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A B S T R A C T   

Ceramic coatings are commonly used to fulfil some form of protection function, such as thermal protection, 
electric isolation, or corrosion resistance. However, coating failure caused by mechanical mechanisms can reduce 
the effectiveness of these functions. In this study, the effect of the coating thickness of thermal barrier coatings on 
fracture behaviour was investigated to understand its importance and the related mechanical mechanisms. 
Thermal shock cycling experiments were conducted with a corresponding stress analysis based on the finite 
element method. The results indicate that coatings thicker than 300 μm are more likely to fail after a low number 
of cycles, the number of cycles at the failure of 500 μm coatings is only 16.6% of that of 100 μm coatings, and the 
underlying mechanism can be explained as the larger compressive stress influence of thicker coatings. The re
sidual compressive stress increased to 125 MPa only after ten cycles for 300 μm coatings.   

1. Introduction 

Ceramic coatings parts used in turbine engine often experience high 
temperatures and thermal shock environments during normal service, 
and the gradually accumulated thermal stress induces the spallation of 
surface ceramic coatings [1–15]. Thick ceramic coatings deposited on 
alloy substrates can protect the internal alloy substrate more effectively; 
however, the interface between thick coatings and the substrates cracks 
easily, in addition to the high cost of such coatings [16–22]. Ye et al. 
found that the number of thermal fatigue cycles before failure for 200 
μm-thick coatings were higher than for 500 μm-thick coatings [23]. 
Saeedi et al. found that thermal shock resistance properties of func
tionally graded material coatings with five layers are better than those of 
coatings with a bilayer at 1100 ◦C in the thermal shock experiment. In 
particular, a better interface bond strength improved the thermal shock 
resistance properties [24]. Li et al. investigated the effect of thickness of 
coatings on the fracture mode under the three-point bending test. They 
found that interface cracking dominated for thicker coatings, and mul
tiple transverse cracking dominated for thinner coatings. The different 
failure modes were explained based on different control stresses [25]. 
Liu et al. also reported the effect of thickness of coatings under 
four-point bending despite the same control stress [26]. Zhu et al. found 

similar effect of thickness of coatings under tension [27]. 
In addition to the thickness of the coatings in the macroscopic view, 

the microstructure and composition in the microscopic view influences 
the fracture properties. Thermal shock heating experiments using a laser 
heating method were performed to check the crack propagation at the 
interface. Surface coating expansion occurred owing to the high tem
perature at the surface. This was confined by the substrates, which 
induced compressive stress in the coatings and tensile stress in the 
substrates, leading to interface cracking [28]. The thermal shock prop
erties are related to the microstructure and composition of the coatings. 
Rangaraj and Kokini found that the fracture toughness was sensitive to 
the composition of graded coatings in a thermal shock experiment per
formed using laser heating [29,30]. Ghasemi et al. found that the 
microstructure of thermal barrier coatings changed as columnar crys
tals, similar to those prepared by the electronic beam physical vapour 
deposition method after laser remelting. The surface strain tolerance 
increased, thus enhancing the thermal shock resistance properties [31]. 
Wang et al. found that the thermal shock resistance properties of 
nanostructured coatings were better than those of conventional coatings 
with microstructures on the micron scale [30]. Liang et al. reported 
similar results and found different microscopic fracture paths in nano
structured coatings (fractures along grain boundaries) and conventional 
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coatings (grain fractures) [32]. 
Research has found that thermal shock failure can occur when the 

coatings experience thermal shock quenching. The ceramic coatings are 
in a tensile stress state because of the temperature drop on the surface 
and the confinement effect on their contracting trend from the sub
strates. This stress induces coating cracking, and after multiple thermal 
shock cycles, the cracks can propagate to and along the interface with 
the substrate resulting in the spallation of coatings [2,33–40]. The 
failure is attributed to mismatches of mechanical parameters, such as the 
elastic modulus, thermal expansion coefficient, and Poisson’s ratio, 
between the ceramic coatings and the alloy substrates, which induce 
mismatch stress and thermal stress. In fact, the stress distribution is 
complicated owing to the temperature gradient along the coating 
thickness direction. 

The optimisation design of coatings depends on a deep understand
ing of the mechanical properties, thermal protection properties, and 
underlying stress mechanism. In this study, the effect of thickness of 
coating on fracture under thermal shock cycles was systematically 
investigated by combining thermal shock experiments with corre
sponding finite element analysis. The coating spallation area was 
checked first by applying thermal shock cycling for coating samples with 
different thicknesses. The detailed cracking in coatings and interfaces 
was further observed by scanning electron microscopy (SEM) after 
different numbers of thermal shock cycles. The effects of the coating 
thickness on the fracture area and number of cycles to failure were 
analysed. The corresponding finite element model was developed, and 
the thermal stress distribution and evolution of coatings with different 
thicknesses were compared to determine the underlying mechanism. 

2. Experimental method 

8YSZ (8 wt% Y2O3-stabilised ZrO2) coating samples with coatings 
sprayed on a Ni-based superalloy substrate (GH3128) were prepared 
with a substrate thickness of 2.75 mm. This included a pre-sprayed alloy 
bond coat of approximately 50 μm using commercial NiCoCrAlY pow
der. Coatings with thicknesses of 100, 300, and 500 μm were prepared to 
check the coating thickness effect. The spraying process was carried out 
using an atmospheric plasma spraying system (A-200, Sulzer-Metco F4 
gun, Pfäffikon, Switzerland). The coating samples were fabricated at the 
Shanghai Institute of Ceramics, Chinese Academy of Sciences, Shanghai, 

China. The detailed preparation process and parameters are listed in 
Table 1 in Ref. [41]. 

The samples were placed in a heated muffle furnace at 1000 ◦C for 5 
min, and then, they were rapidly immersed in water at a temperature of 
10 ◦C. This is described as one-time thermal shock cycling. Note that 
when the temperature is higher than 1000 ◦C, the thermal growth oxides 
grows fast and phase transformation occurs, the thickness effect will 
interact with other effects, so only 1000 ◦C was selected here to study 
pure coating thickness effect. At the same time, the coating surface and 
sample cross-section were observed after every five cycles, and the crack 
initiation, extension, and coating fracture were examined using a scan
ning electron microscope (SU1510). When 50% of the coatings had 
peeled off, the coating was defined as having failed. 

3. Experimental results 

Fig. 1 compares the surface morphology of coating spallation for 
three different coating thickness samples after thermal shock cycles. The 
figure shows that for the 100 μm coating, only local spallation occurred 
even after 905 cycles. However, block spallation occurred at lower cy
cles for the 300 and 500 μm coatings. For the 500 μm coatings, severe 
spallation appeared after only 150 cycles. It is clear that the number of 
cycles to coating failure decreases with increasing coating thickness, the 
number of cycles at failure of 500 μm coatings is only 16.6% of that of 
100 μm coatings as shown in Fig. 2. 

To understand the crack origin, the evolution of the cross-sectional 
microscopic morphology of the coating samples after thermal shock 
cycling is shown for the three different coating thicknesses in Fig. 3 and 
Figs. 5 and 6, respectively. Fig. 3 shows that the thermal growth oxide 

Table 1 
Material properties of the substrate (Sub), bond coat (BC), and topcoat (TC) [2, 
39,40].  

Material properties Sub: GH3128 BC: NiCoCrAlY TC: 8YSZ 

E (GPa) 200 186 18 
μ 0.3 0.3 0.2 
ρ (kg/m3) 7800 7320 5200 
α ( × 10− 6/K) 18.7 15.1 10.2 
σY (MPa) 627 270 — 
c (J/(kg K)) 437 501 450 
k (W/(m K)) 21 4.3 1.53  

Fig. 1. Surface morphology of coating spallation for coating thicknesses of 100, 300, and 500 μm from top to bottom, respectively, after 905, 395 and 150 thermal 
shock cycles. 

Fig. 2. The number of thermal shock cycles of coating spallation decreases with 
increasing coating thickness. 
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(TGO) of 1.3 μm formed in the 100 μm coating, and the interface crack 
occurred near the TGO in addition to the transverse cracks after 120 
cycles. The local spallation of the coating occurred at the boundary after 
675 cycles, and the thickness of TGO reaches 3.8 μm. The spallation area 
increased obviously after 905 cycles. Although TGO grows linearly after 
multiple thermal cycles as shown in Fig. 4 for 100 μm coating samples, 
the thickness of TGO is smaller than 6 μm, this thin TGO has a positive 
effect on the resistance against thermal shock as discussed in Ref. [42]. 
Note that the thickness effect of TGO has been studied, the induced stress 
increases with increasing thickness of TGO [43,44], especially when the 
thickness of TGO is larger than 8 μm [43]. Considering TGO is thin here 
and its effect is not obvious, which will be neglected in the next finite 

element model. 
Fig. 5 shows the process from transverse cracking (Fig. 5(a)) to 

interface cracking of the 300 μm coating, which started after 80 cycles 
(Fig. 5(c)). The interface crack was clearly observed at the TGO/coating 
interface after 190 cycles (Fig. 5(d)). The interface crack propagated 
further after 240 cycles (Fig. 5(e)). The cracks extended through the 
interface, and the coating spallation occurred at the boundary after 310 
cycles (Fig. 5(f)). Fig. 6 shows that the interface crack appeared after 80 
cycles for the 500 μm coating (Fig. 6(e)). The cracks extended, and the 
interface fractured after 120 cycles (Fig. 6(f)). The results indicate that 
the coating spallation mainly originated from the interface fracture, and 
the interface crack was often initiated at the boundary (two ends, as 
shown in Fig. 1) with the stress concentration. To analyse the stress 
effect, the finite element method was used to calculate the thermal stress 
evolution and distribution described in the next section. 

4. Finite element model of thermal shock 

To understand the experimental phenomena and the related me
chanical mechanism, the thermal stress during the thermal cycles was 
analysed by developing a two-dimensional finite element model equiv
alent to the experimental samples. Fig. 7 shows a finite element model of 
the thermal barrier coating structure, including three layers: top coating 
(TC), bond coat (BC), and substrate (Sub). Note that TGO was not 
considered here since it is thin and the effect is not obvious. Abaqus FEA 
was used to simulate the transient stress in the structure during the 
heating-up and cooling-down cycles. The transient stress was caused by 
the thermal mismatch induced by the different thermal expansion co
efficients of different layers. The Sub and BC were considered as ideal 
elastic-plastic materials, the TC was considered as an elastic material, 
and isotropic materials were assumed. The coupled temperature effect 
was considered using the CPE4T 2D plane strain element. The related 
material parameters, such as the elastic modulus E, Poisson’s ratio μ, 
yield stress σY, density ρ, thermal expansion coefficient α, specific heat c, 
and thermal conductivity k are listed in Table 1. Five models with TC 
thicknesses of 100, 200, 300, 400 and 500 μm were established to check 

Fig. 3. Cross-section of 100 μm-coating sample obtained by SEM after different numbers of thermal shock cycles with the scale bar of 50 μm.  

Fig. 4. Thickness of TGO increases with thermal cycles for 100 μm 
coating sample. 
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the coating thickness effect. Two analysis steps of temperature- 
displacement coupling were established. In the first heating-up step, 
the model was heated by surface heat radiation. The ambient tempera
ture was set to 1000 ◦C. The structure temperature was increased from 
10 ◦C to 1000 ◦C in 5 min similar to the experimental conditions. In the 
second cooling down step, the natural convection of water was applied 
on all surfaces of the coating structure, and the heat transfer coefficient 
was considered as 1000 Wm− 1K− 1. The temperature of the water is set to 
10 ◦C. A process of heating and cooling is regarded as a thermal shock 
cycle, and the cycling was performed several times. 

The simulation is based on the differential equation of thermal 
conduction: 

∂T
∂t

=
k
cρ (

∂2T
∂x2 +

∂2T
∂y2 ) (1)  

where T is the temperature, t is time, x-direction is parallel to the sub
strate surface, and y-direction is along the substrate thickness, referring 
to point A in Fig. 5 as the origin point. The third type of boundary 
condition is applied: 

q= h(T − Tf ) (2)  

where q is the density of the heat flux, Tf represents the environmental 
temperature of thermal convection, and h is the heat transfer coefficient. 
According to Fourier’s law k ∂T

∂x = q, 

k
∂T
∂x

= h(T − Tf ) (3)  

can be obtained. According to the differential equation of force equi
librium, 

∂τxy

∂y
+

∂σx

∂x
= 0  

∂τxy

∂x
+

∂σy

∂y
= 0 (4)  

geometry equation, 

εx =
∂u
∂x
, εy =

∂v
∂y
, γxy =

∂v
∂x

+
∂u
∂y

(5)  

and physical equation, 

σx =
E

1 − μ2 (εx + μεy) −
EαT
1 − μ

σy =
E

1 − μ2 (εy + μεx) −
EαT
1 − μ

τxy =
E

2(1 + μ)γxy

(6)  

the analysis solution is difficult for this thermal force coupling problem, 
and a numerical solution was obtained based on the finite element 
method. 

In Fig. 7, the detailed boundary conditions are as follows: point A: 
displacement in the x- and y-directions u = v = 0, point B: displacement 
in the y-direction v = 0, and rigid body displacement of the structure was 
restrained. The initial temperature was 10 ◦C, and heating and cooling 
were performed by applying the temperature and convection boundary 
conditions vertically to every surface, as mentioned above. 

Fig. 5. Cross-section of 300 μm-coating sample obtained by SEM after different numbers of thermal shock cycles with scale bar of 100 μm except for enlargement 
in (b). 
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5. Simulation results of stress distribution and evolution 

Considering that the coating surface stress is homogeneous except at 
the two ends, the stress at the middle point C of the coating surface, as 

shown in Fig. 8, was analysed first. The normal stress σ11 evolution of 
point C with time is shown in Fig. 8, where the first 300 s correspond to 
the initial heating step and the next 150 s correspond to the cooling 
down (quenching) step. It is clear that the tensile stress increases 

Fig. 6. The cross-section of 500 μm-coating sample obtained by SEM after different numbers of thermal shock cycles with scale bar of 300 μm except enlargements in 
(b) and (d). 

Fig. 7. Numerical model and the mesh; the substrate mesh is looser than that of the coats.  
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initially during the heating process and then remains stable up to the 
initial cooling period. The coating surface is in a tensile stress state in the 
heating step owing to a thermal mismatch between the coating and the 
substrate and the smaller thermal expansion coefficient of the coatings. 
The stable tensile stress (approximately 260 MPa for the 100 μm 
coating) decreases with increasing thickness of the coatings, which is 
attributed to the smaller tensile effect from the substrates. The substrates 
were in a compressive stress state, and the substrate compressive stress 
increased with increasing thickness of the coatings (Supplementary 
Fig. 1). During quenching, the normal stress of the coating decreased 
rapidly after a slight enhancement (see enlarged graph of the zone in 
Fig. 8) and became compressive, which increased with increasing 

thickness of the coatings, owing to the higher temperature gradient in 
the thicker coatings (Supplementary Fig. 2). The instance of a slight 
enhancement of tensile stress (20–40 MPa) at the beginning of cooling is 
attributed to the instant shrinkage of the surface coating. The tensile 
stress induced transverse cracking in the surface coatings, which was 
clear and in agreement with the previous analysis [45], especially for the 
thinner coatings with the higher tensile stress. However, the compres
sive stress during cooling induced interface cracking between the coat
ings and the substrates, which is especially evident for thicker coatings 
with a higher compressive stress of 50 MPa. These results agree with the 
experimental results [16] and the results of coatings under three-point 
bending that coating surface cracking dominates in thin coatings and 

Fig. 8. Normal stress σ11 evolution of point C on coating surface for different coating thicknesses (100, 200, 300, 400 and 500 μm).  

Fig. 9. (a) Normal stress σ11 distribution in cross-section of the model with coating thickness of 500 μm, 0.01 s after start of quenching. (b) Normal stress σ11 
distribution along surface of coatings with different thicknesses (100, 200, 300, 400 and 500 μm). 
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the interface cracking dominates in thick coatings [25]. 
The normal stress σ11 distribution of the coating surface in the x- 

direction 0.01 s after the start of quenching is shown in Fig. 9. The 
tensile stress is homogeneous along the surface except at the ends (the 
confinement effect on the boundary of the substrate is almost neglected 
and the stress is about zero), and the tensile stress is lower for the thicker 
coatings (Fig. 9(b)) due to the smaller confinement effect of the sub
strate, similar to the stress distribution during heating. Fig. 10 shows 
that the normal stress of the coating surface transformed into a 
compressive stress 15 s after the start of quenching for the 200 μm, 300 
μm, 400 μm and 500 μm coatings, and the stress changed significantly at 

the two ends. At this time, the compressive stress in the bond coat 
reached 120 MPa for the 300 μm coating structure (Supplementary 
Fig. 3), and the substrates were in a tensile stress state (Supplementary 
Fig. 4). Fig. 11 shows the distribution of the normal stress σ22 in the y- 
direction at the interface between the coating and substrate. It is clear 
that the normal stress σ22 is almost zero except near the ends, where the 
stress goes through a rapid change from a tensile to a compressive state 
along the interface from the end to nearby (Fig. 11(b)), attributed to the 
large temperature gradient at the boundary during quenching transient 
as showed in Supplementary Fig. 5, and the stress change zone near the 
ends is larger for thicker coatings. The results indicate that interface 

Fig. 10. Normal stress σ11 distribution along surface of coatings with different thicknesses, 15 s after start of quenching.  

Fig. 11. (a) Normal stress σ22 distribution in cross-section of the model with coating thickness of 500 μm, 0.01 s after start of quenching. (b) Normal stress σ22 
distribution along TC/BC interface for different coating thicknesses (100, 200, 300, 400 and 500 μm). 
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cracking initiates from the ends, in agreement with the experimental 
results (Fig. 1). 

Furthermore, thermal shock cycling for the 300 μm-coating structure 
was simulated. Fig. 12 shows the displacement u2 distribution in the y- 
direction after ten cycles. It is clear that the displacements were more 
significant at the two ends and the coating was warped up, which is 

related to the residual strain in the plastic substrates. As this residual 
strain increased with thermal shock cycling, coating spallation finally 
occurred. Fig. 13 shows the normal stress σ11 evolution at point C of the 
coating surface with the number of thermal cycles. It is clear that the 
change trends of the stress are the same in every cycle, but the maximum 
tensile stress decreased and the maximum compressive stress increased 
with increasing numbers of cycles. The residual compressive stress 
increased from 26 MPa after one cycle to 125 MPa after ten cycles for 
300 μm coatings (to 72 MPa for 100 μm and 136 MPa for 500 μm). The 
compressive stress increased slightly with further continuous cycles. 
However, there is no obvious change in the normal stress σ22 in the y- 
direction at the interface after several thermal shock cycles, as shown in 
Fig. 14, implying the normal stress σ11 in the x-direction is dominant for 
thickness effect and the larger compressive stress induced serious 
interface cracking of the thicker coatings. Because the plastic deforma
tion is irreversible, with the accumulation and increase of the residual 
stress, the stress at the interface reaches the strength and coating 
spallation occurs. 

6. Conclusion 

The effect of the thickness of coatings on spallation and the related 
stress mechanism under thermal shock cycles were investigated by 
conducting thermal shock experiments and finite element analysis. The 
experiments revealed that the number of thermal cycles needed to 
initiate coating spallation is smaller for thicker coatings, e.g., the coat
ings of 500 μm spalled only after 150 cycles, and the interface cracking 
was more significant for thicker coatings. The finite element simulation 
results indicate that the coating surface during one thermal cycle first 
moves into a tensile stress state during heating, and later moves into a 

Fig. 12. Displacement U2 distribution in the model with 300 μm coating after ten thermal shock cycles.  

Fig. 13. Normal stress σ11 evolution of point C on coating (100, 300 and 500 
μm) surface during ten thermal shock cycles. 

Fig. 14. Normal stress σ22 distribution along TC/BC interface for the model with 300 μm coating after different numbers of thermal shock cycles.  
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compressive stress state during quenching. The tensile stress decreases 
and the compressive stress increases with increasing numbers of cycles, 
the residual compressive stress increased to 136 MPa only after ten cy
cles for 500 μm coatings, being about two times of 72 MPa for 100 μm 
coatings. The compressive stress is higher for the thicker coatings, and 
the zones of change of stress at two ends is also larger. This explains the 
effect of the thickness of coatings on the failure and is a valuable input 
for design purposes. 
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