile stress due to the temperature gradient 

during thermal cycle. When the stress reaches the material 

yield limit, it will cause not only the interface crack, but 

also in-plane crack. This complicates the study of the frac-

ture problems within TC layer, which will be studied fur-

ther in the future. In order to simplify the analysis, the sur-

face layer of CMAS is neglected. The interface between lay-

ers is expressed by a sine curve sin πy = A (2 x/λ) to represent 

different roughness of interface; the wavelength λ was fixed 

at 60 µm, and the amplitude A was selected as 10, 15, and    

20 µm.  

1.2  Material parameters 

In this study, the TC, TGO, substrate and CMAS were 

considered as elastic materials, and the BC was considered as 

elastic plastic material. The von Mises yield criterion was 

used to determine whether the stress reaches the yield 

strength. The material parameters involved in this study were 

temperature dependent. The Young’s modulus and the Pois-

son’s ratio of each layer are shown in Table 1 and Table 2, 

respectively; the physical parameters related to CMAS are 

listed in Table 3, the thermal expansion coefficient of each 

layer is shown in Table 4, and the yield strength of BC is 

shown in Table 5. 

1.3  Load and boundary conditions 

As shown in Fig.3, the displacement in the x direction on 

the left boundary, and the displacement in the y direction on 

the bottom boundary are fixed. A multi-point constraint 

(MPC) is applied on the right boundary to ensure that the  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  Schematic of two-dimensional plan strain model based on 

ABAQUS 

 

right surface of model keeps a vertical plane during calcula-

tion. The TBC system is assumed to be in a uniform tem-

perature field, so there is no thermal conduction and thermal 

convection between the layers. The temperature decreases 

linearly from the initial temperature 1100 °C to room 

  

Table 1  Young’s modulus of each layer (GPa ) 

[23, 27] 

Temperature/°C SUB BC TGO TC 

20 220 200 400 48 

200 210 190 390 47 

400 190 175 380 44 

600 170 160 370 40 

800 155 145 355 34 

1000 130 120 325 26 

1100 120 110 320 22 

 

Table 2  Poisson’s ratio of each layer 

Temperature/°C SUB BC TGO TC 

20 

200 

400 

600 

800 

1000 

1100 

0.31 

0.32 

0.33 

0.33 

0.34 

0.35 

0.35 

0.30 

0.30 

0.31 

0.31 

0.32 

0.33 

0.33 

0.23 

0.23 

0.24 

0.24 

0.25 

0.25 

0.25 

0.10 

0.10 

0.10 

0.11 

0.11 

0.12 

0.12 

y

o

x 

YSZ

GAP

TC 

TCO 

BC 

Cohesive zone element 

SUB 
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Table 3  Relevant physical parameters of CMAS

[28] 

Tempera-

ture/°C 

Elastic modu-

lus/GPa 

Liner 

expansion 

coefficient/×10

-6

 °C

-1

 

Poisson’s 

ratio 

25 

600 

1100 

55 

4.7 

5.5 

6.7 

0.25 

0.25 

0.25 

 

Table 4  Thermal expansion coefficient of each layer (×10

-6

 °C

-1

) 

Temperature/°C SUB BC TGO TC 

20 14.8 13.6 8.0 9.0 

200 15.2 14.2 8.2 9.2 

400 15.6 14.6 8.4 9.6 

600 16.2 15.2 8.7 10.1 

800 16.9 16.1 9.0 10.8 

1000 17.5 17.2 9.3 11.7 

1100 18.0 17.6 9.6 12.2 

 

Table 5  Yield strength of the BC (MPa )

[29]

 

Temperature/°C  Yield strength  

20 426 

200 412 

400 396 

600 362 

800 284 

1000 202 

1100 

 

114 

 

temperature (20 °C) in 120 s during calculation. The TBC 

system is in a stress-free state at 1100 °C. In the finite ele-

ment analysis of the thermal barrier coatings, an initial 

stress-free state temperature was assumed. At this tempera-

ture, there is no residual stress inside the coatings. This 

temperature is related to the process of the coatings. And 

the life of coating can be improved by appropriately in-

creasing the preparation temperature during the preparation 

of the coating. Therefore, the system is in a stress-free state 

usually at high temperatures. 

The cohesive layer was meshed using four-node 

two-dimensional cohesive element (COH2D4), and other 

parts were meshed using four-node plane strain quadrilateral 

element with reduced integration and hourglass control 

(CPE4R). The entire model consists of 10 000~20 000 ele-

ments. The meshes near cohesive elements and TGO were 

refined. The minimum element size was 0.2 µm. 

2  Interface Cohesive Model 

Material failure is a rather complex process, especially 

for laminates or composite materials, such as the TBC 

system studied in this study. In recent decades, the de-

velopment of various numerical methods has made it 

possible to simulate the formation and propagation of 

cracks. In this section, the cohesive model in ABAQUS 

software is used to simulate the failure behavior of TBCs. 

The cohesive model considers that the failure behavior is 

a process of cohesive regions at the crack tip along with 

the force of the material itself to resist the failure 

[30, 31]

. 

In the finite element model, the cohesive region is not a 

real physical material, but a kind of adhesion of the ma-

terial itself to the destructive behavior, and its essence is 

a fracture constitutive model. Therefore, the cohesive 

model expresses the complex fracture process by the 

relative separation displacement-force relationship be-

tween the two surfaces. In the analysis, cohesive ele-

ments are usually embedded between solid elements to 

achieve crack initiation and propagation. When fracture 

occurs, cracks will form and propagate along the direc-

tion of cohesive element arrangement. This simulates the 

failure behavior of the material. Initial thickness of co-

hesive element is usually set to zero, that is, cohesive 

element will not affect the results in calculation

[32]

. 

The cohesive model consists of six parameters: 

interfacial tensile strength 

0

n

σ  and interfacial shear 

strength

0

s

σ , critical open displacement 

0

n

δ  and critical 

shear displacement

0

s

δ , as well as normal fracture energy 

0

n

G  and tangential fracture energy 

0

s

G  (area enclosed by 

the cohesive model). As shown in Fig.4, the bilinear 

traction-separation law 

[33]

 is used to define the failure 

behavior of TC materials in this study. This rule uses the 

tensile force as a function of the separation distance, to 

represent the constitutive equation of the cohesive 

model. 

The bilinear traction-separation law is expressed as be-

low: 

0

0 f

f

(1 ) ( n , s)

0

i i i

i i i i i

i i

i

N K i

δ δ δ

δ δ δ δ

δ δ

σ

≤

− < < =





=





≥



� ���������

� ���������� ���������

� ���������

���

������

���

�����������

����������������������

�����������

          (1) 

0

f 0

0 f

f 0

f

0

( )

( n,s)

( )

1

i i

i i i

i i i

i i i

i i

i

iN

δ δ

δ δ δ

δ δ δ

δ δ δ

δ δ

≤

−

< < =







−

≥

=









�����������

����������������������

�����������

���

������

���

�����������

����������������������

�����������

              (2) 

where σ  is the stress, δ  is the displacement, Ν  is 

the damage variable and Ζ is the initial interface stiff-

ness. The superscript 0 refers to the critical displacement 

at the initial damage, and the superscript f refers to the 

displacement when the unit fails completely. The critical 

and tangential critical fracture energy can be expressed 

as follows: 

c 0 f

n n n

1

2

G σ δ=

                                 (3) 
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Fig.3  Boundary conditions and finite element mesh of model 

 

 

 

 

 

 

 

 

 

Fig.4  Bilinear traction-separation law

[34]

 

c 0 f

s s s

1

2

G σ δ=

                                 (4) 

Secondary normal stress criterion is chosen to describe 

the initial failure criterion of coatings, which is expressed 

as follows

[35, 36]

: 

22

n s

o o

n s

1

σ σ

σ σ

  

+ =

   

   

                         (5) 

where 

n

σ  represents the normal stress in the stretching 

process, 

0

n

σ indicates the maximum normal stress that the 

material can bear; 

s

σ  is the shear stress in the stretching 

process, 

0

s

σ  the maximum shear stress that the material 

can bear; < > indicates that no damage will occur under 

pure compression, i.e. 

n n

n

n

0

0 0

σ σ

σ

σ

≥

=

<







�

��

�

��

����

��

                           (6) 

Therefore, the cohesive element will not be damaged 

under pure compressive stress. The evolution of damage is 

illustrated by the power expression

[37]

: 

n s

c c

n s

1

G G

G G

αα

  

+ =

  

   

                         (7) 

where 

n

G and 

s

G are the work done by the force in the 

normal and tangential directions, respectively; 

c

n

G  and 

c

s

G  are the critical fracture energy in both directions. Here, 

the power exponent α  is chosen to be 1, and the total en-

ergy of crack propagation is the sum of work done by the 

force in the normal and tangential directions: 

n s

G G G= +

                                 (8) 

It should be noted that, 

0

n

σ  and 

0

s

σ , also known as 

cohesive strength, approximately equal to the fracture 

strength of the coating.  

The interfacial tensile strength

0

n

200 MPaσ =  and shear 

strength

0

s

100 MPa.σ =  The critical fracture energy 

is

c 2

n

20 J/mG =  and the tangential critical fracture energy 

is

c 2

s

60 J/mG =  . According to the relationship between stiff-

ness and elastic modulus of materials, the stiffness is cal-

culated as: 

8

n t

10 MPa/mmK K= =  

[38-40]

. 

3  Results and Discussion 

The effect of CMAS penetration is mainly reflected in the 

change of macro-modulus of TBCs. Considering the relative 

content of each component of the CMAS mixture and the 

actual change of the modulus, it is assumed that the CMAS 

elastic modulus ranges from 5 GPa to 120 GPa 

[11]

. The am-

plitudes of TGO are taken as 5, 10, 15, and 20 µm, and the 

thickness of TGO is taken as 1, 3, and 5 µm. In order to ex-

press the problem more clearly, the relevant parameters in the 

text are dimensionless, and the dimensionless expressions of 

quantities are as follows: 

Dimensionless crack length:  

/a=aL                                       (9) 

Dimensionless elastic modulus of CMAS:  

0

CMAS TC

/E=E E                                     (10) 

where a is the true length of the crack, L  is half wave-

length of the interface, and 

0

TC

E is the elastic modulus of TC 

at 20 °C. 

3.1  Effect of CMAS elastic modulus on BC-TGO 

interface crack propagation 

Firstly, the influence of CMAS elastic modulus on 

BC-TGO interface cracks under different TGO ampli-

tudes and thicknesses is analyzed. 

Fig.5 shows the influence of CMAS elastic modulus on 

BC-TGO interface crack propagation under different ampli-

tudes and thicknesses of TGO. As can be seen that, in the 

case of the same TGO amplitude, the BC-TGO interfacial 

cracks under different TGO thicknesses are gradually short-

ened as the elastic modulus of CMAS increases. 

Fig.5a shows the effect of CMAS elastic modulus on 

BC-TGO interface cracks under different TGO thicknesses 

when the TGO amplitude is 20 µm. It can be found that the 

crack length when a TGO thickness is 5 µm is about 1.5 

times larger than the crack length when the TGO thickness is 

1 µm under the same CMAS elastic modulus. That is, for the 

same elastic modulus, the smaller the TGO thickness, the shorter 

the interface cracks. For the same TGO thickness, with increas-

ing the elastic modulus of CMAS, the crack at BC-TGO  

Γ

n,s 

σ

0

n,s

δ

0

n,s

δ

f

n,s
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Fig.5  Effect of CMAS elastic modulus on BC-TGO interface 

crack propagation under different amplitudes (A) and 

thicknesses (h

TGO

) of TGO: (a) A=20 µm, (b) A=15 µm, 

and (c) A=10 µm 

 

interface becomes shorter. The difference is that the interfa-

cial crack length decreases to different degrees when TGO is 

different in thickness. For example, as the E  increases to 3, 

the interfacial crack length decreases by about 24% for TGO 

with a thickness of 5 µm, while for TGO with thickness of 1 

µm, the interfacial crack length decreases by about 35%. 

That is to say, when the elastic modulus of CMAS increases, 

the smaller the thickness of TGO, the more significant the 

change of interfacial crack. 

Fig.5b shows the effect of CMAS elastic modulus on 

BC-TGO interface cracks under different TGO thicknesses 

when the TGO amplitude is 15 µm. For the same CMAS 

elastic modulus, the crack length at the TGO thickness of 5 

µm is about 1.7 times larger than the crack length when the 

TGO thickness is 1 µm, that is, the smaller the TGO thick-

ness, the shorter the interface crack. This is the same as the 

conclusion obtained when the TGO amplitude is 20 µm. The 

BC-TGO interface crack becomes shorter as the elastic 

modulus of CMAS increases under the same TGO thickness. 

The difference is that the interfacial crack length decreases to 

various degrees for different thicknesses of TGO. For exam-

ple, when the E  increases to 3, the interfacial crack length 

decreases by about 25% for h

TGO

=5 µm, while for h

TGO

=1 

µm, the interfacial crack length decreases by about 39%. 

That is to say, as the CMAS elastic modulus increases, the 

smaller the thickness of TGO, the more pronounced the 

change in interfacial crack. 

Fig.5c shows the effect of CMAS elastic modulus on 

BC-TGO interface cracks for different TGO thicknesses 

when the TGO amplitude is 10 µm. The similar change trend 

to Fig.5a and Fig.5b can be found, and the difference is that 

the magnitude of the change is different. 

As for the same CMAS elastic modulus, the crack length 

for a TGO thickness of 5 µm is about twice larger than that at 

a TGO thickness of 1 µm. When the E  increases to 3, the 

interfacial crack length at TGO thickness of 5 µm decreases 

by about 28%, while that decreases by about 47% at TGO 

thickness of 1 µm. It can also be explained that when the 

elastic modulus of CMAS increases, the smaller the thick-

ness of TGO, the more significant the change of interfacial 

crack. 

Fig.6 shows the effect of CMAS elastic modulus on 

BC-TGO interface cracks at different TGO amplitudes when 

the thickness of TGO is 5, 3 and 1 µm. It can be seen that the 

BC-TGO interface cracks gradually shorten with the increase 

of CMAS elastic modulus under the same thickness of TGO. 

Fig.6a shows the effect of CMAS elastic modulus on 

BC-TGO interface cracks under different TGO amplitudes 

when the thickness of TGO is 5 µm. It can be found that 

when 0.125=E , the normalized crack length a  is approxi-

mately 0.123 for the amplitude of TGO of 20 µm, and 0.108 

for the amplitude of TGO of 10 µm. The latter is about 12% 

lower than the former. When 3=E , the normalized crack 

length a  is about 0.09 for the amplitude of TGO of 20 µm, 

and about 0.07 for the amplitude of TGO of 10 µm. The lat-

ter is about 16% lower than the former. That is to say, for the 

same thickness of TGO, the larger the TGO amplitude, the 

longer the interface crack length. When the CMAS elastic 

modulus increases, the change of the interfacial crack length 

caused by the change of the TGO amplitude becomes more 

apparent. That is, the larger the elastic modulus of CMAS, 

the greater the influence of the change of TGO amplitude on 

the interface crack length. When the E  increases from 

0.125 to 3, the interfacial crack length decreases by about 

24% for TGO with amplitude of 20 µm, and that is 28% for 

TGO with amplitude of 10 µm. The results show that when 

the elastic modulus of CMAS increases gradually, the inter-

facial crack length of BC-TGO decreases with different trends. 
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Fig.6  Effect of CMAS elastic modulus on BC-TGO interface 

cracks under different amplitudes (A) and thicknesses 

(h

TGO

) of TGO: (a) h

TGO

=5 µm, (b) h

TGO

= 3 µm, and     

(c) h

TGO

=1 µm 

 

For TGO with smaller amplitude, the effect of the change of 

CMAS elastic modulus on the interfacial crack length is 

more obvious. 

Fig.6b shows the effect of CMAS elastic modulus on 

BC-TGO interface crack propagation under different TGO 

amplitudes when the thickness of TGO is 3 µm. It can be 

found that when the elastic modulus of CMAS is 5 GPa, the 

normalized crack length a  is about 0.113 and 0.08 for the 

TGO amplitude of 20 and 10 µm, respectively. The latter is 

about 25% lower than the former. When the elastic modulus 

of CMAS is 120 GPa, the normalized crack length a  is 

about 0.08 for the TGO amplitude of 20 µm, and it is 0.05 for 

the TGO amplitude of 10 µm. The latter is about 35% lower 

than the former. This is the same as the result obtained from 

Fig.6a. For the same thickness of TGO, the larger the TGO 

amplitude, the longer the interface crack length. When the 

elastic modulus of CMAS increases, the change of interfacial 

crack length caused by the change of the amplitude of TGO 

becomes more obvious. That is to say, the larger the elastic 

modulus of CMAS, the more the interface crack length is af-

fected by the change of TGO amplitude. When the E  in-

creases from 0.125 to 3, the decrease rate of interfacial crack 

length is about 26% for TGO amplitude of 20 µm, and 35% 

for TGO amplitude of 10 µm. The smaller the amplitude of 

TGO, the more obvious the interfacial crack length is af-

fected by the change of CMAS elastic modulus. 

Fig.6c shows the effect of CMAS elastic modulus on 

BC-TGO interface crack propagation for different TGO am-

plitudes when the thickness of TGO is 1 µm. When the E  is 

0.125, the normalized crack length a  is about 0.08 for the 

TGO amplitude of 20 µm and 0.06 for the TGO amplitude of 

10 µm. The latter is about 25% lower than the former. When 

the E  is 3, the normalized crack length a  is about 0.05 

for the TGO amplitude of 20 µm and about 0.03 for the TGO 

amplitude of 10 µm. And the latter is about 39% lower than 

the former. It can be concluded that the larger the amplitude 

of TGO, the longer the interfacial crack length, and the 

greater the CMAS elastic modulus, the more the interface 

crack length can be affected by the change of TGO amplitude. 

As the E  increases from 0.125 to 3, the interfacial crack 

length decreases by 35% for the TGO amplitude of 20 µm, 

and 47% for the TGO amplitude of 10 µm. That is to say, the 

smaller the amplitude of TGO, the greater the influence of 

the change of CMAS elastic modulus on the interfacial crack 

length.  

3.2  Effect of CMAS elastic modulus on residual 

stress distribution in TC layer 

During the service of thermal barrier coatings, the 

interface cracking and coat peeling are the main failure 

modes. The premature peeling failure of coatings will 

expose the alloy matrix to high temperature gas, which 

will lead to disastrous consequences. Previous studies 

have shown that the vertical stress S

22

 of thermal barrier 

coatings plays an important role in the cracking and spall 

failure of coatings

[23, 41, 42]

. The influence of CMAS elas-

tic modulus on the BC-TGO interface crack propagation 

was analyzed systematically. And CMAS mainly exists in 

the columnar crystal gap of the TC layer. Therefore, in 

this part, the coating structure with cohesive unit shown 

in Fig.1 is still used. The residual stress in TC layer was 

investigated, considering the influence of the change of 

CMAS elastic modulus on structural stress under thermal 

load, and the variation of the amplitude and thickness of 

the TGO layer. 

Fig.7 shows the residual stress distribution in TC layer 

under different CMAS elastic moduli and TGO ampli-

tudes when the TGO thickness is 3 µm and the 

temperature reduces from 1100 °C to room temperature. 

Fig.7a shows the residual stress distribution in TC layer 

under different elastic moduli of CMAS when the am-
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plitude of TGO is 20 µm and thickness is 3 µm. While as 

the elastic modulus of CMAS increases, the maximum 

residual stress first decreases and then increases, and the 

position of the maximum residual stress also changes 

with the change of the elastic modulus of CMAS. When 

E  is 0.125, the maximum residual stress is located close 

to the peak position. With the increase of the elastic 

modulus of CMAS, the maximum residual stress mi-

grates to the center of the wave, where cracks in TC layer 

initiate

[42]

. It can be found that when the E  increases 

from 0.125 to 3, the maximum residual stress varies 

greatly from 477 MPa to 311 MPa, and then increases 

gradually with the increase of the elastic modulus of 

CMAS, but the variation range is small at each time. 

Fig.7b shows the residual stress distribution in TC 

layer with the change of elastic modulus of CMAS when 

the amplitude of TGO is 15 µm and thickness is 3 µm. 

Similar to Fig.7a, the maximum residual stress also 

shows a tendency to decrease first and then increase with 

the increase of the CMAS elastic modulus. The position 

of the maximum residual stress also appears near the 

peak position at 0.125=E , and the position shifts slowly 

to the middle of the wave with the increase of the elastic 

modulus of CMAS. The difference is that under the same 

CMAS elastic modulus, the maximum residual stress 

level of the TC layer with a TGO amplitude of 15 µm is 

relatively lower than with the TGO amplitude of 20 µm. 

For example, at 0.125=E , the residual stress is reduced 

from 477 MPa to 377 MPa, and at 0.5=E , the residual 

stress is reduced from 311 MPa to 240 MPa. The figure 

also shows the analysis of the maximum residual stress 

value under different CMAS elastic moduli. When E  

increases from 0.125 to 3, the maximum residual stress 

value changes greatly, and then with the increase of 

elastic modulus of CMAS, the maximum residual stress 

changes slightly. 

The analysis of the residual stress distribution of the 

TC layer with a TGO thickness of 3 µm and amplitudes 

of 10 and 5 µm is the same as that of Fig.7, and the 

maximum residual still first decreases and then increases 

when the CMAS elastic modulus increases. When E  

increases from 0.125 to 0.5, the maximum residual stress 

value changes greatly. Then, with the increase of CMAS 

elastic modulus, the maximum residual stress value 

changes less. 

Similarly, the position of maximum residual stress also 

changes with the change of the elastic modulus of CMAS. 

At 0.125=E , the maximum residual stress appears near 

the peak position, and its position slowly shifts to the 

wave as the elastic modulus of CMAS increases. The 

difference is that, under the same CMAS elastic modulus, 

compared to TGO amplitudes of 20 and 15 µm, the 

maximum residual stress level of the TC layer with am-

plitudes of 10 and 5 µm is relatively low. 

Fig.8 shows the effect of CMAS elastic modulus on the 

maximum residual stress in TC layer at different TGO thick-

nesses and amplitudes. In general, with the increase of the 

elastic modulus of CMAS, the maximum residual stress of 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  Residual stress distribution in TC layer under different 

CMAS elastic moduli and TGO amplitudes (A) with 

h

TGO

=3 µm: (a) A=20 µm and (b) A=15 µm 
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the TC layer basically decreases first and then increases. This 

is the same as the conclusion obtained in Fig.7. It should be 

noted that under different TGO amplitudes and thicknesses, 

the difference in the E  value corresponding to the maxi-

mum residual stress is different. For convenience of descrip-

tion, the E , at which the trend of the maximum residual 

stress changes, is defined as the critical point. 

Fig.8a~8d shows the curve of the maximum residual stress 

with the elastic modulus of CMAS when the amplitude of 

TGO is constant and the thickness is different. When the TGO 

amplitude is 5 µm (Fig.8a), the critical point of the residual 

stress curve under TGO thickness of 1 and 5 µm is around 

0.75,E =  and the critical point of the residual stress curve 

with a TGO thickness of 3 µm is around 0.5.E =  Before the 

critical point, the increase of CMAS elastic modulus has ob-

vious influence on the maximum residual stress, and the 

maximum residual stress decreases with the increase of CMAS 

elastic modulus. The curve of TGO thickness of 1 and 3 µm 

varies greatly, about 47% and 36%, respectively, while the 

curves of thickness 5 µm change slightly, about 3%.  

After the critical point, the maximum residual stress of the 

three curves increases with the increase of CMAS elastic 

modulus, but the increase range is quite different. For exam-

ple, the curves with TGO thicknesses of 3 and 5 µm are ba-

sically not affected by the increase of CMAS elastic modulus. 

While the curves of TGO thickness 1 µm increase obviously 

in maximum residual stress, and when CMAS elastic 

modulus increases to a certain value, the residual stress tends 

to be stable.  

When the TGO amplitude is 10 µm (Fig.8b), the critical 

points of the three curves are all around 0.5.E = Before the 

critical point, the increase of CMAS elastic modulus has an 

obvious influence on the residual stress, and it decreases with 

the increase of CMAS elastic modulus, which is the same as 

the conclusion when the TGO amplitude is 5 µm. The curves 

of TGO thicknesses of 3 and 5 µm vary to approximately the 

same degree, about 20%. The curve of 1 µm varies greatly, 

by about 44%. After the critical point, similar to the TGO 

amplitude of 5 µm, the maximum residual stress of the three 

curves increases with the increase of the CMAS elastic 
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Fig.8  Effect of CMAS elastic modulus on maximum residual stress (S

22

) in TC layer under the same TGO amplitudes and different TGO 

thicknesses (a~d) and the same TGO thicknesses and different TGO amplitudes (e~g) 
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modulus, but the increase is small. It can be considered that 

the maximum residual stress is basically not affected by the 

increase of the elastic modulus of CMAS. 

When the TGO amplitude is 15 µm (Fig.8c), the TGO critical 

points under thicknesses of 5, 3, and 1 µm are around 0.25,E =  

0.5,E =  and 1.5,E =  respectively. The trend before the criti-

cal point is the same as the previous analysis, that is, the maxi-

mum residual stress decreases with the increase of the CMAS 

elastic modulus. The decrease range for thicknesses 1, 3, and 5 

µm is about 56%, 36%, and 9%, respectively. After the critical 

point, the maximum residual stress of the three curves increases 

with the increase of the CMAS elastic modulus, but the ampli-

tude is very small. It can also be considered that it is not affected 

by the increase of the CMAS elastic modulus. 

When the amplitude of TGO is 20 µm (Fig.8d), the critical 

points of TGO with thickness of 5, 3, and 1 µm are near 0.5,E =  

0.75,E =  and 2,E =  respectively. Similarly, before the criti-

cal point, the maximum residual stress decreases with the increase 

of the CMAS elastic modulus; the curve of thicknesses 1, 3, and 5 

µm decreases by about 50%, 47%, and 27%, respectively. After 

the critical point, the maximum residual stress of the three curves 

is not substantially affected by the increase in the CMAS elastic 

modulus, which agrees with the previous analysis. 

Fig.8e~8g show the change of the maximum residual stress 

with the elastic modulus of CMAS when the thickness of TGO 

is constant and the amplitude is different. When h

TGO

=1 µm, it 

can be seen from the figure that as the amplitude of TGO in-

creases, the critical point of the maximum residual stress curve 

gradually moves backward, that is to say, the E  causes the 

change of the curve trend become larger and larger. 

In addition, it can be seen from the analysis of the curve 

trend that the residual stress curves of different TGO ampli-

tudes show different trends with the increase of CMAS elas-

tic modulus after the critical point, but when the CMAS elas-

tic modulus increases to a certain value, the growth trend 

tends to be stable, that is, it is basically no longer affected by 

the increase of CMAS elastic modulus. When h

TGO

=3 µm, it 

can be found that as the amplitude of TGO increases, the 

critical point position of the maximum residual stress curve 

gradually stabilizes around 0.5=E , and after the critical 

point, it is almost not affected by the increase of the elastic 

modulus of CMAS. The trend under h

TGO

=5 µm is similar to 

the case of h

TGO

=3 µm, that is, the critical point position of 

the maximum residual stress curve gradually stabilizes near 

0.5=E , and after the critical point, it is not substantially af-

fected by the increase in CMAS elastic modulus. The differ-

ence is that after the critical point, the maximum residual 

stress of the curve is obviously affected by the amplitude of 

TGO, and the residual stress curve under different amplitudes 

has a stepped distribution. 

4  Conclusions   

1) Under the same CMAS elastic modulus, the larger the 

thickness of TGO, the longer the BC-TGO interface crack; 

when the CMAS elastic modulus increases, the length of 

BC-TGO interface crack becomes shorter gradually, and the 

smaller the thickness of TGO, the greater the reduction of 

the interface crack length. It is indicated that the increase of 

elastic modulus of CMAS has an inhibitory effect on inter-

facial cracks. The smaller the thickness of TGO, the more 

obvious the inhibiting effect on the interfacial crack. Under 

the same CMAS elastic modulus, the larger the TGO am-

plitude, the longer the BC-TGO interface crack; when the 

CMAS elastic modulus increases, the BC-TGO interface 

crack length becomes shorter, and the smaller the amplitude 

of TGO, the greater the magnitude of the interface crack 

length reduction. It is shown that the increase of elastic 

modulus of CMAS can inhibit the interfacial crack, and the 

smaller the amplitude of TGO, the more obvious the inhib-

iting effect on the interfacial crack. 

2) The influence of the change of CMAS elastic modulus on 

the maximum residual stress of TC layer has the following 

rules. First, there is a critical point for CMAS elastic modulus. 

Before the critical point, the change of elastic modulus of 

CMAS has a great influence on the maximum residual stress 

of TC layer, and with the increase of elastic modulus of CMAS, 

the maximum residual stress of TC layer decreases greatly. 

After the critical point, the maximum residual stress of TC 

layer is hardly affected by the change of CMAS elastic mod-

ulus. Second, it is found that the change of elastic modulus of 

CMAS has an obvious effect on the smaller thickness of TGO 

under different TGO amplitudes. On the one hand, when the 

thickness of TGO is smaller, the critical point of CMAS elastic 

modulus increases with the increase of the TGO amplitude. On 

the other hand, when the thickness of TGO is relatively small, 

for example, the thickness of TGO is 1 µm, after the critical 

point of CMAS elastic modulus, the maximum residual stress 

curve of TC layer becomes stable gradually after the increase 

of CMAS elastic modulus to a certain value. That is to say, 

compared with the thicker TGO, the maximum residual stress 

for thinner TGO is remarkably affected by CMAS elastic 

modulus. Thirdly, after the critical point, the maximum resid-

ual stress of the larger thickness of the TGO curve is obviously 

affected by the magnitude of the TGO, and the residual stress 

curves of different magnitudes show a stepped distribution. 
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