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Ceramic functional coatings are frequently applied to structural materials, covering a wide range of
thermomechanical and electrochemical applications. The main limiting feature is their reliability when
subjected to cyclic transient thermal stresses. The study described in this article is a continuation of
earlier research study focused on acoustic emission (AE) monitoring of the thermomechanical aging
effects in ceramic coatings. Here, emphasis is placed on the usefulness of combining AE short-term
monitoring with finite element modeling (FEM) to predict the performance of such coatings when
subjected to cyclic thermal loads. The FEM study presented in this article is based on a three-dimen-
sional, time-dependent approach, of the stress fields that developed within the coatings during the post-
deposition cooling step and the thermal cycling. Experiments were conducted using yttrium-stabilized
zirconia (YSZ) and Alumina (Al2O3) ceramic coatings combined with a NiCr-based intermetallic bond
coat.

Keywords acoustic emission, alumina, finite element model-
ling, thermal barrier coating (TBC), thermal
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1. Introduction

Oxide ceramic materials commonly show specific
properties of relatively high hardness, high passive resis-
tance to chemical and thermo-chemical aggressions, and
low thermal conductivity. Therefore, oxide ceramics are
widely used as protective coatings applied to various
underlying alloys. Among them, thermal barrier coatings
(TBCs) applied to the hot sections of gas turbines,
aero-engines, or diesel engines, are extensively used.
TBCs are generally subjected to cyclic thermal shocks,
which mainly consist in a transient thermal stress, resulting
from a transient thermal gradient, applied to the material.
In general, the worst conditions develop during engine
cooling, either when the power is reduced or the engine is
shut down. Since most coated components are cooled from
their backside during operation of the engine, a thermal
gradient applies previously to any transient conditions
(Ref 1). A recent study, through presenting the delami-
nating mechanisms in coatings that experience thermal

gradients, has shown that delaminating within the oxide
layer can be explained by the presence of significant stress
gradient within the coating. It has also been shown in this
article that both transient and equilibrium temperatures
play a key role in the fracture mechanics (Ref 2).

Acoustic emission (AE) monitoring of TBC under
thermal and thermal cycling conditions has already been
investigated in the literature. Berndt et al. exposed that
the AE count rate can be connected to the microstructural
modifications of ceramic coatings as well as to the residual
stress within the coating (Ref 3). It has also been dem-
onstrated that AE signals of high amplitude can be asso-
ciated with macro-cracking whereas signals of average and
weak amplitude can be connected with micro-cracking
(Ref 4). Another study, based on thermally sprayed
ceramic coatings, pointed out that coatings without bond
coat have emitted fewer signals during the first cycles than
those with a bond coat, while after several cycles they have
emitted more (Ref 5). During the first cycles, if the coating
without bond coat has emitted less AE, then one could
draw the conclusion that the remaining life is larger for
coatings without bond coat, which is not in agreement with
experiments. Therefore, it seems that a minimum number
of fatigue cycles are needed before relating with confi-
dence the AE count to the thermomechanical aging of the
coating. Then, the point is how the number of cycles to be
achieved can be quantified before a short-term AE mon-
itoring can be considered as reliable to be used for
remaining life assessment. In other words, what appears
here is that, if crack lengths are not known before the first
cyclic test, then it is hazardous to derive any conclusion
about the remaining fatigue life, i.e., life under sub-critical
crack growth conditions, using AE monitoring. Thus, the
aim of the model is to confront the numeric results
with the actual AE behavior of the coupons during a
short-term AE monitoring to set up a reliable procedure.
The long-term monitoring of the AE behavior for these
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specific samples has already been presented in the litera-
ture (Ref 6).

The computations were conducted using a dedicated
finite element code, named CASTEM, developed by the
Council of Atomic Energy (CEA, France). The code
allowed using a three-dimensional (3D) approach, time
resolved together with nonlinear computation of temper-
ature fields, under various thermal loading conditions. The
modeling of the deposition�s residual stress has been pre-
viously presented in the literature by different authors
(Ref 7, 8). Nevertheless, in those studies, the whole
coating has been assumed to be stress free at the deposi-
tion temperature, i.e., during spraying. In that way, the
coefficient of thermal expansion (CTE) mismatch is con-
sidered to be the main parameter triggering the stress both
during the after-deposition cooling step and during the
thermal cycling test. For each time step, the thermal fields
are calculated, leading to the computation of the associ-
ated stress fields, using the Hooke�s law extended
to thermo-elastic behavior. No plasticity is taken into
account since the duration of the heating period is 160 s,
and the plastic deformation is known to be a weak source
of AE (Ref 9). The computed thermal stresses do not take
into account any pre-existing cracks or any remaining
stress built-up during the spraying. It is proposed here to
associate the stress, computed under ideal material con-
ditions as soon as the spraying step finishes, to the short-
term AE monitoring. Precisely, the AE behavior during
the first cycle of the ceramic coatings with and without
bond coat has to be well explained before presenting any
remaining life prediction procedure based on short-term
AE monitoring. The latter point will represent the topic
of this study.

In order to assess the potentiality of using AE moni-
toring on a short-term range during a given thermal shock,
actual materials and architecture of the samples have been
chosen trying to make a relevant case. Two ceramic
materials have thus been considered, alumina (Al2O3) and
yttrium-stabilized zirconia (YSZ), the latter applied both
with and without a (NiCr)6Al-based bond coat. On the
one hand, alumina is known to be poorly resistant to
thermal shocks but it does provide a good resistance to
wear and erosion at high temperatures. The crystallo-
graphic structure of the as sprayed alumina has been
reported in the literature to be predominantly the meta-
stable c-Al2O3 phase (Ref 10, 11). During heat treatment,
phase transformation from c-Al2O3 to a-Al2O3, with
the transition phases d-Al2O3 and h-Al2O3 created in
between, has also been reported (Ref 12, 13). It can be
assumed with reasonable confidence that phase transfor-
mations will take place during spraying and any thermal
cycling tests conducted over 1000 �C. On the other hand,
YSZ is well known to provide a good resistance to thermal
shocks and, therefore, is successfully used in various states
of the art plasma sprayed coatings for high temperature
engines applications. Thus, YSZ has been applied on the
substrate with and without bond coat, while alumina has
been only sprayed on a bond coat. In those studies, duplex
samples composed of a bond coat and a ceramic top coat
are referred to as TBC, i.e., TBC-Al2O3, and TBC-YSZ,

while without bond coat only the name of the sprayed
material is used, i.e., YSZ. The finite element analysis will
be focused on the YSZ and TBC-YSZ samples, since
ceramic material and spraying conditions are identical.
and the resulting phase is stabilized. Nevertheless, the
short-term AE monitoring will concern the all the three
samples.

2. AE and Cyclic Fatigue Life

In the case of thermally sprayed coatings, the resulting
coating�s microstructure is composed of several overlap-
ping, layered, and micro-cracked splats, maintained
together by interlocking structural forces. The construc-
tion of such coatings with the resulting quenching stress
has been explained by the Kuroda and Clyne model
(Ref 14). Impacting YSZ particles are rapidly quenched
with very high cooling rates in the order of 106 to
109 K s�1 upon particle impact (Ref 15). The release of
most of the quenching stress developed in each ceramic
splat upon impact is induced by the micro-cracking phe-
nomenon. That is why, only the CTE mismatch is usually
considered to be the main parameter responsible of the
stress state within the coating under thermomechanical
load. During cyclic fatigue conditions, the failure process
is considered to arise through a sequence of cracks
nucleation, propagation, and coalescence events. If suffi-
ciently high stresses are present within the coating, then
cracks initiate and propagate leading to the final degra-
dation of the system. The damage accumulation starts as
soon as the molten particles impact the substrate during
the deposition process.

Liu et al. have already proposed a phenomenological
life prediction model for TBCs under repetitive thermal
shocks based on the general fatigue life model of Basquin
(Ref 16). Using Finite Element Modeling (FEM), it has
been shown that this model is accurate within a factor of 3,
i.e., three times the standard deviation. The Basquin
equation representing the finite life of a material in terms
of cyclic fatigue can be expressed by Eq 1.

Nf ¼ A Drð Þm ðEq 1Þ

where Nf is the TBC spalling life in cycles, A and m are
the constants that are to be fitted to life data collected
from the thermal shock tests, and Dr is the cyclic stress
range. Thus, the phenomenological damage variable
considered in that model is the maximum stress that will
apply during fatigue tests. The Basquin�s approach to
fatigue resistant design is, therefore, based on the draw-
ing-up of the S-N curves, also known as Wöhler curves
(Ref 17, 18). Moreover, the stress-based approach does
not provide any indication about the rate at which already
existing cracks are likely to develop. Therefore, it cannot
be used with accuracy to assess the severity of pre-exist-
ing cracks and the remaining fatigue life of a given
structure (Ref 19). Paris and Erdogan proposed the range
of stress intensity factor (DK) as the characteristic
parameter for fatigue tests (Ref 20, 21). During fatigue,
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the crack growth rate can be described by the Paris-
Erdogan equation (Eq 2).

da

dN
¼ CðDKÞn ðEq 2Þ

where the da/dN is the subcritical cyclic crack growth, C
and n are the material parameters, and DK is the stress
intensity factor range. A simple model for DK is given by

DK ¼ B DS p � að Þ1=2 ðEq 3Þ

where B is a material parameter, DS the stress range, and a
the crack length.

It has already been shown experimentally in the liter-
ature that AE count rates show reasonable correlation
with crack propagation rates in steel and welded steel
structures (Ref 22). Moreover, in the case of steel railroad
bridges a relationship between AE count rate and fatigue
crack growth has already been proposed by Gong et al.
using a similar power law, Eq 4 (Ref 23).

dg
dN
¼ C DKð Þp ðEq 4Þ

where dg/dN is the cyclic AE count rate, C and p are the
material parameters, and DK remains the stress intensity
factor range. Therefore, this last equation provides a
natural link between nondestructive AE monitoring and
qualitative fracture mechanic methods for predicting the
rate of cracks propagation. Based on this model, where the
AE count rate is related to the stress factor range DS and
the instantaneous crack length, it may be possible to
predict the remaining service life of damaged structures
from the results of a short-term AE monitoring.

3. Experimental Details

Actual test samples are beam-shaped AISI 304SS sub-
strates 370 9 25.4 9 1.4 mm3. The general aspect of the
actual test sample is shown in Fig. 1. Coatings are sprayed
over an area of 120 9 25.4 mm, centered on the substrate,

in order to fit closely to the furnace�s length. Ceramic and
metallic powders were obtained from Sulzer Metco (Sul-
zer Metco, Winterthur, Switzerland). The (NiCr)6Al bond
coat powder size is �125 + 45 lm. The YSZ ZrO2-Y2O3

ceramic powder size is �75 + 45 lm while that of the
alumina (Al2O3) is �45 + 15 lm. Samples’ deposition
was performed using a TEKNA AS-103L (Sherbrooke,
Canada) direct current plasma torch. The bond coat
thickness, if applied, is of 150 lm, while the ceramic
coatings are 300 lm thick. Spray parameters are detailed
in Table 1. During spraying, the samples are air-cooled
from the upper surface, i.e., the last deposited layer, dur-
ing the rotation of the substrates which is set at 120 rpm.
In order to avoid any residual warping of samples during
both deposition and cycling steps, a mechanical rein-
forcement is obtained by folding the substrate plate below
the deposited area before deposition. Since YSZ is applied
using the same spray parameters in both cases, i.e., with or
without bond coat, it can reasonably be supposed that they
exhibit quite close material properties at the end of the
spraying step.

During the heating periods, an air flow of 1 slpm was
injected parallel to the sample, as shown in Fig. 2(b). This
was done to simulate the real cooling system conditions
encountered inside a turbine and maintain a thermal
gradient through the sample. In that application, folding
the plate helps also in confining the air stream along the
substrate back surface.

Fig. 1 General aspect of the coated samples

Table 1 Spray parameters of the coating materials
(injector i.d. is of 1 mm, anode nozzle i.d. is of 5 mm)

Parameters Bond coat Zirconia Alumina

Primary gas (Ar), slpm 45 45 45
Secondary gas (H2), slpm 15 15 15
Powder feed rate, g/min 20 15 10
Carrier gas (Ar), slpm 2.7 2.2 1.8
Power, kW 37 37 37
Arc current, A 500 500 500
Stand-off distance, mm 100 100 80

Fig. 2 Schematic side view of the experimental thermal shock
test rig (a) and air cooling tube mounting details (b)
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In Fig. 2(a), a side view of the experimental thermal
shock test rig that has been developed to reproduce the
thermal shock conditions encountered inside a turbine
combustion chamber can be seen. Two kilowatts halogen
lamps, focused on the coating area, were used as the fur-
nace heat source. The radiative incident heat flux was
measured using a radiant flux meter adapted to the harsh
environment and positioned in the place of the sample.
The measured flux was 145 ± 9 kW/m2. Samples were
inserted into a quartz tube to isolate the system from
potential external fluctuations. Thermal cycles consisted
of a 160-s heating period at the full power of the infrared
lamps, followed by a 180-s cooling period, with the lamps
shut down. During the cooling periods, samples were
cooled from the back surface by an air stream of 145 slpm,
injected perpendicularly onto the sample through some 70
holes, focused on the deposition area, as shown in
Fig. 2(b). The coating surface and the substrate�s rear
surface temperatures were measured, using two K ther-
mocouples specially mounted for this purpose, onto the
center of the corresponding surfaces. Two additional
thermocouples were used to measure the ambient tem-
perature inside the tube. One was positioned between the
cooling tube and the sample, while the other was placed
between the side of the sample and the quartz tube. The
sample�s surface temperature reaches values up to 1331 K
during the heating period. The maximum rear side
recorded temperature was 978 K. The parallel 1 slpm
airflow maintained the realistic temperature gradient of
about 350�. At the end of the cooling period, the sample�s
temperature fell to an approximately homogenous 329 K.
Therefore, this operation provided a reproducible 1000 K
thermal shock. The total duration of the cycle was about
340 s.

4. Finite Element Modeling

Only the part of the substrate that bears the coating,
and the coating itself, are modeled. The meshing of sam-
ples appears to be a three superposed plate�s assemblage,
i.e., substrate, bond coat, and top coat. Conventionally,
plates have been analyzed in two dimensions by treating
them as surface elements that can take into account the
plate thickness. Nevertheless, plate elements do not have
provision for the calculation of the normal forces across
the layers while brick elements have. Thus, the parabolic
20-node hexahedron element has been chosen since it
permits the computation of the normal and shear stress
distributions and their variations throughout the material
thickness. In order to achieve calculations, the coupons
discretization is made up of 4650 elements and 24500
nodes. According to the solid brick element specifications,
each node has three spatial degrees of freedom plus one
additional degree of freedom for temperature. This raises
the system�s degree of freedom up to a total of 98000.
Boundaries’ conditions are applied to the model to
reproduce the conditions encountered by the sample
during thermal cycling inside the bench. Since neither

plasticity nor cracks are modeled, the study is focused on
the thermal modeling. In order to describe post-deposition
cooling step and the thermal cycle, several thermal load-
ings are applied. The chosen resolution procedure enables
a nonlinear thermal problem, with free and forced con-
vection, conduction, and radiation, associated with time
steps to be carried out. In the model, the Neumann�s
condition was chosen (imposed heat flux). Therefore,
heat-transfer coefficients were calculated for all the sides
of the meshing.

For the post-deposition cooling step, four thermal
loadings, i.e., heat-transfer coefficients, are used. In the
case of thermal cycle modeling, eight are necessary to take
into account the thermal loads that occur during the
heating and cooling steps. Ambient temperature is set at
293 K. The during-deposition temperature is 723 K, as
measured by means of heat-sensitive enamels applied to
the back faces of samples. The different heat-transfer
coefficients were calculated for every 25� interval. The
thermal loadings experienced during the post-deposition
cooling step, i.e., heat-transfer coefficients, which are
applied to the six faces of the sample were calculated
using the empirical relationships found in the literature
(Ref 24). In the case of the thermal cycle modeling, the
free convection coefficients were calculated while taking
into account two monitored temperatures inside the
quartz tube during an actual test run, i.e., upper quartz
tube air temperature and back face air temperature. A
parallel-to-the-substrate airflow of 1 slpm is maintained
during heating periods, which induces a different ambient
temperature for the backside than for the rest of the
sample. The re-emitted radiation corresponding heat-
transfer coefficients were calculated, using a procedure
from the Castem code, and separately for the upper and
lower faces. The incident flux was measured experimen-
tally and is also an entry parameter. All heat-transfer
coefficients for free convection were calculated twice, i.e.,
for both the heating period and the cooling period, using
the same either increasing or decreasing 25� step mode of
calculation. The data tables so obtained were inserted as
entry parameters into the model.

The determination of the heat-transfer coefficient for
the forced convection that is applied to the back face of
the sample during cooling is also a parameter that needs to
be calculated. The temperature of the cooling air jet is
293 K. Since it is hard to estimate the stagnation zone
value to be used in the forced convection heat-transfer
calculation, considering the actual system, a slot of
equivalent width replaces the row of nozzles in the cal-
culation. The slot�s width is adjusted to provide the same
gas flow rate and velocity as the row of nozzles, for the
same length. Reynolds and Nusselt numbers are calcu-
lated using the empirical relationship for a single slot, as
found in the literature (Ref 24). The forced convection
heat-transfer coefficient found using this method was
equal to 260 W/m2 K. In the model, Young�s and Poisson�s
modules are not temperature dependent, while the coef-
ficients of thermal expansion, conductivity, and emissivity
are. Thermal and mechanical properties of materials
involved in the model are all taken from the literature and
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displayed in Table 2 (Ref 1, 25-28). Because of the micro-
cracked structure of the ceramic coating, the values of
Young�s modulus obtained by ultrasonic methods, which
take into account the inherent differences between com-
pressive and tensile measurements performed on cracked
samples, were considered more reliable (Ref 29). Mesh-
ing convergence, model sensitivity to material properties,
and time convergence have been presented elsewhere
(Ref 30, 31).

5. Numeric Results

In the following time-resolved evolution curves, values
are extracted from two points through the thickness, Z
axis, chosen in the centre of the sample�s faces. Conse-
quently, these points are situated at the mid-width, Y
axis, and the mid-length, X axis, of the meshing. This
position is considered as the furthest from the plate�s
limits. The stress values in the study will refer to a
computed stress corresponding to a discreet time within
the studied step. Stress range, DS, will refer to the actual
stress increment, relatively to a previously applied stress
state.

5.1 Post-Deposition Cooling Step

No temperature recordings for the transient cooling
phenomena of samples measured immediately after
deposition were obtained. However, the total cooling time,
necessary to reach room temperature was readily mea-
sured, as 20 min. In Fig. 3 and 4, the time-resolved devel-
opment of the normal in-plane stresses, called SXX and
SYY, located at the ceramic/metal interface can be seen,
Fig. 3(a) and 4(a), and the ceramic’s surface in Fig. 3(b)
and 4(b). The computed cooling rate is also displayed in
these figures. The time step in the post-deposition step
modeling is 10 s. Results for both TBC-YSZ and YSZ
samples are presented.

It can bee seen from these figures that the cooling times
to reach 298 K is 17 min. Calculation shows that the
cooling rate values during the first 30 s, ranging from
�55 K s�1 at 10 s to �15 K s�1 at 30 s, correspond to
those of the post-deposition thermal down shocks. Cooling

rates are extracted from the center of the upper surface of
the ceramic layer. Between 30 and 40 s, a second variation
of the cooling rates is noted. This variation shows the
equalization of temperatures within the plate. After
1000 s, the cooling rates of both faces are equal to zero.
The radial thermal gradient through the plate�s thickness
is also equal to zero with a corresponding homogeneous
temperature equal to ambient. The post-deposition cool-
ing step has, therefore, been achieved, and any occurred
transient tensile stress has contributed to the thermal
aging of the samples. The stress values at the interface,
observed in Fig. 3(a) and 4(a), are attributed to the CTE
mismatch between the layers and the substrate, since the
upper part of the ceramic layer stays globally under
compressive stress. It is assumed that the thermal gradient
throughout the upper part of the ceramic layer is not
sufficient to involve surface quenching stress, as it can be
seen in Fig. 3(b) and 4(b). Thus, as a first remark about
the model�s results, the analysis of the stress fields within
the ceramic layer can be simplified by creating two spe-
cific zones, the metal/ceramic interface, which is always

Table 2 Thermomechanical properties of coating
materials used in the finite element model

Properties YSZ Bond coat Substrate

Emissivity 0.907-0.656 … 0.1043-0.2042
Thermal conductivity,

W m�1 K�1
1.52-1.68 14.6-34.3 14-36

Specific heat,
J kg�1 K�1

49.951-644.138 271.7-919.6 376.2-489.06

Thermal expansion,
10�6 K�1

6.5-11.6 11.6-21.2 14.7-21.4

Poisson coefficient 0.26 0.31 0.29
Young modulus, Pa 2 9 1010 1.1 9 1011 2.2 9 1011

Mass density, kg m�3 5500 7150 7900

Fig. 3 Time-resolved in-plane normal stresses SXX profiles for
TBC-YSZ and YSZ samples, during the post-deposition cooling
step extracted from the metal/ceramic interface (a) and the
ceramic�s surface (b)
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subjected to the CTE mismatch, and the upper part of the
ceramic layer, more subjected to the transient thermal
gradient.

At the interface, in the case of YSZ, the CTE mismatch
induces stress values up to 28 MPa for SXX and 34 MPa
for SYY. At the interface, in the case of TBC-YSZ sample,
the values are quite lower, in the order of 3 MPa for SXX

and 8 MPa for SYY. Thus, at the end of the post-deposition
cooling step, the stress range that has developed at the
interface of the YSZ sample during the first seconds is
several times higher than in the case of TBC-YSZ. From
that result, it can be assumed that the degradation states of
the two samples are different; the thermal aging in the
case of YSZ sample being more advanced which can affect
the AE behavior during at least the first cycles of the test.
As a reminder, these results do not take into account any
stress subsequent to the grit blasting operation before
spraying or subsequent to the spraying process. They may
not represent the entirely the stress state of the samples
but are needed to assess the thermal stress ranges that may
trigger further acoustic emissions.

5.2 Thermal Cycle Step

The result of the calculated thermal cycle is presented
in Fig. 5(b). Overall, it shows good agreement with the
experimental record, Fig. 5(a). There is approximately a
2% difference between the calculated temperatures at
the end of the heating period, and those measured. The
maximum calculated temperature of the upper surface
reaches 1318 K as against 1331 K in the furnace. On the
lower face, the model predicts 988 K in comparison to
978 K under real conditions. The lowest calculated tem-
perature achieved during the cycle, at the end of the
cooling period, is 322 K as against 329 K noted in the
experiment. The calculated heating rate during the first
seconds is underestimated by 28% in comparison with the
measured value in the quartz tube while the calculated
cooling rate is closer to the measured value; the difference
is of 6%. It can be reasonably assumed that the computed
thermal down shock is well approximated by the finite
element analysis. Globally, it can be concluded that the
maximum and minimum temperatures, as well as the
thermal up and down shocks, are well reproduced.

Fig. 4 Time-resolved in-plane normal stresses SYY profiles for
TBC-YSZ and YSZ samples during the post-deposition cooling
step extracted from the metal/ceramic interface (a) and the
ceramic�s surface (b)

Fig. 5 Experimental (a), and calculated (b) temperature pro-
files and heating/cooling rates for, respectively, the front face and
the back face of the TBC sample
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The development of in-plane normal stress according
to time, during the cycle, is presented at the interface and
at the surface of the ceramic layer, in the case of the YSZ
and TBC-YSZ samples. In-plane SXX normal stress is
displayed in Fig. 6 while SYY is shown in Fig. 7. The
reference point is still the center of the barrier, at
the mid-length and mid-width. The first stress state on the
graph corresponds to the previous calculated stress state at
the end of the post-deposition cooling step. Curves of the
stress time development are characterized by different
situations corresponding to the variations of the heating/
cooling rate, also plotted on the curves using the second
Y-axis to the right of the graph. The two zones, with
important variations of the heating/cooling rates, corre-
spond to the maximum stress intensity applied to the
system, being either compressive during the up shock or
tensile during the down shock. The up shock is charac-
terized by the development of a strong compressive stress
which effect is not being of interest for the reason that
compressive stress is not supposed to propagate the pre-
existing vertical cracks, arising from the release of the

quenching stress during the spraying step. Following the
up shock, a zone with flat heating/cooling rates corre-
sponds to slight variations of stresses with time. These
stresses apply as a consequence of a non-homogeneous
temperature throughout the sample�s thickness, as shown
in Fig. 5.

Globally during the heating step, the generated tensile
stress shows increasing values from the interface to the
surface of the ceramic layer. At the interface, tensile
maxima are 13 MPa in case of YSZ sample, and 6 MPA in
case of TBC-YSZ (Fig. 7a), while the upper part of the
coating experienced tensile stresses up to 20-30 MPa, in
both cases (Fig. 6b, 7b). No tensile stress arises along the
X axis during this period (Fig. 6a). Maxima obtained for
SXX are in a general manner lower in both samples than
the ones for SYY. The tensile stress range occurred during
the heating plateau is expected to contribute to the ther-
mal aging of coatings, as well as during the post-deposition
cooling step. The main difference between YSZ and
TBC-YSZ samples, at the end of the heating period, is
concentrated at the interface, where YSZ sample has

Fig. 6 Time-resolved in-plane normal stresses SXX profiles
for TBC-YSZ and YSZ samples during the thermal cycle,
extracted from the metal/ceramic interface (a) and the ceramic�s
surface (b)

Fig. 7 Time-resolved in-plane normal stresses SYY profiles
for TBC-YSZ and YSZ samples during the thermal cycle,
extracted from the metal/ceramic interface (a) and the ceramic�s
surface (b)
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already sustained a higher stress range during the post-
deposition cooling step that has modified the crack’s
length. Concerning the upper part of the ceramic layer,
the stress range that had occurred until the end of the
heating plateau is rather similar for both samples, and it
can be concluded that the thermal aging of the samples
within the upper part of the ceramic is still similar.

During the first seconds of the cooling step, i.e., around
20 s., the subsequent stress reaches the highest tensile
values of the whole cycle, thus setting the highest stress
range occurred since the end of spraying. Thus, the stress
above the previous values, i.e., the one applying during the
heating plateau, determines the contribution of the cycle�s
thermal down shock conditions to the degradation pro-
cesses. In that way, and as a second remark about the
model�s results, it should be considered to discriminate
AE counts corresponding to the heating period from those
corresponding to the cooling period. The down shock is
characterized by the development of a tensile stress in
both samples. The maximum stress that is applied is in the
order of 151 MPa for SYY and 53 for SXX in the case of
YSZ sample, at the interface. In case of TBC-YSZ, the
maximum stress at the interface is 50 for SYY and SXX

remains compressive. At the surface, in-plane tensile
stresses are in the same order for both samples, around
60 MPa for SYY and 45 for SXX. These values should be
associated to the temperature gradient throughout the
upper part of the ceramic layer. Following the down shock
conditions, a second zone with flat heating/cooling rates
takes place which corresponds to compressive stresses
applied as a consequence of a homogeneous temperature
throughout the sample�s thickness, as shown in Fig. 5.
Thus, it is concluded, after analyzing the results of the FE
model, that different stress ranges have taken place, one
during the post-deposition cooling step and the two others
during the heating and the cooling period of cycle.
Moreover, the stress range can be studied separately
between the interface zone and the upper part of the
ceramic layer.

6. Acoustic Emission Results

It has been proposed that the AE behavior is correlated
to the stress intensity factor range DK, itself combining a
stress range DS to a crack length. In a first step, short-term
AE behavior monitoring has been performed for YSZ and
TBC-YSZ. Results of the first cycle are displayed in Fig. 8.
After the first thermal cycle, the TBC-YSZ sample has
emitted a total of 66 AE against 45 in the case of the YSZ
sample, showing a ratio of around 1.5. Nevertheless, it
can be seen in Fig. 8 that the difference between both
samples comes from the heating step, when the TBC-YSZ
sample has emitted three times more AE than the YSZ
sample. The FE analysis helps in interpreting that result.
During the post-deposition cooling step, CTE mismatch
according to thermal conditions has generated in-plane
normal stresses in the order of 30 MPa at the interface in
case of the YSZ sample. This stress has been distributed

through the thickness of the sample, since the surface
stress remains equal to zero and further decreases. Thus,
YSZ and TBC-YSZ at the interface zone cannot be con-
sidered after the post-deposition cooling step as equiva-
lent damaged structures. In the case of YSZ sample, the
stress range that is applied during the post-deposition
cooling step at the interface is higher than the one that is
applied during the heating period, limiting the increase of
the stress intensity factor. The upper part of the ceramic
layer shows the application of similar stress range in both
samples. Thus, since triggering more AE is supposed to
have a higher stress intensity factor, it is expected that less
AE counts are observed during the first heating period for
the YSZ sample than for the TBC-YSZ sample. With
reasonable confidence, it can be considered that the actual
AE behavior of the two samples confirms that point. The
model shows that during thermal loading, the highest
stress range occurs during the cooling step of the cycle.
During the first seconds of the cooling, the FE model
points out that TBC-YSZ and YSZ show similar stress
range in the upper part of the ceramic layer. The lack of
bond coat in case of YSZ sample induces a higher stress
range at the ceramic/metal interface than during the
cooling step. Therefore both samples are expected to
sustain a substantial increase in the stress intensity factor
range and produce a corresponding substantial amount of
AE. Also in that case the actual AE behavior of the
samples comforts this point.

The actual AE behavior of the samples allows thinking
that the crack growth rate during the heating period is
lower in the case of YSZ sample than in the case of
TBC-YSZ sample. The only way to explain that point is to
consider longer ‘‘apparent’’ cracks lengths, i.e., a more
advanced thermal aging, within the YSZ sample than
within the TBC-YSZ sample. The latter can be explained
by the occurrence of a higher stress range during the
post-deposition cooling step, resulting in a higher crack
growth. Thus, one who wants to use the cumulative
number of AE as a phenomenological damage variable

Fig. 8 Cumulative AE counts emitted during respectively the
heating and cooling steps of the first thermal cycle, in case of
respectively TBC-YSZ and YSZ samples
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should start the monitoring from the spraying step. In case
of the stress intensity factor range used as the phenome-
nological damage variable, its determination should take
place also during the spraying. If it is not the case, then
the setting up of a parameter based on the AE count is
needed. It is proposed to calculate the ratio of the AE
number occurring during the cooling period over the AE
number during the heating period. By this way, the
acoustic ratio, R, so obtained is considered to be propor-
tional to the highest stress intensity factor range that had
occurred since spraying, and had set the ultimate crack
length. Such a variable is considered to be a phenome-
nological damage variable representing the thermal aging
of the investigated sample. This variable should be fitted
by a power-law similar to the one of the Basquin�s model
to assess the remaining fatigue life of the structure sub-
mitted to a defined cycling thermal load.

TBC-Al2O3 has been qualified in this study as a known
material to have a poor thermal shock resistance. More-
over, its resistance is lowered by phase transformations
that occur during temperature changes over 900-1000 �C.
Thus, the thermal aging of the TBC Al2O3 sample is
expected to be the fastest of all samples. During thermal
cycling test, the TBC-Al2O3 sample showed the lowest
number of cycles to failure i.e., 210 cycles. It showed also
the highest acoustic ratio, in the order of 65. Following
TBC-Al2O3, the YSZ sample failed at 5350 cycles showing
an acoustic ratio of 5.5. These values are plotted versus the
numbers of cycles to failure in case of the TBC Al2O3 and
YSZ samples. The curve so obtained is presented in
Fig. 9(a), as well as the power-law fitting.

Two TBC-YSZ samples have been subjected to the first
cycle tests, showing very close acoustic ratio values, 1.8
and 1.9. The graphic resolution of the predicted perfor-
mance under the defined cyclic thermal load of the two
TBC-YSZ samples is displayed in Fig. 9(b). Following the
proposed model, TBC-YSZ samples are expected to sus-
tain more than 2 9 104 cycles. Such a test has been con-
ducted, i.e., the long-term monitoring of the AE behavior
has been performed, and, after more than 2 9 104 cycles,
ceramic coatings show thermal aging, i.e., numerous
micro-cracks, but not any evidence of spallation or mac-
roscopic defect. The long-term AE behavior monitoring is
presented elsewhere (Ref 6). Thus, it can be concluded
that the TBC-YSZ sample has passed the test and that
the acoustic parameter shows a reasonable agreement
with a phenomenological variable that characterizes the
thermomechanical damages induced by the first thermal
cycling of a precracked sample.

7. Conclusion

It should ever be considered to separate the AE
behavior monitoring during the heating and cooling peri-
ods of a thermal cycle. These periods show different stress
ranges that correspond to different crack lengths and,
therefore, correspond to different stress intensity factor
ranges. The FEM has been helpful in determining the
stress range that has triggered the AE behavior of the
YSZ and TBC-YSZ samples. Then, the AE behavior
during the heating and cooling periods of the first cycle
has been helpful in estimating the stress intensity factor
range. Finally, the acoustic parameter, R, shows a rea-
sonable good agreement with the remaining cyclic fatigue
cyclic life and, thus, is the phenomenological damage
variable to be considered at the end of the first cycle. It
shows potential in determining the remaining fatigue life
in terms of pure thermal cycles, i.e., the isothermal time is
limited to the minimum, and could be used in a large
range of applications. For example, it could be used to set
the highest temperature drop within a cycle that corre-
sponds to an adjusted acoustic ratio. As a final remark, the
AE behavior will depend on the ratio of the ceramic
coating volume over the interface area, with all other
parameters being equal. In the case of square samples, this

Fig. 9 Power-law fitting of the acoustic parameter, R, as
described (a) and the graphic resolution of the predicted per-
formance for the two TBC-YSZ samples (b)
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ratio is reduced to the thickness of the ceramic layer.
For more developed structures, it should be considered
important to evaluate this value to compare or transfer
the results.
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