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Abstract The real-time testing and quantitative assessment of damage evolution in thermal
barrier coatings (TBCs) is desirable, but still intractable, especially at elevated temperature. In
this paper, the fracture process of TBCs subjected to cyclic heating and cooling is monitored
using an acoustic emission method. Based on the wavelet analysis of acoustic emission
signals, damage modes in TBCs are discriminated. The results show that, due to thermal
stress, it is preferential for vertical cracks in the heating stage and interface cracks in the
cooling stage. The surface crack density and interface crack length are calculated to obtain the
quantitative correlation of damage evolution in TBCs and acoustic emission parameters. The
rupture time of TBCs can be predicted by the statistical analysis of acoustic emission signals.
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1.

Introduction
Thermal barrier coatings (TBCs) such as ZrO2−8wt.%Y2O3 have great potential for

many applications in gas turbine, internal combustion engine and fuel evaporator due to their
excellent thermal protection, high hardness and wear resistance [1−3]. They can separate and
protect structural materials against hot gas temperature to improve engine efficiency and
performance. As illustrated in Fig. 1, TBCs commonly comprise a ceramic top-coat that
increases the operation temperature of turbine components, a substrate that endures
mechanical loading, and a MCrAlY alloy (M represents Ni, Co, or Fe) bond-coating that
enhances adhesion of the ceramic coat to substrate. This typical kind of structure makes each
layer of TBCs have remarkably different physical, thermal, and mechanical properties, which
result in thermal stress in TBCs. During processing and further thermal exposure, a fourth
layer, named thermally grown oxide (TGO), is formed between bond and top coats due to
diffusion and reaction of oxygen and metal iron. The growth of TGO aggravates the mismatch
between these layers. Moreover, TBCs usually withstand the most extreme temperature,
temperature cycling, and stress conditions. The complex shape, structure, and harsh operating
conditions make the failure behavior of TBCs much more complicated than that in any
metallic, ceramic components or other coating systems, which show a poor service life in the
way of unpredictable rupture time, position and types. Therefore, TBCs are regarded as one of
the most complex coating systems [1].
Significant efforts have been dedicated towards reliable assessments of failure behavior
of TBCs and improving their reliability. For instance, delamination is attributed to residual
stress induced by the thermal mismatch and spatial variations in the growth of TGO [4−5].
Meanwhile, numerous theoretical and finite element calculations, based on the stress
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distribution, interface strength, morphological instability of TGO, have been carried out to
qualitatively explain how cracks propagate [5−8]. However, the heterogeneous and complex
microstructures of TBCs may result in numerous crack sites and failure modes with a
superposition of different mechanisms, in which their reliability cannot be accurately assessed
by only one failure mode. Furthermore, the failure behavior of TBCs is not only dependent on
their own mechanical properties and constitutive relationships, but also on their surface and
interface effects as well as mechanical properties of substrate. This makes the failure
assessment of TBCs very difficult by using traditional strength theories or experimental
mechanics methods. There is a growing interest in bringing together experiments under
destructive load with ideas from in-situ or real time nondestructive tests [9–17]. The latter can
provide viable and direct failure information, which is desirable and necessary for
understanding failure mechanisms of TBCs.
A number of methods have been applied in the nondestructive testing and lifetime
prediction of TBCs, such as X-ray diffraction [9], impedance spectroscopy [10], infrared
spectroscopy [11], Cr3+ piezospectroscopy [12], synchrotron radiation [13], and acoustic
emission (AE) [14−17]. Among these methods, AE has attained an ever-increasing concern
because it can be used to continuously detect the intrinsic damage by microcracking in a
material without strict testing conditions, which is very difficult with other methods. The
fracture behavior of TBCs under mechanical or thermal loads such as tensile, bend, torsion,
thermal shock and fatigue, has been qualitatively investigated by the duration, count, energy
and amplitude of AE signals [14−18]. The combined effect of bond coat oxidation and
mechanical load on fracture properties of TBCs has also been considered [17,18]. Generally,
there are two main failure modes in TBCs, including surface vertical crack in ceramic coating
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and crack along the top/bond or TGO interface [17,18]. When subjected to external
mechanical loading or temperature, these failures in TBCs are activated by stresses that arise
because of the strain mismatch between coating and other layers, and meanwhile cause AE
signals, as schematically illustrated in Fig. 1. The results of AE assessment revealed that
coating damage commonly originates from vertical cracks and then follows by delamination
under tensile or bend conditions [17, 18]. However, there is lack of quantitative verification in
all these studies. Several important problems on their lifetime prediction are still intractable,
such as on how to discriminate cracking modes (e.g., vertical cracking, interface cracking),
how to quantify the damage evolution, and how to predict the occurrence time of catastrophic
failure in TBCs.
Our recent experiments have shown that the frequency spectra of AE signals are strongly
dependent on the fracture types of TBCs [19], which was also revealed in large scale rupture
such as volcano seismicity [20]. These findings indicate that the damage characteristic of
TBCs can be obtained by signal processing methods such as wavelet transformation, which
can demonstrate both time and frequency domains of AE signals [21–23]. As shown in Fig. 1,
a key problem in the quantitative AE assessment is, thus, to find out the relationship between
damage evolution parameters (e.g., crack density, crack length) and AE features. For a brittle
film on a ductile substrate, McGuigan et al [24] developed an elastic-plastic shear lag model
to analytically calculate the crack density under tensile loading. With a shear lag
approximation, the model considers an elastic-plastic interlayer, in which the load transfer
from thick ductile substrate to thin brittle film can be described. This agrees well with the
structure of TBCs, indicating an opportunity for theoretical prediction on coating failure in
TBCs. In their experiments, Choi et al [25] observed the delamination crack propagation in
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TBCs under laser thermal cyclic loading, but the real-time monitoring on thermal
conductivity failed to give direct and quantitative information on damage degree, which is
necessary for the real time testing of TBC failure.
While micro-cracks are vital to the TBC performance, their propagation and coalescence
are not catastrophic until the large-scale cleavage or spallation of coating occurs. An
important issue shown in Fig. 1 is how to predict the critical point, at which a cascade of
events develops at increasingly large scales, culminating in a large spalling. Numerous
theoretical life prediction models based on the mismatch strain and the thickness of oxide
layer have been proposed, which might empirically predict the mechanical integrity of TBCs.
Nevertheless, the complex and varied fracture behavior of TBCs is not just the results of
mismatch properties and oxidation, which implies that these models are limited to accurately
estimating the lifetime of TBCs. Busso et al [6] recently predicted their lifetimes based on a
statistical treatment of morphological characteristics and non-destructive stress measurements
of TBCs. Here, a key question regarding the potential reliability prediction is, therefore,
whether it is possible to predict the precursory time of catastrophic coating failure by means
of the statistical analysis on AE signals in a fracture process.
In this paper, the thermal fracture behavior of TBCs is investigated under cyclic heating
and cooling tests. First, the AE response of TBC specimens during a full thermal cycling
process is recorded and analyzed to characterize crack modes by wavelet transformation.
Then, the surface vertical crack density and interface crack length are carefully assessed,
based on the elastic-plastic shear lag model developed by McGuigan et al [24] and the
analysis of interface intensity factors [25]. The results obtained from the assessment can be
used to analyze the correlation of damage evolution in TBCs and AE characteristic. Finally, a
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statistical analysis of AE activities is conducted to predict the critical point or the precursory
time of ultimate coating failure.

2.

Testing and analysis methodology

2.1 TBC specimens
Super-alloy DZ125 was chosen as substrate and the NiCr22Al7Y0.2 (wt.%) bond coating
was deposited on one surface of substrate by the vacuum plasma-spray method with a
Sulzer-Metco system. Then, a ZrO2−8wt.%Y2O3 ceramic coat was prepared using electron
beam physical vapor deposition. The thicknesses of substrate, bond coating and ceramic coat
are 3 mm, 50 µm and 100 µm, respectively. The length and width of TBC specimens are 40
mm and 5 mm, respectively.

2.2 AE monitoring
The cyclic heating and cooling tests of TBC specimens were carried out in a
resistance-heated furnace with temperature of 800°C. A cycle was defined as a 5-minute
heating in furnace and followed a 10-minute cooling in air at room temperature. Here, it is
worth noting that the full process was performed in air or oxidizing atmosphere. The AE
monitoring schematic of TBCs during cyclic heating and cooling is shown in Fig. 2. One end
of a platinum wire was spot-welded onto the substrate surface, and the other end was attached
firmly to an AE sensor through an elastic cord and butter couplant. The platinum wire can
keep the AE sensor operating at room temperature and be freely moved with specimen.
Therefore, AE signals occurred in both heating and cooling stages could be sampled. The
sampling rate was set to 1 MHz with a DB16 AE monitoring system, the amplification factor
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was 400, and the threshold was 30 mV. To avoid mechanical and electromagnetic noise, the
low- and high-filter frequencies were set to 0.1 kHz and 1 MHz, respectively.

2.3 Analysis of AE signals
AE is a non-stationary process, i.e., the power spectrum changes with time, where shortand long-time phenomena coexist. For this reason, a scale-time procedure such as wavelet
transform is an ideal tool to manage data. Wavelet transform is not a single set of basis
functions like the Fourier transform, which utilizes just sine and cosine functions. Instead,
wavelet transform has a very large set of possible basis functions [21−23]. Thus, wavelet
analysis provides an immediate access to information that can be obscured by time-frequency
methods. The idea of wavelet analysis is to slice data into a set of wavelet components, which
are called wavelet levels. Each wavelet level has its specific frequency range. For a given AE
signal, f(t) can be written as a summation of a series of decomposed sub-signals, that is
f (t ) = f 0 (t ) + f 1 (t ) + L f n (t )

(1)

where f 0 (t ), f 1 (t ), L f n (t ) are the levels of decomposed signals, which are measured by
their energy contents. The energy content in each level can be calculated by using
t

(

n

)

E ( j ) (t ) = ∑ f ( j ) (τ ) and then the total energy is given by E (T ) (t ) = ∑ E ( j ) (t ) . The energy
2

τ =t 0

j =0

components in these levels are different and are closely relevant to failure modes. Thus, the
energy coefficient, defined as the ratio of energy in different levels to the total energy,
i.e., R (i ) (t ) = E (i ) (t ) / E (T ) (t ) , is useful to distinguish different AE signals from various possible
modes in TBCs. A more detailed discussion on wavelet transform is given in Refs. [19,
21–23].
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Based on wavelet transform, the energy coefficient R (i ) (t ) was calculated by using
Matlab programs with ‘db8’ (a member of the Daubechies wavelets family) wavelet. The
analyzing scale n was restricted to 5, and AE signals were decomposed into 6 levels with the
particular frequency ranges of D1 (0.25−0.5 MHz), D2 (0.125−0.25 MHz), …, C5 (0−156.25
Hz). Two typical distribution histograms of energy coefficients, as shown in Fig. 3 are found
and their maximum energy coefficients are concentrated on levels D1 and D2, respectively.
Obviously, they are representative frequency bands of surface vertical cracking in ceramic
coat or interface cracking between ceramic and bond coating, which are two main failure
modes in TBCs. In our recent work on the tensile failure process, the representative frequency
bands of surface cracking and interface cracking have been quantified with their maximum
energy coefficients on levels D1 and D2, respectively, which is the same as shown in Fig. 3
[19]. Therefore, the representative frequency bands of failure modes in TBCs under thermal
cycling can be also quantified. This result reveals that the frequency spectra from AE signals
are strongly dependent on failure modes of materials, but they are almost independent of the
failure size and operating pressure [19, 20, 26].

3.

Damage evolution in TBCs

3.1 AE and coatings failure characteristics
Figure 4 shows the AE events in TBC specimens during cyclic heating and cooling tests.
Two different regions with respect to the number of AE events can be distinguished: (1) AE
events increase slowly during initial 110 thermal cycles, and (2) AE events increase rapidly
with the increase of cycle number. To characterize failure in coatings, the microstructure
development subjected to cyclic heating and cooling was observed by using scanning electron
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microscope.

Moreover,

two

specimens

were

employed

and

their

corresponding

cross-sectional patterns at various cycles are shown in Fig. 5. Small microcracks appear in
ceramic coating at the early stage of, for example, 20 cycles. These microcracks propagate
and merge with each other to form surface vertical cracks that can be seen after 60 cycles.
Then, surface vertical cracks propagate and meanwhile interface cracks occur in the
ceramic/bond coating, which increase in both length and number with the increase of cycle
number. An abrupt change in Fig. 4 is referred to as a large energy release, implying an
incurrence of serious damage in TBCs, however, no visible coating spallation appears in the
cross-sections of TBCs, as shown in Fig. 5. These results imply that the trend of the total AE
events is not enough to assess the failure of TBCs, such as, the occurrence time of interface
cracks. It is also seen that failures are not uniformly distributed in a chosen cycle for two
different samples. Here, the non-uniformity is mainly attributed to the inherent heterogeneity
and incomplete observation of TBC sections, which indicates that it is difficult to study the
damage evolution and correlation with AE features just by observed microstructures.
To analyze the damage behavior of TBCs, AE events and their corresponding amplitudes
during heating and cooling stages were measured. As shown in Fig. 6, AE signals were
motivated in both cooling and heating stages, whereas the latter was commonly regarded as
unimportant to TBCs. The AE amplitudes are mainly distributed in a range of 30 to 500 mV.
Although there is a little increase of AE amplitudes with increasing the cycle number, no
noticeable regions were found with respect to amplitudes. Moreover, AE amplitudes in the
heating stage show the same range and irregular distribution as those in the cooling stage,
indicating that AE signals monitored in the heating stage are not noise. These results
demonstrate that micro-failures of TBCs occur in both cooling and heating stages. As we
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know, AE activities of TBCs are a mixture result of coating failures and other factors, such as
substrate deformation and noise. Consequently, the comparison of AE amplitudes between
heating and cooling stages is unreliable to discriminate the mode of coating failure, which is
the key to understand failure mechanisms of TBCs.
In terms of wavelet transform in Section 2.3, the failure mode differentiation of AE
signals can be realized and sampled during heating and cooling stages. As shown in Fig. 7,
AE signals are classified into three classes; one for surface vertical cracking with the
maximum energy coefficient at level D1, one for interface cracking with the maximum energy
coefficient at level D2, and another for others such as substrate deformation and noise.
Failures occurred in the heating stage are mainly surface vertical cracking but those occurred
in the cooling stage exhibit interface cracking. The surface vertical cracking appears at the
beginning of cycle tests and keeps actively and gradually increasing during the whole cycle.
The surface vertical cracking occurs more frequently than interface cracking during the initial
cycles. The interface cracking occurs until cycles up to 40 and abruptly increases at 110
cycles. These results imply that cracking in ceramic coating is easier to form than that at
interface for TBCs subjected to thermal cycles. However, such a tendency becomes inversely
with an abrupt increase of interface cracking during the latter cycles.

3.2 Failure mechanism of TBCs
Surface vertical or interface cracks are strongly dependent on the transient thermal load
in TBCs. To correlate the monitored AE signals with internal damage, stresses in TBCs
subjected to cycle heating and cooling were analyzed. Generally, stresses in TBCs are
composed of thermal stress, induced by the mismatch of thermal expansion coefficients
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between substrate and coatings, and initial residual stress, attributed to rapid contraction of
sprayed splat and cooling from deposition temperature. Residual stress in coating from a
preparation process is compressive because of the small thermal expansion coefficient of
ceramic compared to that of alloy substrate. Numerous experimental and theoretical results
revealed that the compressive residual stress is commonly in the range of −40 to −100 MPa
[27–30]. If bond coating is simplified to the same layer as substrate and TBCs is only
subjected to elastic deformation, thermal stress in TBCs, based on the strain compatibility at
interfaces, can be expressed as [31,32 ],

σ=

[

]

Et* E s* hs (α s − α t )(T − Tr )
+σr
E s* hs + Et* ht

(2)

and thus, thermal strain in top coating is,

ε=

where Ei* =

E s* hs (α s − α t )(T − Tr ) σ r
+ *
E s* hs + Et* ht
Et

(3)

Ei
(i = t or s), E , ν , α and h are Young’s modulus, Poisson’s ratio,
1 −ν i

thermal expansion coefficient, and thickness, respectively. The subscripts t and s represent top
coating and substrate. The values of E , ν ,and α for ceramic coating are 48 GPa, 0.1, and
9 ×10−6 and their values for bond coating are 200 GPa, 0.3, and 14.8 ×10−6 , respectively

[27–30]. T is temperature, Tr is room temperature, and σ r = −70 MPa is the initial residual
stress in top coating [30]. The calculated thermal stress in ceramic coating is 155.9 MPa at T
= 800°C. After cooling to room temperature, thermal stress in top coating is equal to initial
residual stress because of elastic recovery.
Obviously, stress in ceramic coat is tensile in the heating stage and reverses to
compressive in the cooling stage. The tensile stress is detrimental to the coating lifetime
because it tends to aid the opening and propagating of vertical cracks in ceramic coat.
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Although the compressive stress of ceramic coat tends to close vertical cracks and stops their
propagation, it could promote the formation and propagation of interface cracks, which in turn
lead to delamination between ceramic and bond coats and the subsequent spallation of
ceramic coat. This is in well agreement with AE results, where preferential surface vertical
cracks form during heating and interface cracks predominate in the period of cooling.
Therefore, both the tensile stress in heating and compressive stress in cooling may result in
damage in TBCs, which should not be neglected in predicting the lifetime of TBCs or in
understanding micro-failure occurred in a full thermal cycled process.

3.3 Surface crack density
A shear lag model developed by McGuigan et al [24] is used to evaluate the surface
crack density ρ , which is defined as the ratio of multiple crack numbers to the length of
TBCs. This model involves a three-layer system consisting of a strained substrate, a relatively
soft elastic-plastic interlayer of thickness d2, and a thin brittle layer of thickness d1, which
agrees well with the structure of TBCs. When substrate is subjected to tensile strain, brittle
coating splits vertically in the loading direction and the density of vertical cracks depends on
whether plastic deformation occurs in substrate. If substrate is in a fully elastic state, the crack
density ρ of coating can be expressed as,

k
− Gε
ρ = arccosh
2
2
 σ b d1d 2 k − Gε





−1

(4)

Otherwise, if substrate is in the elastic-plastic state, the crack density ρ of coating can be
expressed as,

ρ=

τ bk 2d2
2G

( A + B + C )−1
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(5)

where

A=

σ b k 2 d1d 2 − Gε
G
B=




τ b kd 2
  ,
cosh arcsinh
2

 Gε − σ b k d1d 2  




τ b kd 2

arcsinh
2
G
 Gε − σ b k d1d 2 

τ b kd 2

C =ε

In Eqs. (4) and (5), k =

G
, G is the shear modulus of interlayer, E is Young’s modulus
d1d 2 E

of brittle coating, d1 and d2 are thickness of brittle coating and interlayer, respectively, σ b is
the tensile strength of brittle coating, τ b is the interface shear strength, and ε is the tensile
strain of substrate. Obviously, if the substrate strain ε is estimated, the crack density can be
determined by Eq. (4) or (5).
During heating, ceramic coating experiences a gradual increasing tensile stress and
reaches its maximum value at furnace temperature. However, tensile stress is not uniform
along the length direction of TBCs with an average value estimated by Eq. (2). Based on the
shear-lag consideration, stress that ceramic coating experiences must be transferred from
substrate to interface. In addition, a TBC system must satisfy the strain compatibility, and then
the substrate strain ε can be estimated by Eq. (3). For simplicity, fatigue is assumed as a
simply linear superposition of damage in each cycle, which is suitable to an early fracture
stage of TBCs. Thus, the cumulative surface damage can be calculated by the product of
surface crack density ρ and the number of cycles. Let the initial residual stress σ r = −70
MPa [30], the calculated tensile strain in substrate is 0.29 %. That is, plastic deformation
occurs in substrate under the tensile strain, and therefore, the crack density should be assessed
by Eq. (5). For TBC specimens, the tensile strength σ b of ceramic coating and the interface
shear strength τ b were chosen in the range of 40 to 80 MPa [33,34] and 6 to 20 MPa [35,36],
respectively.
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The relationships of calculated and experimental data for the surface vertical crack
density and cumulative AE events with cycle numbers, and the correlation between the crack
density and AE events are given in Figs. 8(a) and (b), respectively. It is obvious that the
surface vertical crack density determined by the shear-lag model increases linearly with the
increase of cycles due to a linear simplification of fatigue. In the case of σ b and τ b being
restricted to 80 and 12 MPa, experimental data are well consistent with the theoretical curve
besides the late stage of cycles, as shown in Fig. 8(a). However, if the values of σ b and τ b
are expanded, all the experimental data, as shown in Fig. 8(b), locate between the range of
calculated results with tensile and shear strengths are 80 and 12 MPa or 60 and 12 MPa,
respectively. These results indicate that the correlation between crack densities and AE
activities determined by the shear-lag model is reliable and accurate to quantitatively assess
the damage evolution in TBCs. Thus, the linear correlation between the crack density and AE
events can be deduced. The calculated crack densities show the same tendency with a relative
small slope as AE counts increase to about 120. It is also revealed in Fig. 8(b) that the weak
interface layer, with a small value of τ b and a high coating tensile strength σ b , leads to a
small crack density. As shown in Fig. 9, the initial residual stress plays no or little role on the
crack density for various combinations of substrate yield strength and coating tensile strength,
indicating that, for a given TBC, its procedure process may have no influence on surface
vertical cracks.

3.4 Interface crack propagation
As discussed above, the failure modes at the heating stage were mainly surface vertical
cracks, and the delamination crack propagation was assessed only in the cooling stage. Under
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cycle loading, the crack propagation rate da/dN can be generally expressed as,
da / dN = C ∆ K m

(6)

where ∆K is the stress intensity factor amplitude associated with the cooling load, C and m
are constants. Due to a little temperature difference across ceramic coating and a nearly
uniform heating-cooling cycle, the residual compressive stress becomes a more predominant
driving force for the interface crack propagation, primarily because of the elastic recovery of
dynamic transient thermal stresses at cooling. Therefore, only the initial residual stress was
considered here for the propagation of interface cracks.
To assess the effect of the stress intensity factor amplitude ∆K on interface crack
propagation, a pure-shear interfacial mode was studied [25]. Based on the compressed stress
amplitude, the driving force ∆K of subcritical crack propagation can be estimated by [25],
2


a /W
a
a
a
∆K = F  ∆σ πa =
7.264 − 9.37  + 2.74  + ... ∆σ πa
π(1 − a / W ) 
W 
W 
W 


(7)

where ∆σ is the stress amplitude calculated by the initial residual stress, a is the interface
crack length, W is the depth of TBC specimens with 0 ≤

a
a
≤ 1 , and F   is the crack
W
W 

geometry factor. For TBC specimens in this work, W = 3 mm and the crack length a is in the
range of micro-size. Thus, the value of a/W is approximately equal to zero, and the crack
geometry factor can be simplified as, F (a / W ) = 7.264

a /W

.

π

For the simplicity of calculation, let us introduce a nondimensional crack length
a = a / a 0 and the stress intensity factor ∆K II =

∆K
K IIC

into Eq. (6). Substituting the

simplified type of Eq. (7) into the dimensionless function of Eq. (6), the interface crack length
can be expressed as,
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2

 3   7.264a 3 / 2 ∆σ
0
a = a 0 1 − m  D
K IICW
 2  

 2 −3 m

 N + 1



m

(8)

where a0 is the initial crack length, D is constant, KIIC is the interface fracture toughness, and
N is the cycle number.
In the calculation of interface crack propagation, the values of a0 and a at the 140th
cycle are chosen as 1 and 18 µm, respectively, based on experimental observations as shown
in Fig. 5. The exponent, m, for the delamination fatigue crack growth under the cyclic
heating and cooling driving force ∆K , was chosen in the range of 0 to 2. The fracture
toughness of TBCs was 0.73 MPa m [25]. When m and σ r were restricted to 0.6 and –70

MPa [30], respectively, the relationships of calculated and experimental data for the
interface crack length with AE events are plotted in Fig. 10(a). Although there is some
scatter of experimental data around the curve of calculated interface crack length, these data
show a similar increasing law, indicating that the theoretical assessment is reliable. In
addition, it is seen that, although AE events and interface length increase with the increase of
cycles, there is no obvious linear or other tendency that could be established. Therefore, the
correlations of interface crack lengths determined by both theoretical estimation and
experimental observation with AE events are illustrated in Fig. 10(b), which allow us to
quantify the interface crack damage evolution. The increasing tendency between AE signals
and interface crack propagation can be divided into three regions: The first one starts with
the beginning of tests and ends at the cycle with the total AE signals of about 70. As
expected, the distribution of AE signals and their correlation with the interface crack length
are irregular, based on the uncertainty in the early damage evolution. With the onset of
macro-cracks, the count of AE events increases linearly with the interface crack propagation.
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Such a stable propagation process of interface cracks is defined as the second region, as
shown in Fig. 10(b), with the range from 70 to 250 in the horizontal coordinate. In the last
region, the unstable increment relationship of crack lengths and AE event count can be found
out with a relative high slope attributed to the rapid propagation of delamination cracks at
the late stage of testing. These results suggest that, for a given TBC, if the delamination
damage kinetics is concerned, its real-time monitoring of AE signals would give a linear
correlation with the crack length.
It is obvious that, as shown in Fig. 10, the interface propagation behavior is clearly
dependent on the values of m, where larger ones tend to advance the unstable growth with
small crack lengths at the beginning of the third stage. In the case of m being restricted to 0.6,
the relationships of interface crack length with AE signals and cycles under different initial
residual stresses are plotted in Figs. 11(a) and (b), respectively. A crack did not grow
without residual stress, which is reasonable because of no driving force for the crack
propagation. A similar increasing tendency of the interface crack length with AE events was
seen in Fig. 11(a), where larger values were corresponding to a larger residual stress, as
shown in Fig. 11(b). For example, the interface crack length at the 140th cycle increases
from 8.57 to 32.2 µm, which has a strong dependence on the initial residual stress from 40 to
100 MPa. This suggests that the control on residual stress induced by a deposition process
can extend the service life of TBCs.

4.

Precursory time of coating spallation

While micro-cracks are vital to the TBC performance, their propagation and coalescence
are not catastrophic until the large-scale cleavage or spallation of coating occurs. Therefore,
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an important issue is how to predict the occurrence time of such a critical fracture, namely, a
critical point or precursory time. In TBCs, single isolated microcracks firstly appear, and then,

with the increase of load or time of loading, they grow and multiply, leading to an increase of
the crack density or length [3, 5, 6, 37]. As a consequence, microcracks begin to merge until a
critical density (or a critical length) of cracks is reached, at which the main fracture occurs.
The formation of micro-fractures prior to a major failure plays a crucial role in the fracture
behavior, and naturally determines ultimate fracture and the service lifetime of TBCs.
Moreover, these microcracks are correlated with each other in space and time [3, 6, 37].
Therefore, the criticality or precursory phenomena can be traced back by the interplay
between the pre-existing heterogeneity and the correlated growth of cracks mediated by the
singularities of damage parameters. Based on experimental observations discussed in Section
3, the AE response gives real-time and reliable information on the damage evolution in TBCs,
indicating a qualitative physical picture for the progressive damage can be established through
AE signals.
To study the precursory phenomena from recognizable signatures of microcracks, a
statistical model was introduced according to the renormalization group theory in statistical
physics [38, 39]. The usefulness of renormalization is dependent on the existence of scale
invariance at the critical point, which allows one to define a mapping between the physical
scale and distance from the critical point in the control parameter axis [39]. Based on our
recent work [19], the cumulative number distribution of AE events in TBCs follows a
power-law or scaling, which implies that damage in TBCs gradually evolves to a critical point.
Similar to AE events in other rupture phenomena [40, 41], a log-periodic correction to scaling
can be used to fit the cumulative number or amplitude of AE signals in TBCs. Thus, the
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cumulative count or amplitude f(N) of AE events versus the fracture evolution or the thermal
cycle number N in TBCs can be expressed as,
 log (N f − N )

m
+ ϕ 
f ( N ) = A + B (N f − N ) 1 + C cos 2π
log λ




(9)

where A, B, and C are normalizing parameters, Nf is the critical cycle number to be predicted,
m is the exponent of the power-law growth, λ is the scale ratio, and ϕ is a shift parameter [41].

Here, it is worth noting that, relative to other formulae with a small number of fitting
parameters, the amount of information obtained from this 7-parameter formula in Eq. (9) is
significant [40, 41].
As shown in Fig. 12, Eq. (9) was used to fit the cumulative AE events and their
corresponding cumulative amplitudes from TBCs in heating, cooling and whole cycling
stages. It is seen that the fitting curves are in good agreement with experimental data in the
heating stage for both AE event counts and amplitudes. The scatters of cooling and cycling
data appear to fluctuate periodically as N approaches Nf, indicating the reliability of prediction.
The predicted values of precursory cycles are 221, 151, 164 and 203, 178, 150, for AE event
counts and amplitudes, respectively, by fitting the data from heating, cooling, and whole
cycling stages. The microstructures observed after 200 cycles reveal that a large scale of
cleavage and delamination occurs in the ceramic coating and ceramic/bond interface,
respectively. It is interesting to note that the predicted cycles through AE data from the
heating stage are bigger than that in the cooling stage, moreover the latter ones exactly appear
closing to those obtained from the whole cycling stage. It is also worth noting that an implied
assumption here is that the precursory time is strongly dependent on the risk level of a failure
type in TBCs. Under this assumption, for a given thermal cycle, all the possible failure types
in TBCs may result in the critical damage when the released elastic energy reaches a state, i.e.,
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the occurrence of singularity of AE signals. These results indicate that delamination damage
at the ceramic/bond interface is more dangerous than cleavage damage in ceramic coating in
determining the lifetime of TBCs.

5.

Conclusions

In this paper, a systematic study has been carried out by using a real-time AE method on
quantitative assessment of the fracture behavior in TBCs, subjected to cyclic heating and
cooling. The following important conclusions can be made:
(1)

Due to the excellent response of time- and frequency-domains of AE signals,

wavelet transform is proved to be a useful way to discriminate failure modes in TBCs.
(2) Coating failures can occur in both heating and cooling stages during thermal cycling.
The results obtained by the wavelet analysis of AE signals reveal that damage exhibits mainly
surface vertical cracking in the heating stage and interface cracking in the cooling stage. The
failure mechanism can be explained based on the stress state in TBCs, which experiences a
tensile stress in the heating stage and then turns to a compressive stress in the cooling stage,
leading to the surface vertical cracking and interface cracking, respectively.
(3) The quantitative parameters, such as the surface crack density and interface crack
length, estimated by theoretical models have a well correlated relationship with AE events
associated with each failure mode. It provides a potential possibility for the quantitative
assessment of damage evolution in TBCs.
(4) The predicted precursory time is well agreement with the experimental observation
of large scale cleavage and delamination. In the whole failure controlled by a singularity of
AE signals, delamination damage is more dangerous than cleavage damage for the lifetime of
20

TBCs.
These results have shown that AE can be a powerful and reliable tool for assessing the
fracture behavior in TBCs and predicting their service life. It is worth noting that, however,
our analysis, including the quantitative assessment of damage evolution and precursory time
prediction of TBCs, is still at a very primitive stage. More studies will be needed on the
quantitative assessment of damage evolution in TBCs to obtain an equation describing the
relationship between mirocracks and AE activities.
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Figure captions

Fig. 1. Illustration of the research process on the damage evolution and rupture time
prediction in TBCs by an AE method: (i) to monitor surface vertical or interface
cracks and their corresponding AE signals, and then (ii) to correlate AE parameters
with cracking information, including the crack type, crack density or length, and
critical rupture time.
Fig. 2. Schematic of the experimental setup for cyclic heating and cooling tests and AE
measurements.
Fig. 3. Typical distribution histograms of energy coefficients for surface vertical crack and
interface crack based on wavelet transformation of AE signals.
Fig. 4. AE events monitored from TBCs under cyclic heating and cooling.
Fig. 5. Scanning electron microscopy patterns of TBCs for sample A after (a) 20, (b) 60, (c)
100, and (d) 140 cycles, and for sample B after (e) 20, (f) 60, (g) 100, and (h) 140
cycles at 800°C, respectively.
Fig. 6. Relationships between (a) AE events and (b) their corresponding amplitude
distributions with the cycle number during heating and cooling stages.
Fig. 7. The failure mode differentiation results of AE signals monitored in (a) heating, and
(b) cooling stages, respectively.
Fig. 8. (a) Relationships of surface vertical crack density and cumulative AE events with the
cycle number, and (b) the correlation between the crack density and AE events.
Fig. 9. The effect of initial residual stress on the crack density at different shear strengths of
25

substrate and tensile strengths of coating.
Fig. 10. (a) Relationships of interface crack length and AE events with the cycle number, and
(b) the correlation between the interface crack and AE events.
Fig. 11. The effect of initial residual stress on interface crack in TBCs subjected to cyclic
heating and cooling. (a) The relationship of interface crack length with AE events,
and (b) the relationship of interface crack length with the cycle number under
different initial residual stresses.
Fig. 12. The fitting results of (a) cumulative AE events and (b) their corresponding
cumulative amplitudes from TBCs in heating, cooling and whole cycling stages,
respectively.
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