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Abstract  In this work, the change of Young’s modulus, hardness, and bending strength of air plasma 
sprayed ceramic coating systems after different thermal shock was investigated by nanoindentation tests and 
three-point bending tests. The results of these tests show that the Young’s modulus and hardness of 
nanostructured coatings and the bending strength of nanostructured coating-substrate systems fluctuate 
relatively slightly as the thermal shock temperature difference increases, while the Young’s modulus and 
hardness of micro-structured coatings and the bending strength of micro-structured coating-substrate systems 
increase with the thermal shock temperature difference monotonously. Therefore, in the temperature range 
we studied, the mechanical properties of nanostructured coatings are less sensitive to the change of 
temperature and more stable than micro-structured coatings. 
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1. Introduction 
Ceramic coatings are widely used because of their excellent thermal insulation, wear resistance and 
corrosion resistance [1, 2]. In the service condition of ceramic coatings, thermal shock frequently 
occurs. Therefore, in-depth understanding of the influence of thermal shock on mechanical 
properties of ceramic coating systems becomes significant. Some relevant studies on the effect of 
thermal shock on ceramic coatings have been reported. Bo Liang et al. [3] investigated the thermal 
shock resistances of nanostructured and conventional zirconia coatings deposited by atmospheric 
plasma spraying, and found that the nanostructured as-sprayed coating possessed better thermal 
shock resistance than the conventional coating. Chunxia Zhang et al. [4] studied the influence of 
thermal shock on insulation effect of nano-multilayer thermal barrier coatings, and acquired the 
change of thermal conductivity and impedance as function of thermal shock number. Moreover, 
some researches have shown that thermal shock could obviously affect the mechanical properties of 
Si-SiC coated C/C composites [5], fiber concrete [6], alumina–mullite–zirconia and alumina–
mullite refractory materials[7]. However, there are few reports on the influence of thermal shock on 
mechanical properties of ceramic coating systems. Therefore, in this work, we studied the change of 
elastic modulus, hardness, and bending strength of air plasma sprayed ceramic coating systems by 
nanoindentation tests and three-point bending tests. 

 

2. Experimental procedure 
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2.1. Specimen preparation 
 
The ceramic coating system used in this study consists of YSZ (8 wt.% Y2O3 stabilized ZrO2) top 
coat prepared with atmospheric plasma spraying (APS), NiCrAlY (25.42wt.%Cr-5.1wt.%Al- 
0.48wt.%Y) bond coat prepared with high velocity oxygen fuel (HVOF) process and Ni-based 
superalloy substrate. The thickness of the top coat, bond coat and substrate is approximately 0.1 mm, 
0.05 mm, and 1.35 mm separately. In our study, two kinds of ceramic coating layers were 
prepared---nano-scale and micro-scale microstructure, respectively. 
 
2.2. Thermal shock tests 
 
In the thermal shock tests, the specimens were heated with a rate of 20℃/min up to a preset 

temperature mT  (200 ℃, 500 ℃, and 800 ℃, respectively) and held at mT  for 20 min [8]. After 

that, the heated specimens were quickly placed into water at the ambient temperature (25 ℃) for 
quenching and maintained for 10 min [8]. Therefore, the thermal shock temperature difference TΔ
is 175 ℃, 475 ℃, and 775 ℃, respectively. The mechanical property was then measured using 
nanoindentation and bending tests at room temperature.  
  
2.3. Nanoindentation tests 

 
The grinded and polished coatings were analyzed by nanoindentation tests in which the Agilent 
Technologies Nano Indenter G200 System was used. All indentations were done with a triangular 
pyramid Berkovich diamond indenter. The total number of measurement points for each sample was 
chosen to be 10. The indentation depth was 300 nm and the maximum load was 12 mN in the tests. 
The typical distance between two neighboring sites is above 50 μm aiming to avoid possible 
interference of measurements. During the indentation test，the indentation load and depth are 
measured by load cell and gap sensors. 
  
2.4. Three-point bending tests 

 
The three-point bending tests were done with a computer control electronic universal testing 
machine RG2000-5. The nominal dimensions of each specimen for the three-point bending test are 
3 mm wide, 1.5 mm high and 15 mm long. The span length of the support is 10 mm. The tests were 
carried out under constant displacement rates 0.1 mm/min at the loading point. Consequently, we 
could acquire a series of load-displacement curves in the loading process. 
 

3. Results and discussion 
 

3.1. Influence of thermal shock on Young’s modulus and hardness of ceramic coatings 
 
In the temperature range of 25-800℃，the results of these tests show that the Young’s modulus E 
and hardness H of nanostructured coatings fluctuate relatively slightly as the thermal shock 



13th International Conference on Fracture 
June 16–21, 2013, Beijing, China 

 
 

‐3‐ 
 

temperature difference TΔ  increases, while that of micro-structured coatings increase with TΔ  
monotonously, as shown in Fig. 1. For the as-spayed coating, the Young’s modulus of 

nanostructured coating 161.2 GPacE =  and micro-structured coating 101.4 GPacE = , which are 

in good general agreement with former reports [9] [10] ; the hardness of nanostructured coating 

11.6 GPacH = and micro-structured coating 5.4 GPacH = , which are close to some data in the 

literatures[2, 10] [11]. After the thermal shock test, we carefully examined the microstructure of 
specimens and found that the porosity of micro-structured coatings reduces relatively obviously 
with the increase of TΔ , while that of the nanostructured coatings changes a little. From the 
literature[12], for porous materials, the Young's modulus E can be described empirically by 

0 exp( )E E ap= − , where 0E  is the zero-porosity Young's modulus, p is the porosity, and a is an 

empirical constant. Therefore, the Young's modulus will increase as the porosity decreases, and our 
test results agree with this theoretical model. 
 

 
Figure 1. The change of Young’s modulus and hardness of coatings with different thermal shock temperature 

difference TΔ  (N-nanostructured coatings, M-micro-structured coatings). 
 
3.2. Influence of thermal shock on bending strength of coating-substrate systems  
 
One of the curves of the load F and loading point displacement w in our experiments is shown in 
Fig. 2. The maximum load was considered as the failure load and used to calculate the bending 
strength of coating-substrate systems. 
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Figure 2. The load-displacement curve in three-point bending test. 

 
During the three-point bending test, the largest normal stress at the failure load was considered to be 

the bending strength bσ , which can be determined by Eq. (1) [13] as following: 

0

( )4 10.8 (1 )
3 4 ( )

f c c
b

s s

P l E hh
l M E h

ςσ
π ς

+
= ⋅ − ⋅ ⋅ ⋅

−
    (1) 

Where l and h are the span length of support and the height of specimens respectively, fP  is the 

failure load, ch and sh  are the thickness of the coating and substrate respectively, cE  and sE  

are the Young’s modulus of coating and substrate respectively, ς   is the distance between the 

neutral axis and the interface of the layered specimen, and 0M  is the resultant moment of the cross 
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, respectively, where b is the width 

of the specimen. The bending strength of all specimens obtained by Eq. (1) is presented in Fig. 3. It 
is worth mentioning that (1) the top coat and bond coat are considered as one layer, i.e. the coating, 
considering that Young’s modulus of the bond coat is about 155 GPa [10, 14] which is close to that 
of the top coat, and the top coat and bond coat bind well according to our experimental observation, 

(2) the value of cE  is obtained from Fig. 2, and (3) the value of sE  is assumed constant and taken 

as 200 GPa [10] [15].  
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Figure 3. The change of bending strength of coating-substrate systems with different thermal shock 

temperature difference TΔ (N- nanostructured coatings, M- micro-structured coatings). 
 
From Fig. 3, we can see that like the change of Young’s modulus and hardness of coatings with 
different thermal shock temperature difference TΔ , the bending strength of nanostructured 
coating-substrate systems fluctuate relatively slightly as TΔ increases, while that of 
micro-structured coating-substrate systems increase monotonously with TΔ .    
 
The bending strength of coating-substrate systems is determined by the strength of coating and 
substrate, and the interfacial bonding strength. In the temperature range of 25-800℃，the yield 
strength of the substrate is considered as constant[16]. Therefore, the main parameters are the 
strength of coating and the interfacial bonding strength. For porous materials, like the relationship 
between Young's modulus and porosity, the strength can be empirically described by 

0 exp( )kpσ σ= −  [17], where 0σ  is the zero-porosity strength, p is the porosity, and k is an 

empirical constant. Therefore, the strength will increase as the porosity decreases. Besides, 
according to our experimental observation, for micro-structured coating-substrate systems, the 
interfacial bonding strength decreases as the thermal shock temperature difference increases, while 
that of the nanostructured coating-substrate systems changes a little. Since the strength of 
coating-substrate systems is obviously influenced by the interfacial bonding strength, and 
weakening of interfaces helps to increase the bending strength of coating-substrate systems, [5] we 
can see that it is the combined effect of porosity of the coating and interfacial bonding strength of 
the coating-substrate that leads to the result of our tests.    
 

4. Conclusions 
 
In this work, the change of elastic modulus, hardness and bending strength of air plasma sprayed 
ceramic coating systems after different thermal shock was investigated by nanoindentation tests and 
three-point bending tests. The results of these tests show that (1) since the porosity of 
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micro-structured coatings reduces relatively obviously, while that of the nanostructured coatings 
changes a little with the increase of thermal shock temperature difference, the Young’s modulus and 
hardness of nanostructured coatings fluctuate relatively slightly, while that of the micro-structured 
coatings monotonously increase as the thermal shock temperature difference increases. (2) Apart 
from the difference in porosity of the coating, the interfacial bonding strength of micro-structured 
coating-substrate systems decreases as the temperature increases, while that of the nanostructured 
coating-substrate systems changes a little. Therefore, the bending strength of nanostructured 
coating-substrate systems fluctuates relatively slightly, while that of micro-structured 
coating-substrate systems monotonously increases as the thermal shock temperature difference 
increases. In conclusion, in the temperature range we studied, the mechanical properties of 
nanostructured coatings are less sensitive to the change of temperature and more stable than 
micro-structured coatings. 
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