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An experimental rig based on the use of infrared quartz lamps has been developed to monitor the degra- 
dation mechanisms causing failure of thermal barrier coatings (TBC) under thermal-cycling conditions. 
An acoustic emission (AE) technique monitored these degradation mechanisms, and advanced signals 
processing identified the key parameters that classify the AE signals according to the long-term behavior 
of the TBC. The AE technique enabled the localization of degradation sources inside the TBC with a lin- 
ear resolution of -5  mm by the use of two transducers fixed at both ends of the sample. Furthermore, sam- 
ple zones of high AE activity showed typical vertical cracks at the surface and delaminations at the 
interface between the ceramic and the bond-coat layer. Vertical cracks were induced preferentially dur- 
ing the heating period of the thermal cycles when the ceramic coating was in a tensile-stress state, while 
delaminations were induced during the cooling period when the TBC was in a compressive-stress state. 

Keywords acoustic emission, degradation mechanisms, thermal 
barrier coatings, thermal cycling, thermal stress 

1. Introduction 

In order to understand and characterize the failure of thermal 
barrier coatings (TBC) used in gas-turbine applications, an ex- 
perimental thermal shock test rig reproducing thermal condi- 
tions encountered inside a turbine combustion chamber was 
developed to monitor the degradation mechanisms causing fail- 
ure of TBC under thermal-cycling conditions. Because TBC 
failure is caused principally by thermal cycling (Ref 1), twelve 
infrared lamps with a power rating of 1.2 kW each were used as 
the heat source of the rig, producing a total thermal-heat flux on 
the sample surface of the order of  200 kW/m 2. The lamp mount- 
ing was backed by a highly reflective gold-coated water-cooled 
mirror, which concentrated the radiative energy onto the sample. 

The sample was inserted in a quartz tube to perform the ther- 
mal tests under a controlled inert atmosphere to eliminate oxida- 
tion-related cracking phenomena. The TBC sample surface 
temperature was monitored by an infrared pyrometer. 

Two ultrasonic transducers were fixed at both ends of the 
sample to detect the degradation mechanisms of the TBC by 
acoustic emission (AE) monitoring (Ref 2-7). The disposition of 
the two transducers enabled the determination of the linear loca- 
tion of the AE sources emitted from the sample. Furthermore, 
AE signal analysis was used to provide a way to predict the long 
term behavior of the TBC under thermal-cycling conditions. 
More details about the experimental setup are presented in Ref 8 
and 9. 
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2. TBC Spraying Conditions 

The samples investigated consisted of an INCONEL 625 
substrate, 370 mm long, 25 mm wide, and 750 ~tm thick with a 
100 mm central section covered with a duplex TBC, which con- 
sisted of an air plasma sprayed (APS) NiCrA1Y bond-coat layer 
underneath an APS 20% yttria-stabilized zirconia (YSZ) coat- 
ing. Table 1 lists the powders used for the plasma spraying of the 
TBCs. 

Before the deposition of the bond-coat layer, the substrate 
was grit blasted with alumina particles of 240 grit size in com- 
pressed air flow. Following this grit blast, the substrate was ul- 
trasonically cleaned to eliminate potentially included alumina 
grit blast media. In order to minimize the oxidation of the highly 
reactive substrate surface, the bond-coat layer was plasma 
sprayed within an hour after the grit blast. 

Table 2 shows the plasma-spraying conditions of the Ni- 
CrA1Y bond coat and the YSZ ceramic layer. An air barrier 
was used to avoid overheating the substrate during spraying 
of both layers. Following this bond-coat  spraying, the YSZ 
coating was plasma sprayed with the conditions presented in 
Table 2, and finally, the samples were ultrasonically cleaned 
again. Spraying conditions of the bond coat and the ceramic 
layers (Table 2) are typical conditions used in the TBC aero- 
space industry. 

Table 1 Type and composition of powders used for the 
fabrication of  the TBC samples 

Layer T y p e  Composition Particle size 

Bond coat, NiCrAIY Amdry 962(a) 67%Ni-22%Cr- -90 prn + 30 [am 
10%AI- 1%Y 

Ceramic, YSZ Amdry 146(a) ZrO2 + 20wt% Y203 -106 [am + 10 [am 

(a) Sulzer Metco, Westbury, NY 
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Five different TBC samples were produced to evaluate their 
performance under thermal-cycling conditions. Table 3 summa- 
rizes the thickness and porosity values of these samples and in- 
dicates that the effect of  the thickness of  the ceramic layer, as 
well as the presence of a bond-coat layer on the performance of 
the TBC, was studied. Samples 4a and 4b (bond coat only) en- 
abled the determination of  the layer from which the AE signals 
are emitted,that is, it was possible to assess whether AE signals 
come from the ceramic layer or the bond-coat layer. As shown in 
Section 5, the AE signals emitted by the bond coat are shorter in 
duration and weaker in amplitude than the signals emitted from 
the YSZ coating. Therefore, for the samples consisting of  a bond 
coat and a YSZ layer, the signals from the bond coat did not 
change significantly any characteristics of the signals from the 
YSZ coating because they were hidden by the latter signals. The 

Table 2 Plasma spraying conditions of  the bond coat and 
the ceramic layers of  TBC 

YSZ ceramic, 
Parameter NiCrAIY bond coat 
Primary plasma gas, Ar, slpm at 50 psi 43 
Secondary plasma gas, 142, slpm at 50 psi 9.5 
Powder gas, Ar, slpm at 50 psi 5 
Powder feed rate, ghnin 40 NiCrAIY, 55 YSZ 
Power, kW 36 
Current, A 400 
Chamber pressure, Torr 760 
Air barrier flow rate, slpm 9 

Table 3 Parameters of  the five TBC samples used for the 
thermal performance evaluation study 

Porosity 
standard 

Bond coat, C e r a m i c ,  Porosity ,  deviation, 
Sample tan ttm % % 
la, lb 130 115 26.1 2.2 
2a, 2b 130 160 26.8 7.9 
3a, 3b 130 510 33.5 4.1 
4a, 4b 130 
5a, 5b ... 125 2619 314 

thickness and porosity values were determined by image analy- 
sis of TBC optical micrographs. The porosity is an average of 
ten measures consisting of the ratio of pore area over the total 
area of the micrograph. The porosity values obtained are typical 
of APS YSZ coating. This high porosity value can increase the 
thermal durability of a TBC because the Young's modulus of a 
porous material is lower than for a dense material. Furthermore, 
the presence of  pores can stop crack propagation (Ref 10). 

3. Testing Conditions 

The performance of the TBC samples was evaluated under 
thermal-cycling conditions. The thermal cycles consisted of  a 
four-minute heating period at full power of  the infrared lamps 
followed by a six-minute cooling period without the lamps. Fig- 
ure 1 shows a typical cycle for the surface temperature of the 
TBC sample. The sample temperature reaches -1000 °C at the 
end of the heating period, which is representative of the TBC 
temperature encountered in gas turbine applications. At the end 
of  the cooling period, the sample surface temperature falls to 
-200 °C. Further details about the characteristics of the thermal 
cycles are presented in Ref 8 and 9. 

The first duplicata of each TBC sample was exposed to the 
heat source until it failed or to a maximum of 500 thermal cycles. 
The failure criterion was debonding (spalling) of at least 10% of 
the total surface of the TBC, determined with a ruler. When the 
performance of the TBC was <500 cycles, or if the maximum 
number of  500 cycles was reached, the TBC was withdrawn 
from the thermal rig and another sample was inserted for the 
evaluation of thermal performance. 

The second duplicata of  the TBC samples was exposed to 
only 30 thermal cycles. This enabled assessment of the repro- 
ducibility of the AE signals in the early thermal cycles and also 
allowed identification of  the AE signal parameters (emitted dur- 
ing early cycles) that could be related to the long-term behavior 
of the TBC samples. This AE parameter identification could 
lead to the prediction of performance of TBC, based on AE data 
from early thermal cycles. 

Thermally exposed TBC samples were examined with an op- 
tical microscope to correlate the high AE activity zones with 
visually detected defects. 
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4. Signal Analysis 

Signal analysis used for the comparative evaluation of the 
TBC samples is discussed in this paper. More details on the basic 
signal analysis, as well as on the acquisition parameters, are 
found in Ref 8 and 9. A major drawback of Fourier transform 
analysis for the calculation of the frequency components of a 
time signal is that time-related information is lost. In order to ob- 
tain both time and frequency information simultaneously, a 
technique called the adjustable-width, sliding-time window was 
used. This technique allows determination of the arrival times of 
the frequency components of the AE signals and has potential 
for the classification of AE signals. 

The time-frequency analysis uses a rectangular time window 
of width At (At > signal length) and calculates the power spec- 
trum of this segment of  the signal. This calculation is repeated a 
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number of times for complete analysis of the AE signal; that is, 
the time window is slid over the entire signal, as shown in Fig. 2. 
For a time window width, At, and an AE signal total time length, 
T, there are Npower spectrums (N = T/At). The width of  the slid- 
ing-time window gives the time resolution (number of power 
spectrums) and the frequency resolution. This frequency resolu- 
tion depends on the number of points on which the Fourier trans- 
forms are applied and on the sampling frequency (Af=fs/N p, 
where Af is the frequency resolution, fs is the sampling fre- 
quency, and Np is the number of  points inside the time window). 
Therefore, a high number of  points in the time window (high Np 
and high At) permits a better frequency resolution than using a 
low number of points because the sampling frequency is con- 
stant. On the other hand, a large time window (high At) allows 
only a low time resolution. Therefore, a compromise is needed 
for the width of the time window to have the optimal time and 
frequency resolutions. 

From this signal analysis, three-dimensional (3D) graphs 
were drawn with power spectrums calculated and median times 
of each time window (tl, t2 .... tN), as shown in Fig. 3. The ab- 
scissa of this graph gives the frequency, the ordinate gives the 
median time of  the sliding window, and the magnitude of the 
power spectrums (V 2 rms) is given by the gray scale (third axis). 
Figure 3 shows that some zones of high-power spectrum magni- 
tudes (dark zones) exist. These dark zones were not present prior 

-4 -4 to 1.5 x 10 s because the AE signals begin 1.5 x 10 s after 
the onset of the oscilloscope acquisition (oscilloscope trigger 
time delay). The distribution of  these dark zones may be relevant 
to the degradation mechanisms within the samples and can be 
used for the classification of AE signals. Image analysis was 
performed to identify the dark zones and to calculate the center 
of mass, the total area, and the shape factor of each of  these 
zones. The center of mass (x-axis = frequency and y-axis = 
time) locates the exact position of the dark zones in the 3D graph 
and is related to the arrival time and to the peak frequency of  the 
high magnitudes of  the signal. The total area is related to the 
magnitude of the AE signal and, therefore, to the magnitude of  
the degradation mechanism producing the AE signal. A severe 
degradation was related to a dark zone with a high-total area. Fi- 
nally, the shape factor is defined as the ratio between the area 
and the square of the perimeter of  the zone (shape factor = 
4rcarea per(perimeter)2). This parameter assesses an evaluation 
of  the circularity of the dark zones of the 3D graphs. 

5. Results and Discussion 

5.1 Mass Loss of TBC Samples 

Table 4 shows the mass loss of  the TBC samples exposed to 
thermal cycles. All code "b" TBC samples were exposed to the 
maximum number of thermal cycles (500) without experiencing 
severe visual damages (spalling), except for sample 5b, which 
exhibited a severe spallation of the YSZ coating after only 235 
thermal cycles. The spallation of  the YSZ coating arose, pre- 
sumably, due to the absence of  a bond coat. Sample 2b exhibited 
minute spallation of the YSZ coating near an edge. Table 4 does 
not indicate any data for group 4 samples, which consist of  only 
a bond coat. These samples were exposed to a total of 275 ther- 
mal cycles without experiencing any visual damage. Further- 

more, during these thermal cycles, only 9 AE signals were de- 
tected compared to several hundreds for the other samples. The 
AE signals emitted from group 4 samples were quite different 
than the AE signals emitted from group 1, 2, 3, and 5 samples. 
The amplitude and the duration of the AE signals emitted from 
the bond coat are weak (<25 mV and <0.5 ms) compared to sig- 
nals from the other samples (>25 mV and -2  to 3 ms). These re- 
suits indicate that AE signals are emitted from the YSZ 
coating of  the TBC samples, no signals (or very few signals) 
are emitted by the bond-coat layer, and that the bond-coat 
layer does not undergo significant degradation, at least as de- 
tected from this AE experiment performed under non-oxidizing 
conditions. 

Table 4 Mass loss of the five TBC samples used for the 
thermal performance evaluation study 

Sample Thermal cycles Mass loss, % 
la 30 4.4 
lb 500 6.5 
2a 30 4.4 
2b 500 11.8 
3a 30 0.7 
3b 500 1.1 
5a 30 15.9 
5b 235 37.5 
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5.2 3D Graph Analysis 

As noted earlier, TBC samples with long durability should be 
discriminated from samples of short durability by the use of the 
3D graph analysis. In this sense, the parameters extracted from 
3D graphs of group 2 samples (long durability) and group 5 sam- 
pies (short durability) were compared to identify any differences 
that could lead to the classification of AE signals. Figures 4 and 
5 show the area distributions of samples 2 and 5. These distribu- 
tions are quite similar because they share almost the same area 
range. It is difficult to discriminate the long durability TBC sam- 
ples from the short samples by the total area distribution. The 
differences between duplicates of the same sample Can be ex- 
plained by the fact that duplicate a has undergone 30 thermal cy- 
cles; therefore, very few AE signals are emitted in comparison 
with duplicate b, which has undergone several hundred thermal 
cycles. The same conclusions drawn for the total area of  the 3D 
graphs can be drawn for the distributions of the time center of 
mass, the distributions of  the frequency center of  mass, and the 
distributions of the shape factor. The remarkable similarity be- 
tween the long durability TBC sample distributions and the 
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Fig. 4 Three-dimensional graph area distribution of sample 2 

short durability samples suggests that the AE signals emitted 
from these samples are identical. Furthermore, as noted earlier, 
it is not possible to discriminate AE signals emitted from long dura- 
bility TBC samples from signals emitted by short durability sam- 
ples by the analysis of the 3D graphs. These results have led the 
authors to analyze the cumulative AE number and the cumulative 
AE energy to differentiate TBC samples with different durabilities. 

5.3 Cumulative Number of AE Signals 

Figure 6 shows the cumulative AE number for each sample 
for the overall thermal cycles. It is shown that sample 1 b emits 
~ 100 AE signals for 500 cycles, sample 2b emits 750 signals af- 
ter 500 thermal cycles, sample 3b emits 825 signals after 500 cy- 
cles, and sample 5b emits 260 signals after 235 cycles. 
Therefore, sample 3b has the highest AE activity followed by 
sample 2b, 5b, and lb. Nevertheless, a high AE activity does not 
necessarily indicate a short TBC sample durability because two 
of the three most durable samples possess a high AE activity (2b 
and 3b). The cumulative AE number cannot be used to establish 
a correlation with the durability of  the TBC samples because this 
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number represents the number of cracks or other sources that 
can give rise to AE behavior occurring in the TBC without rep- 
resenting the magnitude of these mechanisms. In fact, a TBC 
sample can develop a large number of very small cracks, which 
are not dangerous to integrity, or it can develop a few large 
cracks that can be deleterious. Therefore, the analysis of the cu- 
mulative AE energy is preferred to the cumulative number of AE 
signals and should be more indicative of  the degradation mecha- 
nisms of the TBC samples. 

5.4 Total Cumulative AE Energy 

Figure 7 shows the total cumulative AE energy of  the sam- 
ples studied for the overall thermal cycles performed. It is shown 
that sample 1 b emits around 75 a.u. (arbitrary units), of acoustic 
energy, sample 2b has a total energy of 90 a.u., sample 3b emits 
a total energy of  215 a.u., and sample 5b has an energy value of 
115 a.u. after 235 thermal cycles. Sample 3b is the most acousti- 
cally energetic TBC sample, followed by samples 5b, 2b, and 
lb. Samples lb and 2b have similar characteristics (thickness 
-150 Bm and durability >500 thermal cycles), and these simi- 
larities are reflected in their total cumulative energy. Sample 3b 
has a thicker YSZ coating (-510 lam) than the other samples; this 
gives it the disadvantage of being more susceptible to thermal 
stresses. This sample has a high-acoustic energy emission and 
demonstrates that it experienced significant damage. This fea- 
ture was confirmed later by optical microscopy. Even if sample 
3b experienced some high-magnitude crack formation or propa- 
gation shown by the high AE energy, it still has a durability of 
>500 thermal cycles. This can be explained by the high thick- 
ness of  sample 3b, which stops the onset of the macroscopic deg- 
radation because the AE energy density should be considered. 
Then, the comparison of the durability of the samples should ac- 
count for the thickness of the samples. Furthermore, sample 3b pos- 
sesses a higher porosity than the other samples (Table 3); this can 
play a role in increasing the TBC durabiSty by blocking the crack 
propagation. Sample 5b has the shortest durability and emits a 
greater total cumulative AE energy compared to sample 2b, which 
has a similar thickness. The high AE energy of sample 5b confirms 
that it experienced significant cracking, as is shown by the loss of 
mass (Table 4). 

Because thickness of the TBC sample played a role in their 
durability, the total cumulative AE energy was normalized for a 
YSZ coating thickness of 100 I.tm to compare the different sam- 
ples (AE energy density). 

Figure 8 shows the total cumulative AE energy normalized 
for a thickness of 100 lam. It shows that samples lb, 2b, and 3b 
all have approximately the same AE energy after 500 thermal 
cycles (between 40 and 60 a.u./100/.tin), and sample 5b emits 
twice as much (-95 a.u./100 [am) energy. Thus, the sample with 
the shortest durability, sample 5b, exhibits the highest normal- 
ized total cumulative AE energy. The other samples, which pos- 
sess a higher similar durability, emit a similar normalized 
cumulative energy. From these results, it seems that a correlation 
exists between the durability of  the TBC and the normalized to- 
tal cumulative AE energy emitted from the TBC. Because the 
goal of this study is to establish a correlation of the durability of 
the TBC with the AE signals of  early stages of the thermal tests, 
a more detailed analysis of  the first 30 thermal cycles will be 
completed. This number of  thermal cycles was chosen for the 

significant number of AE signals emitted (-10% of the total 
number of  AE signals) and, therefore, a significant correlation 
of the AE signals of these early cycles with the durability of the 
TBC samples is achieved• 

5.5 Total Cumulative AE Energy Emitted in the 
First 30 Thermal Cycles 

Figure 9 shows the total cumulative AE energy normalized 
for a YSZ thickness of 100 lam of the samples for the first 30 
thermal cycles• Once again, the sample with the shortest du- 
rability, sample 5b, exhibits the highest normalized AE en- 
ergy ( -20 a.u./100 I.tm) followed by the three other samples, 
which have longer durabilities (>500 cycles) and lower nor- 
malized energy (~3 a.u./100 lam). Therefore, the long term 
durability of  the TBC samples can be predicted by the nor- 
malized total cumulative AE energy emitted during the first 30 
thermal cycles. 
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5.6 AE Signals Emitted during the Heating and 
Cooling Period 

Because the heating and cooling periods of the thermal cy- 
cles represent different TBC stress states, further analysis has 
been performed to compare AE signals emitted during both pe- 
riods. In fact, during heating periods, the TBC, as well as the me- 
tallic substrate, were heated by the infrared lamps. Because the 
metal had a higher thermal expansion coefficient than the TBC, 
the TBC was in a tensile-stress state. For the cooling periods, the 
metallic substrate was cooled by an argon jet directed on the 
back of the substrate. Therefore, the substrate cooled down more 
rapidly than the TBC, placing this substrate in a compressive- 
stress state. 

Table 5 gives the number of AE signals emitted by each sam- 
ple for the first 30 cycles and for the overall thermal cycles. Sam- 
ples la, lb,  2a, and 2b emit very few AE signals during the 
cooling periods of the first 30 cycles, and the heating periods of 
these first cycles are more ultrasonically active. This predomi- 
nance of AE during the cooling period for the first 30 cycles 
changes to a predominance of  AE during the heating period after 
500 thermal cycles. This behavior is different from that of sam- 
ples 3a and 3b, for which the cooling periods are the most ultra- 
sonically active during all thermal cycles (after 30 and 500 
cycles). Samples 5a and 5b have approximately equivalent cool- 
ing and heating periods for the first 30 thermal cycles. This 
changes for a more active cooling period when analyzing all 
thermal cycles. Table 5 also shows the ratio, normalized for a 
YSZ thickness of 100 ].tm, of  the number of AE signals emitted 
in the cooling periods of the first 30 cycles over the total number 

of AE signals emitted during the same number of cycles. Sam- 
ples with a long durability have a low ratio (~0.1 to 0.25), and the 
samples with a short durability have a high ratio. This ratio cor- 
relates to the long-term behavior (durability) of the TBC sam- 
ples. 

Table 6 presents the AE energy emitted during the cooling 
and heating periods of the first 30 and for the overall thermal cy- 
cles. This table is quite similar to Table 5. Samples 1 and 2 have 
significant emission of AE energy during the heating period of 
the first 30 cycles. At the end of the overall cycles, the behavior 
is reversed so that the cooling periods are more acoustically en- 
ergetic than the heating periods. Sample 3 has more energetic 
cooling periods than heating cycles throughout the overall ther- 
mal cycles. The behavior for sample 5 is uncertain. The first du- 
plicate a emits more acoustic energy during the cooling periods 
of the first 30 cycles and the second duplicate b emits more en- 
ergy during the heating periods of the first 30 cycles. The behav- 
ior of duplicate b during the first 30 cycles changes, and at the 
end of all cycles, the cooling periods are more acoustically ener- 
getic than the heating periods, similar to duplicate a. The differ- 
ences between these duplicates can be explained by the fact that 
even if they were plasma sprayed simultaneously, it is possible 
that the samples have slight differences in their characteristics. 
These small differences can result in a different thermally in- 
duced AE signals emission behavior and in a different thermal 
durability. Because sample 5b experienced severe degradation 
(spallation) after 235 thermal cycles and that the number and to- 
tal energy of  cooling AE signals are more important than those 
of the heating periods, it seems that a compressive-stress state is 
more deleterious for the TBC integrity than a tensile-stress state. 

Table 5 Number of AE signals emitted during the cooling and heating periods of the first 30 and the overall thermal cycles 

Heating AE signals, Cooling AE signals, Heating AE signals, Cooling AE signals, C/T per 100 lain, 
Sample 30 cycles 30 cycles total cycles total cycles 30 cycles Durability 
la 5 2 . . . . . .  0.24 >30 
lb 5 1 35 57 0.14 >500 
2a 16 3 0.10 >30 
2b 14 0 325 4i8 0 >500 
3a 41 185 ... 0.16 >30 
3b 70 178 327 499 0.14 >500 
5a 23 27 ... 0.43 >30 
5b 25 19 55 105 0.34 235 

C/T is the ratio of the number of AE signals emitted in the cooling periods of the first 30 thermal cycles over the total number of AE 
thermal cycles. 

signals emitted in the fkst 30 

Table 6 AE energy emitted duringthe cooling and heating periods of the first 30 and the overall thermal cycles 

Heating AE energy(a), Cooling AE energy, Heating AE energy, Cooling AE energy, cfr  per 100 Ixm, 
Sample 30 cycles 30 cycles total cycles total cycles 30 cycles Durability 
la 5.93 0.04t ... 0.006 >30 
lb 1.26 0.028 1717 56.4 0.018 >500 
2a 6.16 0.630 ... 0.058 >30 
2b 3.03 0 1810 29.0 0 >500 
3a 31.2 1 1 5 . 0  . . . . . .  0.154 >30 
3b 3.52 27.70 48.3 167 0.174 >500 
54 I. 17 6 . 8 5 0  . . . . . .  0.683 >30 
5b 15.0 10.70 18.3 41.3 0.333 235 

C,rI" is the ratio of the AE energy emitted in the cooling periods of the first 30 thermal cycles over the total AE energy emitted in the first 30 thermal cycles. (a) Energy 
is in arbitrary units. 
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The tensile-stress state helps the formation of perpendicular (to 
the interface between the YSZ and the bond-coat layer) surface 
cracks, and the compressive-stress state produces near-interface 
cracks that can develop into delaminations of the YSZ (Ref 11, 
12). These near-interface cracks occur in the YSZ coating paral- 
lel and very close (a few p.m) from the interface between the 
YSZ and the bond-coat layer (Ref 13). These interface cracks 
can produce a partial or total spalling of the TBC (Ref 13). 

From the results for samples 1 and 2 from Tables 5 and 6, it 
appears that perpendicular surface cracks are produced for the 
first time; afterwards, the formation of near-interface cracks oc- 
curs. The presence of surface cracks increases the tensile-stress 
value along the sample thickness, helping the initiation of  near- 
interface cracks (Ref 12). Table 6 also gi yes the ratio normalized 
for a YSZ thickness of 100 lim of the AE energy emitted during 
the cooling periods over the total energy emitted during the first 
30 thermal cycles. Again, this ratio gives a good indication of the 
TBC durability. Thus, the samples with a short durability (sam- 
ple 5) have a high ratio, that is, more AE energy is emitted during 
the cooling periods of the thermal cycles than in the heating pe- 
riods. This means that these samples potentially possess deleteri- 
ous near-interface cracks that give rise to possible macroscopic 
delaminations. 

5. 7 Locat ion o f  A E  Signals  

As noted earlier, the disposition of the two ultrasonic 
transducers enables the localization of the thermally induced 
degradation mechanisms in the TBC. Figure 10 shows the posi- 
tion distribution of sample 2b for the cooling and heating peri- 
ods of  the overall thermal cycles. The abscissa represents the 
entire length of  the TBC coating. A zone of  high AE activity ex- 
ists in the range from 10 to 30 ram. This high AE activity zone 
coincides with the location of cracks, as shown in Fig. 10. Figure 
10(a) (micrograph 1) shows a delamination of the ceramic layer 
due to the absence of a bond-coat layer. This is probably due to 
a misalignment of the sample with regard to the direct current 
(dc) plasma-spray gun during the projection of the sample. This 
error left the edge of the metallic strip uncovered by a bond coat; 
this results in a delamination of the ceramic layer. 

Figure I 0(b) (micrograph 2) shows a delamination combined 
with vertical surface cracks. Note that these cracks coincide with 
the maximum AE activity of  both the cooling and heating pe- 
riod. Figure 10(c) and (d) (micrographs 3 and 4) are taken from 
low AE activity, and these zones do not reveal severe degrada- 
tion mechanisms because no important cracks are visible. These 
results confirm that the cooling period of the cycles puts the 
TBC into a compressive-stress state, that the heating period pro- 
duces a tensi]e-stress state, and that tensile stress predominantly 
induces vertical cracks at the surface of the TBC, while com- 
pressive stress induces delamination of the YSZ coating near the 
interface between the ceramic coating and the bond-coat layer, 
where the bond strength is weaker. Figure 10(e) shows that de- 
lamination is centered around the maximum AE activity of the 
cooling period, and the vertical cracks at the surface of the TBC 
are centered in the vicinity of the maximum AE activity of the 
heating period. 

Figure 11 shows a position distribution and optical mi- 
crographs for sample 3b. Again, it is clearly seen from the mi- 
crographs and the distribution that the cooling period of  the 

I 

thermal cycles preferentially induces delaminations at the inter- 
face, while the heating period of the cycles preferentially in- 
duces vertical cracks at the surface of the ceramic coating. 
Vertical cracks and delaminations observed in the samples stud- 
ied may have occurred in locations where some defects are pre- 
sent: aligned pores, ceramic bond-coat adhesion defects, splats 
interfaces, etc. 

6. Conclusions 

The AE technique has shown that the AE signals are emitted 
from the YSZ coating only, and that the bond-coat layer does not 
degrade under thermal cycling in an inert atmosphere. This tech- 
nique can localize thermally induced cracks within TBC sam- 
ples with a linear resolution o f - 5  mm. 

The adjustable-width, sliding-time window analysis tech- 
nique was not able to discriminate the AE signals emitted from 
TBC with short lifetime from the signals emitted by TBC with 
long-term thermal-cycling history. 

High AE activity zones were shown to be the source of cracks 
in the TBC. Furthermore, this technique can discriminate be- 
tween vertical cracks at the surface and delaminations of the in- 
terface by analysis of the AE signals emitted during the heating 
and the cooling period of the thermal cycles. Vertical surface 
cracks were produced by a tensile-stress state during heating pe- 
riods, and the near-interface cracks were initiated by a compres- 
sive-stress state during cooling periods of  the thermal cycles. 

The long term behavior (durability) of the TBC can be related 
to three parameters extracted from the first 30 thermal cycles : 

• Total cumulative AE energy normalized for a YSZ thick- 
ness of 100 lam 

• Ratio normalized for a YSZ thickness of 100 t.tm of the 
number of AE signals emitted during the cooling periods 
compared to the total number of  AE signals 

• Ratio normalized for a YSZ thickness of  100 lam of the AE 
energy emitted during the cooling periods compared to the 
total AE signal energy 

A more detailed statistical analysis for an important number 
of TBC samples will enable a precise correlation between one or 
more of these three parameters and the durability of the TBC. 
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