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Abstract

Subjected to thermal cycling, the apparent Young’s modulus of air plasma-sprayed (APS) 8 wt.% 

Y2O3 stabilized ZrO2 (8YSZ) thermal barrier coatings (TBCs) was measured by nanoindentation.

Owing to the effects of sintering and porous microstructure, the apparent Young’s modulus follows a 

Weibull distribution and changes from 50 to 93 GPa with an increase of thermal cycling. The 

evolution of residual stresses in the top coating of an 8YSZ TBC system was determined by X-ray 

diffraction (XRD). The residual stresses derived from the XRD data are well consistent with that 

obtained by the Vickers indention. It is shown that the evolution of Young’s modulus plays an 

important role in improving the measurement precision of residual stresses in TBCs by XRD.
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1. Introduction

Thermal barrier coatings (TBCs) with NiCrAlY bond coat and 8 wt.% Y2O3-stabilized ZrO2

(8YSZ) ceramic top coat have been widely used in aircraft engines and gas turbines to protect basic 

materials (e.g., advanced Ni-superalloys) against high temperature and oxidation, and thereby to

increase the lifetime of components [1-3]. However, thermal or residual stresses in TBCs gradually 

accumulate in their applications due to the mismatch of material properties and high-temperature 

creep, which may directly cause adhesive failure (delamination at interface) or cohesive failure 

(spalling or micro-cracking within ceramic coating) [3-7]. Therefore, the thermal and residual 

stresses are one of the most important factors in predicting the performance and lifetime of a TBC 

system [8, 9]. The X-Ray diffraction (XRD) technique has been widely applied to study the 

evolution of residual stress in 8YSZ TBCs under thermal cycling [10-13]. In general, residual stress 

can be calculated by a typical equation [14], in which Young’s modulus and Poisson’s ratio are 

usually supposed as constants, independent of the number of thermal cycling. However, in an air 

plasma-sprayed (APS) 8YSZ TBC system, the Young’s modulus of top coating (8YSZ) may change 

with thermal cycles due to the effects of sintering and porous microstructure [15-17]. The evolution 

of Young’s modulus would influence the accuracy of measurement of residual stress. In this paper, 

the apparent Young’s modulus of 8YSZ TBCs subjected to thermal cycling was measured by 

nanoindentation, and then in combination with the data from XRD, these results were used to 

calculate the residual stress of TBCs. Finally, the Vickers indentation was applied to verify the 

results obtained by XRD.

2. Experimental
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2.1 Specimen preparation

A type of high-temperature Ni-superalloy (GH3030) was selected as substrate and its nominal 

chemical composition is Ni–22Cr–1Fe–0.1Al in weight percent. The NiCrAlY powder with grain 

sizes of 2050 μm was sprayed on a Ni-superalloy substrate of 200  20  2 mm with substrate

temperature of ~473 K by low pressure plasma spray technique. The 8YSZ powder with grain sizes

of 2060 μm was deposited as the top coating. The thicknesses of bond and top coats are 100 μm and

300 μm, respectively. In this work, the spraying equipment is composed of a Miller Thermal Torch 

SG100 and Praxair 7700 (Plasma Technik AG). The plasma spraying parameters are listed in Table 1.

Before the deposition of YSZ, pre-treatment in vacuum and pre-oxidation in air were carried out at

1323 K. After being sprayed, the massive specimens were cut into pieces of 15  5  2.4 mm3 by a

commercial cutting machine (IsoMet® 4000).

2.2 Thermal cycling

    To simulate high-temperature exposure inside a turbine, the 8YSZ TBC specimens were

subjected to thermal cycling in a high temperature furnace. Each thermal cycle consists of 10

minutes heating up to 1403 K, 40 minutes holding, and 10 minutes forced-air-quenching. The total of 

35 specimens (five specimens of each type) was tested, and the maximum number of thermal cycling 

was about 250. The residual stresses in all specimens after thermal cycling but before polishing were 

directly measured by XRD. These TBC specimens were slightly polished by using white alumina 

slurry with the grit sizes of 15, 10 and 2.5 μm, and then chemical mechanical polishing by a 

polyurethane pad and acid silica sol based slurries. To reduce the influence of surface work 

hardening, the specimens were cleaned using hydrochloric acid and distilled water prior to



Page 4 of 22

Acc
ep

te
d 

M
an

us
cr

ip
t

4

microstructure observations and nano- or Vickers indentations. There was very little change of the 

stress distribution in the surface region of top coat that can be neglected. As shown in Fig. 1(a), for

as-received 8YSZ TBC coatings, there are a large amount of pores in conjunction with splat 

structures. After 100 thermal cycles, a noticeable sintering phenomenon occurs owing to the 

densification of 8YSZ and the substantial grain growth in some regions (see Fig. 1(b)). The change

of microstructures may result in the change of thermo-mechanical properties of the freestanding 

8YSZ coating [18, 19]. After 250 thermal cycles, numerous macro-cracks were observed on the 

surface of specimens, as shown in Fig. 1(c). Further observations showed that these cracks originated

from the edge or surface of TBCs and their main directions of propagation were vertical to the top 

coat and bond coat interface. The top coat would eventually delaminate from substrate as a whole 

piece due to thermal fatigue. 

2.3 X-ray diffraction

The XRD method is based on measurement of changes in the crystal lattice spacing [12, 13], 

which manifest themselves as shifts in angular positions of the respective diffraction peaks. When a 

beam of X-ray with the wavelength of  is incident upon the surface of a specimen, the diffraction 

of X-ray occurs and meets Bragg’s diffraction equation,

2 sinn d                                   (1)

where n is the order of reflection, d is the crystal plane spacing, and  is Bragg’s diffraction 

angle. When residual stress exists in a specimen, the crystal plane spacing d is different from 0d

of the specimen in an unstressed state. The strain  in the direction of incident angle  can be 

obtained by the relative change of the diffraction crystal plane spacing, which is associated with the 
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diffraction peak displacement, that is,

0
0 0

0

cot ( )
d dd

d d


    


                              (2)

where 0  is Bragg’s angle at the diffraction peak in the specimen without residual stress, and  is 

Bragg’s angle with residual stress. The residual stress in top coat in the direction of  can be given 

as [14]

0 2

2
cot ( )

2(1 ) 180 sinr

E  
 


 

 
                         (3)

Experiments showed that there is a linear relationship between 2   and 2sin  . Thus, we can 

easily obtain the residual stress in the top coat by measuring the displacement of diffraction lines 

under different directions.

The residual stresses near the surface region of 8YSZ TBC specimens were tested by XRD, 

including the as-received and annealed (50, 100, 180 and 250 thermal cycles) specimens. The XRD 

data were collected by using a D/Max 2550 diffractometer operated with filtered Cu radiation at 40 

kV and 250 mA. The penetration depth of X-ray is 10m and the dimension of its spot is about 20 

m. The XRD profile of 8YSZ TBCs with well identified peaks is shown in Fig. 2. It is seen that the 

8YSZ TBCs mainly consist of tetragonal and cubic phases. The reflection used in the analysis of 

residual stress is the (312) plane at ~95°, and the diffraction angle 2 ranges from 93.5° to 96.5° in 

steps of 0.02°.

2.4  Nanoindentation

Assuming that the contact area remains constant during the initial unloading stage of

nanoindentation, the apparent Young’s modulus Er can be determined from the load-displacement or 
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Ph curve, which is given by [20]

                       
1

( )
2 24.5r

c

dP
E

h dh




                                (4)

where   is a constant which depends on the geometry of an indenter ( 1.034  for a Berkovich 

indenter [21]), and rE is defined as, iir EEE /)1(/)1(/1 22   , with E and  the 

Young’s modulus and Poisson’s ratio of the top ceramic coat and iE and i the Young’s modulus 

and Poisson’s ratio of the indenter, respectively. Here, the Poisson’s ratio ν of the top coat is 

assumed to be 0.23 [22], and for a diamond indenter, 1141iE   GPa and 0.07i  [23]. In Eq. (1), 

)/(75.0 maxmax SPhhc  , where maxP  is the maximum compressive load, maxh is the

corresponding displacement, and /S dP dh is the elastic unloading stiffness. In this work, all the 

indentations were performed with the load control ( /dP dt =30 mN/s) at 300 K by using a Hysitron 

Nanoindenter. The maximum load was set at 3 N and the dwelling time was 20 s. The total of 20 

perfect indentations was carried out for each specimen.  

2.5  Vickers indentation

To verify the validity of results measured by XRD, the Vickers indentation was used to measure 

residual stress near the surface region of top coat. The Vickers indentation model proposed by Lawn 

et al. can be applied to analyze the residual stress and stress intensity factor (SIF) of 8YSZ TBCs 

[24-26]. For a half-penny crack configuration, the SIF can be written as [24]

                       1/2
3/2

2
p r r

P
K K K C

C
 


                              (5)

where pK and rK  are SIFs produced by the indentation load P and the residual stress r , 

respectively, C  is the crack length, and  =  1/2
/E H with H being hardness and   a 
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geometric factor ( 0.015   for a Vickers indenter) . When the SIF reaches fracture toughness KIC of 

the coating, i.e., K = KIC, Eq. (5) can be expressed as,

1/2
3/2

2IC
r

KP
C

C


  
                               (6)

Obviously, there is a linear relationship between 3/2/P C  and 1/ 2C [27]. The residual stress r

and fracture toughness ICK can be calculated from the slope and intercept of a straight line in the

rescaled plot of 3/2/P C  versus 1/ 2C . In experiments, the loads of 49, 98, 196, and 294 N were 

indented to the surface region of top coat, respectively. For each load, the length of indentation

cracks was measured. A typical image of residual surface indentation is shown in Fig. 3, where

cracks initiated near the corners of the Vickers indenter and propagated along the diagonal direction 

with the increase of loads.

3  Results and discussion

3.1 Young’s modulus

The apparent Young’s modulus obtained from nano-indentation at a given load exhibits a large

scatter owing to micro- or macro-cracks and pores in APS 8YSZ TBCs. It is well known that the

Weibull distribution has been usually applied to describe the scatter of mechanical properties of

brittle materials [28-33]. Based on the Weibull statistics, the cumulative distribution P of the 

measured apparent Young’s modulus Eap can be represented as [32]






















m

ap

E

E
P

0

exp1                               (7)

where 0E  and m  are the normalized parameter and Weibull modulus, respectively. Here, the 

obtained experimental data are sorted in ascending order and each apparent Young’s modulus is 
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assigned to a probability of ( 0.5) /P i N  , where i is the ith rank and N is the total number of tests

[33]. As shown in Fig. 4, the scattered data of apparent Young’s modulus can be well fitted by the 

Weibull distribution for as-received and heat treated specimens. It is worth noting that the 

normalized parameter 0E was used as the Young’s modulus of top coat in the following study of the 

evolution of Young’s modulus with thermal cycling in 8YSZ TBCs.

It is obvious that, as shown in Fig. 5, 0E increases from 50 GPa (for as-received specimens) to 

93 GPa at the thermal cycle N = 150, and then decreases in the subsequent thermal cycles. Siebert et 

al. studied the change of Young’s modulus in the coating of 7YSZ and found that, after an annealing 

time of only 2 h, Young’s modulus increased from 94 to 144 GPa and reached 177 GPa after 100 h 

[34]. The change of elastic modulus was also observed in the APS YSZ coating as a result of heat 

treatment (at 1000oC), where the elastic modulus increased from 38 to 60 GPa in spherical 

indentation [35]. It is obvious that our results are in good agreement with those earlier studies. The 

increase of 0E is attributed to the effect of sintering that strengthens the bonding between splats and

further blocks the sliding along splat boundaries, the grain growth across inter-splat boundaries, and

the healing of micro-cracks [15-17]. There appear two regimes of stiffening in the increasing stage: 

an initially rapid rise followed by a more progressive increase, which is also in good agreement with 

that observed by others [15, 17]. However, thermal fatigue stresses and interface oxidation may 

induce the formation and propagation of macro-cracks in the top coat [1, 2]. In our tests, many 

macro-cracks occurred vertically to the top coat and bond coat interface after 160 thermal cycles, as 

shown in Fig. 1(c). Thus, the decrease of 0E  may be due to the breaking of bonds at splat 

boundaries or the formation of new macro-cracks [16]. Obviously, the Young’s modulus of 8YSZ 

TBCs is not a constant, which varies with thermal cycles. 
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3.2 Residual stress

In XRD measurements, the incidence angle   is adopted as 0o, 15o, 30o, and 45o, respectively.

The relevant diffraction peaks for as-received specimen are shown in Fig. 6. It is seen from Fig. 7 

that the experimental data of each test is well fitted by a straight line in the plot of 2  versus

2sin  . Then, the residual stress σr in the top surface of 8YSZ TBCs can be determined by the slope 

of the fitting line. 

Let us assume that the Young’s modulus of 8YSZ TBCs is a constant with the value of 50 GPa 

(as-received specimens). The corresponding compressive residual stress increases from -82 to -111 

MPa, as shown in Fig. 8, which agrees well with the results by Jordan et al. [12]. Hamacha et al. 

found that the residual stress evolution of 7YSZ TBCs at 1100°C changed from 20 to -125 MPa

when the Young’s modulus was chosen as a constant with the value of 210 GPa [11]. For as-received 

APS TBCs, the residual stress measured on the surface of top coat was from -10 to -50 MPa by a

modified layer removal method [36], and the residual stress obtained near this region was about 92 

MPa by XRD [37]. However, the Young’s modulus in 8YSZ TBCs was a function of thermal cycles, 

and the corresponding value of residual stress varied from -82 to -190 MPa (see Fig. 8). The 

difference of the calculated residual stresses is about 50 to 80 MPa, which exhibits a very obvious

effect of Young’s modulus on the measurement of residual stress in 8YSZ TBCs by XRD. As shown 

in Fig. 8, the residual stress sharply decreases after 250 thermal cycles, which may correlate with the 

relaxation of accumulated residual stresses induced by the formation of vertical macro-cracks (see 

Fig. 1). In order to make a direct comparison to the XRD results, Vickers indentation was also used 

to assess the residual stresses in the surface of ZrO2, and as shown in Fig. 8, the results increased

from -41 to -201MPa and then dropped to -91 MPa. Teixeira et al. found that the surface stress APS 



Page 10 of 22

Acc
ep

te
d 

M
an

us
cr

ip
t

10

TBCs increased from -183 to -240 MPa after long time heat treatment at high temperatures [38], 

which is in agreement with our results. It is easy to see that the Vickers indentation results are more 

closely to that analyzed by XRD with Young’s modulus being a variant. That is, the variation of 

Young’s modulus as thermal cycles in 8YSZ top coat should be taken into account in the 

measurement of residual stress.

4 Conclusions

The reliability of coated devices is strongly related to the variation of their residual stress. In this 

paper, we mainly studied the influence of Young’s modulus in 8YSZ coating subjected to thermal 

cycling on the measurement of residual stress by XRD. It is shown that there are two main stages 

during the evolution of Young’s modulus: the increasing stage due to the effect of sintering and the 

relaxation stage due to the initiation and propagation of vertical macro-cracks. The scatter of the 

apparent Young’s modulus can be well described by the Weibull distribution. Taking no account of 

the variation of Young’s modulus in the analysis of XRD data, the difference of calculated residual 

stress is up to 5080 MPa. Thus, the influence of the evolution of Young’s modulus with thermal 

cycles on the measurement of residual stress cannot be neglected.
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Figure captions

Fig. 1 Optical micrographs of the polished surfaces of (a) as-received, (b) heat-treated (100 cycles), 

and (c) heat-treated (250 cycles) 8YSZ TBC specimens.

Fig. 2 The XRD pattern of the as-received 8YSZ TBC specimen.  

Fig. 3 The optical micrograph of a residual indentation (black impression) at 196 N on an annealed 

specimen (100 cycles).

Fig. 4 The Weibull plots of apparent Young’s modulus under different thermal cycles.

Fig. 5 The Young’s modulus of the surface top coat as a function of thermal cycling at 1403 K, 

where the testing error ranges from 1 to 3 GPa.

Fig. 6 The XRD pattern on the (312) plane of as-received 8YSZ TBCs with different incident 

angles. 

Fig. 7 A typical plot of 2 versus 2sin  for the as-received 8YSZ TBC specimen.

Fig. 8 Comparison of the residual stress in the top coat of 8YSZ as a function of thermal cycling at 

1403 K, where the error bars refer to the standard deviation of five tests.
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Powder Working gas Ar/N2     

(liter/min) 

Current 

(A) 

Voltage 

(V) 

Feed rate 

(g/min) 

Stand-off distance 

(mm) 

Carrier gas Ar 

(liter/min) 

NiCrAlY 30/12 450 4055 10 150200 5.0 

8YSZ 30/12 450 4055 5 100120 4.5 

 

Table(s)

was sprayed on substrate by using low vacuum plasma and then the 8YSZ layer was spayed on the 

surface of bond coat by using air plasma. 

Table 1. Plasma spraying parameters for NiCrAlY and 8YSZ coatings, where the NiCrAlY layer 
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http://ees.elsevier.com/apsusc/download.aspx?id=444721&guid=98df2141-0a84-40ae-8564-81a8f4c8154d&scheme=1


Page 16 of 22

Acc
ep

te
d 

M
an

us
cr

ip
t

Figure(s)

http://ees.elsevier.com/apsusc/download.aspx?id=444882&guid=b75c0367-2612-4977-9dae-6ac379bfb28c&scheme=1


Page 17 of 22

Acc
ep

te
d 

M
an

us
cr

ip
t

 17 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 

 

 

 

 

 

Indentation crack  

Coating surface 

Figure(s)

http://ees.elsevier.com/apsusc/download.aspx?id=444723&guid=79794fff-4f0f-49cd-937c-e4d3be0011da&scheme=1


Page 18 of 22

Acc
ep

te
d 

M
an

us
cr

ip
t

Figure(s)

http://ees.elsevier.com/apsusc/download.aspx?id=444883&guid=cccf3b25-493b-4024-a525-4c93bc5af0a4&scheme=1


Page 19 of 22

Acc
ep

te
d 

M
an

us
cr

ip
t

 

 19 

 

 

 

 

 

 

 

 

 

 

0 40 80 120 160 200 240 280

40

50

60

70

80

90

100

 Experimental data

 Fitting curve 

250 cycles

Decreasing stageIncreasing stage

Y
o

u
n

g
's

 m
o

d
u

lu
s,

 E
o
 (

G
P

a
)

Thermal cycling, N

 

 

150 cycles

 

Fig. 5 

 

 

 

 

Figure(s)

http://ees.elsevier.com/apsusc/download.aspx?id=444714&guid=3bb8a774-ae99-47d9-a851-da3a8eb40b66&scheme=1


Page 20 of 22

Acc
ep

te
d 

M
an

us
cr

ip
t

 

 20 

 

 

 

 

 

 

 

 

 

 

93.5 94.0 94.5 95.0 95.5 96.0 96.5

In
te

n
si

ty
 (

a
.u

)

2(deg.)

=15°

= 45°

= 0°

=30°

 

Fig. 6  

 

 

 

 

                                                    



Page 21 of 22

Acc
ep

te
d 

M
an

us
cr

ip
t

 

 21 

 

 

 

 

 

 

 

 

0.0 0.1 0.2 0.3 0.4 0.5

94.88

94.92

94.96

95.00

95.04

2

 (

d
e
g

.)

sin
2


 Measurement results

 Fitting curve

0.253

 

Fig. 7 

 



Page 22 of 22

Acc
ep

te
d 

M
an

us
cr

ip
t

 

 22 

 

 

 

 

 

 

 

0 50 100 150 200 250

-240

-210

-180

-150

-120

-90

-60

-30

0

 Ref. [12]

 Young's modulus as constant

 Young's modulus as variant

 Vicker's indentation 

 Thermal cycling, N

R
e
si

d
u

a
l 

st
r
e
ss

, 


r 
(M

P
a

)
 

 

Fig. 8 

 

 

 

 


