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Abstract 

An acoustic emission technique was used to monitor the cracking behavior and 

fracture process of thermal barrier coatings subjected to tensile loading. Acoustic 

emission signals were extracted and preformed by fast Fourier transform, and their 

characteristic frequency spectrums and dominant bands were obtained to reveal 

fracture modes. Three different characteristic frequency bands were confirmed, 

corresponding to substrate deformation, surface vertical cracking and interface 

delamination, with the aid of scanning electronic microscopy observations. A map of 

the tensile failure mechanism of air plasma-sprayed thermal barrier coatings was 

established. The fracture strength and interfacial shear strength were estimated as 
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45.73 ± 3.92 MPa and 20.51 ± 1.74 MPa, respectively, which are well agreement with 

available results. 

Highlights 

We established several good correlations between AE data and fracture modes. 

The correlations can be utilized to reveal cracking profile and coating failure. 

A tensile failure mechanism of coating system was established. 

Fracture strength of thermal barrier coating has been obtained by this method. 

The method has a large advantage to study the failure of coating/film materials. 

 

Keywords: Thermal barrier coating; Acoustic emission; Fast Fourier transform; 

Fracture mode 
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1.  Introduction  

To enhance the durability and fuel efficiency, thermal barrier coatings (TBCs) are a 

commonly used method to provide the thermal resistance in gas turbine engines and 

other high temperature components 
[1, 2]

. A TBC system usually consists of ceramic 

coating, thermally grown oxide, bond coat and substrate. In service, crack nucleation 

and propagation gradually occurs due to oxidation and mismatch stresses, which 

eventually results in delamination and spallation of coating 
[2, 3]

. Therefore, to study 

failure mechanisms of TBCs, a lot of techniques have been developed such as 

acoustic emission (AE) 
[4]

, digital image correlation 
[5-7]

, photoluminescence 

piezospectroscopy 
[8-10]

, and indentation methods 
[6, 11]

. Among these methods, the AE 

technique is generally used to identify the evolution of internal and external damage 

prior to failure in structural and functional materials under loading. Many attempts 

have been made to correlate AE characteristics with failure mechanisms or modes, 

such as the statistical analysis of signals and their amplitude distributions 
[12, 13]

. For 

example, Ma et al. applied a source inversion processing of AE signals to classify 

cracking modes of air plasma-sprayed (APS) TBCs during bend tests 
[14, 15]

. Yang et al. 

performed the wavelet transform of AE signals to study the failure process of TBCs 

under tension 
[16]

. Trunova et al. reported the degradation evolution and failure 

mechanisms of APS TBCs during thermal cycling based on the analysis of 

microstructures and AE signals 
[17]

. However, there are few works on the relationships 

between characteristic frequency spectrums of AE signals and fracture mechanisms of 

TBCs. In this paper, several such relationships were established between AE signals, 
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crack initiation, propagation and fracture behaviors in TBCs subjected to uniaxial 

tension. In terms of the fast Fourier transform (FFT), the extracted dominant 

characteristic frequency spectrums of AE signals were used to correlate with their 

corresponding failure modes. The reliabilities of identified failure modes were 

verified by scanning electronic microscopy (SEM) observations. The critical 

experimental data can be discerned and then applied to deduce the mechanical 

properties of TBCs, such as coating fracture strength and interfacial shear strength.  

 

2.  Fracture mode and AE signal Analysis 

Among a large number of parameters, AE events and amplitudes have been widely 

considered as two important parameters in describing the damage evolution in 

composite materials. Different fracture modes would generate different types of AE 

signals with various AE amplitudes 
[18]

. AE events and amplitudes are generally 

analyzed by the Fourier or wavelet analysis 
[16, 19, 20]

. In this paper, AE data were 

performed by using the discrete Fourier transform to obtain their characteristic 

frequency spectrums, which ascribe to different fracture sources 
[21, 22]

. For a discrete 

AE event )(tf  at a given time t, it can be decomposed by its Fourier transform 

)(wF  
[23]

, that is  

1
( ) ( ) d

2

iwtf t F w e w                           (1) 

( ) ( ) diwtF w f t e t                           (2) 

where )(tf  and )(wF  are known as a pair of Fourier transforms. )(wF  is 
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independent of time and represents the frequency composition of a random process. 

Here, the fast Fourier transform (FFT), an efficient algorithm, was introduced in the 

discrete Fourier transform. Let us assume that the AE signal )(tf  contains N points, 

the corresponding discrete Fourier sums can be written as 
[24]

 

21

0

ˆ ( ) ( )
knN j

N

n

f k f n e      ( 0 k N )                  (3) 

where ˆ ( )f k  represents the FFT algorithm. Therefore, the characteristic frequency 

spectrum and dominant peak of )(tf  can be obtained by the FFT. Based on the 

spectral analysis, different kinds of dominant characteristic frequency peaks are 

associated with different fracture modes in materials under tensile loading, which can 

be observed with the aid of SEM. 

 

3.  Experimental   

3.1.  Specimens  

A dog-bone-shaped stainless steel (SUS304) with a cross-section of 10 × 2 mm
2
 

and a gage length of 80 mm was selected as substrate. A conventional 8 wt.% 

Y2O3-ZrO2 (8YSZ) ceramic coat was prepared by APS on NiCoCrAlY, the bond coat 

deposited on steel substrate 
[25]

. The thicknesses of bond and ceramic coats are about 

100 and 300 μm, respectively. 

  

3.2.  Tensile tests 

Tensile tests were carried out at room temperature by a universal testing machine 

(REGER 2000). The loading rate was controlled as 0.3 mm/min. The tensile fracture 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

 6 

process of TBCs was monitored with an AE measurement system and AE data were 

collected in real time by a computer, as illustrated in Fig. 1. Two piezoelectric sensors 

(PCI-2) were attached on the bottom surface of substrate. AE signals were recorded 

with a sampling rate of 1 MHz and their thresholds were set at 38 dB to filter noise. 

 

4.  Results and discussion  

4.1.  Analysis of AE signals   

To find out the relationships between fundamental AE parameters (such as events 

and amplitudes) and failure sources in a TBC system, the amplitude evolution of AE 

signals for pure metal substrate and TBC specimens during tensile tests are shown in 

Fig. 2. The influence of substrate deformation on AE events of TBCs can be clarified 

based on the AE signal characteristics in pure substrate (see Fig. 2(a)) and their 

corresponding AE events and stress-strain curve (see Fig. 2(b)). It is obvious that the 

AE signals are very weak even if substrate undergoes elastic or elastic-plastic 

deformation during tension. In the case of TBCs, however, the AE signals represent 

completely different features of crack nucleation and delamination. A typical AE test 

is shown in Fig. 2(c), which can be approximately divided into five zones. At zone I, 

there are few AE events with small amplitudes when substrate experiences elastic and 

elastic-plastic deformation. As the tensile load increases, a burst of AE signals appears 

and their amplitudes rapidly increase from 38 to 45–70 dB (zone II), which primarily 

result from surface vertical cracks. As the tensile stress further increases, the evolution 

of AE events drops slowly and then remains at a lower level, but the value of AE 
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amplitudes gradually increases (zone III in Figs. 2(c) and (d)). This is due to the total 

number of surface vertical microcracks that gradually stops increasing. These cracks 

start to propagate and link each other to form macrocracks at the coating/bond coat 

interface. It is of interest to note that, when the tensile stress in substrate approaches to 

400 MPa and the corresponding tensile strain equals about 6 %, another new kind of 

AE signals emerges in TBCs and their amplitudes range from 50 to 85 dB (zone IV in 

Figs. 2(c) and (d)), which are higher than that in zone II. Moreover, the subsequent 

SEM observations indicate that delamination and spallation in coating begin to occur 

during this period. Finally, AE signals become sparse and small when the coating 

gradually detaches from substrate, as shown by zone V in Fig. 2(d). It is seen that, 

with the increase of tensile loads, the features of AE events and amplitudes in 

different deformation phases can fully reflect the variation of failure modes and 

damage accumulation in TBCs. 

  

4.2.  AE waveform analysis and fracture modes  

Generally speaking, AE signals include substrate deformation, noise and coating 

failure. To clarify different fracture sources in TBCs by the AE technique, it is crucial 

to correlate AE signals with failure modes. As we know, the frequency spectrums of 

AE signals are closely related to the characteristics and failure modes of tested 

materials 
[26, 27]

, but are almost independent of failure size and outside load 
[16, 28, 29]

. In 

the following discussion, an individual AE signal in Fig. 2 was performed by the FFT 

analysis and its dominant frequency spectrum and peak can be obtained, as shown in 
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Fig. 3. Different characteristic frequency peaks (or bands) would correspond to 

different failure types of a TBC system during tension. Fig. 3(a) is a random AE 

signal in the time domain extracted from Fig. 2(b) for pure substrate. After the FFT 

analysis, its frequency spectrum is displayed in Fig. 3(b). The magnitude of an AE 

characteristic frequency peak locates near 0.14 MHz (type A) for pure substrate. 

Similarly, in the case of TBCs, a random AE signal with the time domain in zone II of 

Fig. 2(c) is shown in Fig. 3(c) and its characteristic frequency spectrum is in Fig. 3(d). 

It is seen that, besides the frequency 0.14 MHz induced by substrate, an extra new 

sharp frequency band (type B) appears around the range from 0.22 to 0.25 MHz. 

Based on experimental tests and subsequent SEM observations (see inset in Fig. 3(d)), 

it is mainly attribute to the influence of surface vertical cracks in coating. Using a 

similar method, a random AE signal in zone IV of Fig. 2(d) was extracted and shown 

in Fig. 3(e), and its frequency spectrum is in Fig. 3(f). It is of interest to see that 

another new characteristic frequency band (type C) emerges within the range of 0.08 

to 0.1 MHz, which is easy to distinguish from the above two characteristic frequency 

bands (i.e., 0.14 and 0.22–0.25 MHz). The SEM analysis indicates that the new peak 

is due to interface cracking or delamination in coating (see inset in Fig. 3(f)). 

Moreover, we found out that the magnitude of a frequency band (0.08 to 0.1 MHz) for 

interface delamination in TBCs is slightly smaller than that of surface vertical 

cracking, which is similar to previous results 
[4]

. Other available experiments also 

showed that, for a brittle coating/ductile substrate system, vertical cracks firstly 

appear in coating and propagate towards the ceramic coating/bond coat interface, and 
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then deflect into interface cracking or delamination with the increase of tensile stress 

[30, 31]
. Therefore, the characteristic frequency spectrums and corresponding dominant 

bands of an AE signal can be obtained after a series of the FFT analysis. According to 

the distribution of characteristic frequency bands during different deformation phases, 

the cracking feature and failure type in a TBC system can be evaluated.  

 

4.3.  Failure mechanisms 

Figure 4 shows the evolution of cumulative AE events and applied stress (or strain) 

in a TBC system during tension. Here, it is worth noting that all data were extracted 

from Fig. 2(c). It is seen that, in the initial stage with the strain 
s

xx  < 1% in substrate, 

there are a few AE events, where the dominant characteristic frequency peak is type A 

(0.14 MHz) due to substrate deformation. At 
s

xx  ≈ 1%, the first kind of AE events 

occurs. When 
s

xx  ranges from 1% to 2.6%, the dominant characteristic frequency 

bands of AE events include types A and B (0.22-0.25 MHz), which is attributed to 

surface vertical cracks in coating, as shown in Figs. 3(c) and (d). In the case of 2.6% < 

s

xx  < 7.1%, AE signals involve three completely different events, and their dominant 

characteristic frequency bands contain types A, B (0.22 ~ 0.25 MHz) and C (0.08 to 

0.1 MHz), as shown in Figs. 3(e) and (f). The mixed cracking region consists of 

surface vertical cracks and interface delamination. When 
s

xx  is equal to about 7.1%, 

the number of surface vertical cracks stops increasing and remains in a saturation state. 

Furthermore, when 
s

xx  > 7.1%, AE signals mainly involve two different events and 

their corresponding characteristic frequency bands are types A and C. It implies that, 
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in this region, the dominant crack type is interface delamination. If s

xx  increases up 

to 9%, the coating begins to detach from bond coat.  

The evolution of two types of AE events with s

xx  for surface vertical cracks and 

interface delamination during tension can be described by the following function 

,( ) {1 exp[ ( ) ]}s s s

xx con xx xx cN N A                 (4) 

where )( s

xxN  is the cumulative number of AE events, conN  is the total (or stable) 

number, 
s

xx  is the applied strain on substrate, and s

cxx,  is the critical longitudinal 

strain in substrate when a crack in coating occurs. A and  are fitting constants, 

which are dependent on a coating system. Here, A and  are equal to 0.42 and 1.96 

for vertical cracks, and 2.71 and 7.91 for interface delamination, respectively. Such a 

fitted equation is useful for non-destructive measurements and the life prediction of 

APS TBCs.  

 

4.4.  Evaluation of mechanical properties 

Based on Figs. 2(c) and (d), the critical fracture time is about 140 s, at which the 

burst of AE signals occurs. It indicates the formation of the first surface vertical crack 

in coating. The corresponding critical strain s

cxx,  is 0.87 ± 0.04%. To estimate the 

stress distribution in top ceramic coat at this moment, TBCs are assumed to be 

homogeneous and isotropic. Stress in the coating can be considered as plane stress. 

The parameters of bond coat are similar to that in substrate, which are approximately 

regarded as a layer. Thus, the constitutive equations of TBCs can be represented as 
[32]

 

c

r

s

xx

c

c

sc
c

xx E
2

1

1
                          (5) 
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c

r

s

xx

c

c

sc
c

yy E
2

1
                          (6) 

where superscripts c and s denote coating and substrate, respectively. c

r  is the 

average residual stress in coating that equals about –40 MPa for as-received APS 

TBCs 
[33, 34]

. cE  and 
c

 are, respectively, Young’s modulus and Poisson’s ratio of 

coating, and 
s
 is Poisson’s ratio of substrate. According to nanoindentation tests, 

cE  of as-received APS 8YSZ coating is about 10 GPa 
[35]

, and 
c
and 

s
are 0.1 and 

0.3, respectively 
[36]

. Thus, the fracture strength c

cxx,  of TBCs can be evaluated as 

45.73 ± 3.92 MPa, which agrees well with available experimental results 
[37, 38]

.  

As the tensile stress increases, the interface shear stress i  between top coating 

and bond coat exceeds its shear strength c  and results in interface delamination. 

Chen et al. used a quarter-elliptical approximation to evaluate the interfacial shear 

stress distribution of a brittle coating-metal system under tensile strain 
[39]

. Fig. 5 

shows an antisymmetric distribution of interfacial shear stress around a small segment 

of the cracked coating. A correlation between c  and c

cxx,  can be written as 
[39]

  

)4(

4

0

,

c

cxx

c

h
                                (7) 

where h is the coating thickness. 0  is equal to / 2  with λ  being the crack 

spacing when surface vertical cracks approach to saturation, as illustrated in Fig. 6. In 

our tests,  ranges from 0.69 to 0.82 mm by SEM observations. When 
s

xx  is about 

3.5%, there is no more AE events of vertical cracks and interface delamination 

gradually occurs (see Fig. 4). Using these data, the shear strength c  can be 

evaluated as 20.51 ± 1.74 MPa, which is similar to the previous results obtained by 
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finite element analysis and experimental tests 
[5, 40]

.   

 

5.  Conclusions 

Cracking and failure behaviors of APS TBCs were studied by using uniaxial tensile 

tests coupled with non-destructive AE monitoring. AE signals were analyzed by FFT 

and their corresponding dominant frequency bands were applied to predict failure 

modes of TBCs with the aid of SEM observations. The main conclusions can be 

summarized as follows: 

(1) The dominant frequency bands for surface vertical cracks and interface 

delamination of as-received APS TBCs are 0.22−0.25 MHz and 0.08−0.1 MHz, 

respectively. According to the dominant frequency bands and SEM observations, the 

correlations between AE signals, fracture types and failure mechanisms can be 

successfully established.  

(2) Fracture strength of ceramic coat and interfacial shear strength of TBCs were 

evaluated as 45.73 ± 3.92 MPa and 20.51 ± 1.74 MPa, which are well consistent with 

available results. 
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Figure captions 

Fig. 1. (Color Online) Schematic image of the tensile test device with an AE system. 

Fig. 2. (Color Online) Evolution of AE amplitudes and events, testing time and 

external stress-strain during tensile tests in (a, b) pure substrate and (c, d) 

as-received TBCs. 

Fig. 3. (Color Online) Representative AE signals (a, c and e) extracted from 

different tensile phases in Fig. 2 and their corresponding characteristic 

frequency spectrums (b, d and f) after FFT. SEM patterns (see insets) are 

relevant fracture modes.  

Fig. 4. (Color Online) Map of the tensile failure mechanism in an as-received APS 

TBC system. 

Fig. 5. (Color Online) Schematic of the shear lag model for a segmented coating. 

Fig. 6. (Color Online) SEM image of surface multiple cracks, where the tensile 

strain is about 3.5%. 
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