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It iscritical to understand fundamental failure processes in order to design coatings
for engineering purposes. Thefailure d ZrO,8 wt% Y;0; plasma-sprayed coatings is
examined in the present work. The coatings were incorporated in a tensile-adhesion
test arrangement and the acoustic emission (AE) was monitored. The AE generated
duringfailure is related to the cracking process, and these are both related to the
fracture morphology. Heat treatment d the coating affected changes in the A E count-
rate distribution. This may be interpreted in terms o the morphological features of
the coating. The relationship d the bond-strength tests to A E and fracture behwior
give insight into the mechanism d adhesion o plasma-sprayed coatings.

[. Introduction

Plasma-sprayed ceramic coatings are used in a wide range of applicationsin

which they are subjected to stresses which may be mechanical and/or ther-
mal.' The durability of thesecoatingsisin most caseslimited by their adhesion
strength to the substrate. The adhesion of these coatings is conventionally
determined by the tensile-adhesion test (TAT)? in which a support bar is at-
tached to the coating/substrate assembly by meansdf an organic epoxy having
a tensle strength greater than that of the coating.

The TAT résults exhibit a wide scatter® which is due to the nature of the
test and the coating microstructure. For example, preparation o the test soec-
imen involves the use o an epoxy which cures at an elevated temperature,
possibly resulting in penetration of the epoxy into the porous coating,* mis
alignment between the coated substrate and the support bar,’ etc.® Also, plas-
ma-sprayed coatings have residual stresses, cracks, and porosity with the result
that the structural and material characteristics can exhibit large variations
from one specimen to another. Tenslle-adhesion-test results generally show a
large statistical spread and, in fact, TATs on other materials have been shown
to follow a negatively skewed Kase distribution.’

Tensle-adhesion-test failure modes are broadly classified into two types:.
cohesive, in which the failure occurs totally within the coating, and adhesive,
in which the failure occurs at the interface between the coating and the sub-
strate. Actually, both types of failure occur in the same specimen, and, there-
fore, the characterization of bond strength by a single number is far too sm-
plistic. Such data do not contribute to an understanding of fundamental coating
properties nor do they contribute to an understanding of failure mechanisms.

The present paper describes TATs which have been coupled with the
technique d acoustic emisson (AE).® Acoustic emission, in the context o the
present work, represents elastic waves arising from the generation and prop-
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agation o cracks. Monitoring of AE, combined with postfailure examination
d the fracture surfaces, will differentiate among variousfailure mechanisms.®
It will, in fact, be shown that cumulative AE counts up to failure correlate
with the bond strength o the coatings.

A Y.0,-ZrO, powder was examined in the present work. The probable
condition-of the spray particleson arrival at the substrate was investigated by
plasma spraying directly into H,O (termed “H,O quench™). The particle-size
distribution, particle shape, and degree d melting were characterized for the
powder in the as-received and H,0-quenched conditions. These parametersare
linked to the failure mode and the AE energy generated during a test. Heat
treatment of the oxide coatings resulted in changes in bond strength, mode of
fracture, and AE counts, as compared with the as-sprayed coatings.

Further work is currently being carried out to introduce precracks and
to combine the techniques of AE and fracture mechanics to achieve a more
fundamental understanding of coating adhesion and failure. This preliminary
work points to the potential of using AE techniques to study coating failure
and, hence, coating integrity. This understanding of fundamental coating-fail-
ure mechanisms and inherent material properties and structure is crucial for
the engineering design and future development of protective ceramic coatings.

II. Experimental Procedure

Yttria-stabilized ZrO, (Y SZ) powder, of chemistry and powder charac-
teristicsshown in Table |, wasinitialy plasma sprayed into H,O using plasma-
Spray parameters given in Table II. This was done with the view of charac-
terizing the degree of melting and the effect of the plasma effluent on powder
shape, size, and distribution.

Particle-size distribution for both the as-received and the H,0-quenched
powders was determined by sieving (7.5-cm-diameter sieves of woven Cu) for
~8 h, 0 that there would be no subsequent change in the distribution on
further sieving.

The oxide was also plasma sprayed with the same spray parametersasin
Table II onto ends of cylindrical steel substrates conforming to specifications
of the TAT.? As per accepted practice, prior to plasma spraying the substrate
surface was prepared by grit blasting to achieve an " anchor pattern.” A bond
coat was not employed in these tests. In experiments currently underway, the
effects of various bond-coat formulations are being taken into consideration.
The average deposit thickness was 0.5 mm, and some coatings were also heat-
treated for various times by encapsulating them in quartz tubes which had
been back flushed (to 0.00133 Pa (0.00001 torr)) with Ar. A gas pressure of
20.3 kPa (0.2 atm) was maintained (at ambient temperature), resulting in a
pressure of 101 kPa (1 atm) at the heat-treatment temperature of 1150°C.
Following heat treatments of 1 or 10 h, the specimens were furnace cooled to
room temperature.

The failure of the as-sprayed and heat-treated coatings were monitored
by AE methodology in conjunction with a TAT. The experimental arrangement
isshown in Fig. 1. Careful specimen preparation is essential, and attention is
drawn to the following details with regard to the experimental techniques. The
cylindrical substrate with the plasma-sprayed coating was attached to the
support bar by an adhesive* and aigned in a jig. The entire assembly then
wascured at 120°C for 40 min. Excess adhesive was removed from the cylinder
side using emery paper with the specimen rotating on a lathe. The specimen
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was then held by a self-aligning device on a tensometer,’ ensuring uniaxia|
loading. The AE transducer$ wes attached to the flat side of the support bar
with a constant-force clamp and a couplant which increases acoustic sensitivity,
Output from the transducer was preamplified and then amplified to a 100-dB
gain. The amplified voltage was then compared with an automatic threshold
voltage (Which compensates for background and system noise), and each cross:
ing of this threshold voltage was counted by the signal processor as a ringdown
count. Also monitored was the root mean square (rms) amplified voltage, which
is related to the intensity of the generated AE. The tests were carried out at
a constant Strain rate of 0.3 mm/min~', and the load to fracture was deter-
mined. The load-extension curve was not measured during a test since the
engagement of the recording device gave rise to spurious acoustic phenomena
which masked the AE activity arising from any cracking process. However, it
is common experience that TAT specimens exhibit alinear |load-extensioncurve
up to their failure load, at least when overall extension is measured. The
possibility of gross localized strain inhomogeneities occurring during a TAT is
the subject of another investigation currently being carried out. Measurements
were made of both the AE count rate and the corresponding rms voltage of
the signal during the bond test. Aswill be shown later, the cumulative number
of counts can be determined from the count-rate data.

The as-sprayed surface and the fracture surfaces from both the adhesive-
and cohesive-fracture regionsof the oxide coatings were examined by scanning
electron microscopy (SEM). It should be noted that al fracture surfaces are
viewed from the perspective of the substrate (thus, the relative position of the
substrate is"on top of the page" and the coating is"facing up").

III. Reaults

Particle Characteristics

The Y SZ particles, both as-received and H,0-quenched, are shown in Fig.
2. The particle-size distribution determined by sieve analysis is shown in Fig.
3. The porous structure of the powder is due to the production method in
which micrometer-size ZrO, and Y,0; are mixed together and reacted at a
high temperature. Therefore, the effectivesurface areadof the particleisgreatly
increased and this would increase the heat transfer to the particles during the
plasma-spraying process.

Water-quenching of the plasma-melted Y SZ yields a large number o
unmelted particles (Fig. 2(C)). Figure 2(D) shows a partially melted particle
in which the surface was more molten than the core. The particles aso exhibit
many microcracks, which are expected to play an important role in any failure
process. Water-quenching only influenced the particle-size distribution by
dightly decreasing the range of particle diameters from ~50 um to 40 um

(Fig. 3).

Coating Characterization

Examination of the coating surface can give insight into the structure of
the bulk of the coating. Asshown in Fig. 4, the YSZ coating has many fine
cracks (region "'d"), as wel as unmelted particles of irregular shape (region
"b"). A most significant feature is, therefore, that unmelted (or partially melt-
ed) Y SZ particles confirm a relatively rough surface to the coatings, compared
with the fully molten case, and this is an excellent "key" to overlaying molten
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warticles. Thus, the overdl view is that the bulk o the coating conssts o
nany fine features which derive both from partial melting o the particlesand
rom significant microcracking. This kind of defect structure should be clearly
listinguished from a structure in which the particles are fully melted, since
n this case the defects would essentialy be planar and oriented parald to
he substrate surface.

{E Monitoring during TAT

Acoustic emisson was monitored during the TAT from the initiation of
oad application until fracture. The ringdown count rate and rms voltage were
neasured during the tests. The two types of AE spectra that were observed
ire shown in Fig. 5 and described beow.

1) The count rate increased gradually to an approximately constant vaue
prior to increasing at failure—i.e., the curves are skewed left (Fig.
S(A)(D)).

2) The count rate increased initialy, followed by a decrease to a lower
level prior to increasing at failure—i.e., the curves are skewed right
(Fig. 5(B)(i)).

The above nomenclature will be retained when discussing the statistical anal-
yssd the results.

A TAT specimen without a coating gave insignificant AE counts. There-
fore, all the AE phenomenaare considered to result from processes associated
with the coating.

The rms voltage vs time curves exhibited corresponding features with
respect to their skewness. However, the overall rms-voltage behavior was dlight-
ly more complex with regard to the relative stability. Therefore, it is expected
that the fluctuation in the rms-voltage signal arises from the various cracking
processes during failure of the coating. In al tests, the rms voltage and count
rate increased significantly during final failure of the coating.

The cumulative counts were obtained by integrating the count-rate data
shown in Fig. 6. The relationship of the integrated AE counts with bond
strength is shown in Fig. 7. These results are summarized in Table III. A
statistical analysis of the count-rate data will be given in the Discussion.

Figure 6 shows results for Y SZ coatings which have been as-sprayed and
In some cases treated according to the conditions indicated as in the figure.
The high dopes immediately prior to failure are due to the high counts gen-
erated at fracture. The specimens are numbered according to their bond
strengths, with 1 having the highest bond strength and 6 the lowest bond
strength among the as-sprayed coatings. Similarly, "'a" has the highest bond
strength and "'c" the lowest bond strength among the heat-treated coatings.
There was a 100-h delay between spraying and grit blasting for specimen "d."
Both heat treatment and delay after grit blasting decrease bond strength and
the corresponding cumulative AE counts. Decreasesin AE countsand in bond
strength are dependent on the length of heat treatment, with 10-h treatments
being more detrimental than the 1-h treatment. Specimen 6 seems to be an
exception in that it generated high AE counts but had a low bond-strength
value. It should be pointed out that thisis due, in part, to a rapid increase in
acoustic activity during the first 9 sdf the test, which is shown graphically as
a high initial dope. The same phenomenon can be observed for specimen 1 in
which there isa distinct knee in the AE count vs time curve after 10s. These
two specimens were unique in exhibiting this behavior, as were their rms volt-
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age-vs-time curves which followed behavior o Fig. 5(B)(i). The sudden rise in
the AE count rate (Fig. S(B)(ii)) and the different nature o these spectra
compared with that d the other coatings (Fig. 5(A), (i) and (ii)) are due to
a different fracture mechanism occurring in these two coatings.

The total AE counts are plotted against the bond strength in Fig. 7. The
general trend observed is that a high bond strength givesrise to a high acoustic-
emission count, the relationship following a power lav. The as-sprayed YSZ
specimens have much greater bond strengths than do the thermally treated
Y SZ coatings. The implications of these results in terms o fracture mecha
nisms will be discussed later.

Fracture Surfaces

Fracture surfaces were examined using SEM to characterize the fracture
surfaces. The YSZ coating exhibited regions of both cohesve and adhesive
failure. Neither pure adhesive nor pure cohesive failures were observed over
any given fracture surface and are, in fact, rarely observed for any TAT. A
descriptiondf afracture mode will imply that the exact force-mode relationship
Is known. In the present tests, the deforming force is tensile; however, the
complex microstructure o the coatings results in shear deformation as wall.
These complexitieswill be considered when the fracture mechanisms are dis-
cussed.

The adhesive-fracture region of the Y SZ coating is shown in Fig. 8(A).
Many cracks are apparent, and the fracture appears interlamellar, as noted
by the distinct flat shapes of severa dof the particles. However, it should aso
be noted that the adhesive-failure morphology may have the characteristic o
exhibiting very fine features since failure in this case would occur quite close
to the substrate through the highly deformed and broken-up particles of the
initially deposited material. These regions are more clearly distinguished at
regions closer to the substrate part of the TAT specimen. Cohesive failure also
exhibited flattened areas characteristic of interlamellar failure as shown in
region"a" of Figure 8(B). There were aso areas in which lamellar failure was
observed in profile (i.e. the lamellae are viewed edge-on in area "d' o Fig.
8(B)): the resultant failure morphology is terraced or stepped. The fracture
surface, therefore, shows more depth than the case of adhesive failures which
are, in turn, relatively flat and planar.

IV. Discusson

The relationship between bond strength and AE is emphasized in the
present study. Since both the coating integrity and noise-generating cracking
processes are connected, it would seem worthwhileto develop an understanding
o faillure modes as manifested by AE. As such, the following will be empha-
Sized:

1) Therelationship of the H,O-quenched powdersto the sprayed deposit;

2) Statistical anaysisdof the AE data and its relevance;

3) Fracture mechanisms of the coatings and the correlation to initial

powder morphology and the microstructure; and

4) Implications o the test results in regard to coating performance.

Water Quenching of Powders

A magjor problem which isaways encountered when examining the struc-
tures o plasma-sprayed coatings is in ascertaining the prior history o the
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particles. Thus, the particles were quenched immediately prior to impact against
the substrate so that their shape and degree of melting could be studied. There
are arguments against this treatment expecially for a rigorous examination of
the particle-size distribution and the individua particle chemistry. For ex-
ample, it is impossible to carry out an exact sizing analysis because some
powder is inevitably lost during the plasma-spraying operation, and thisis most
apparent for the smaller particles. Also, conditions during quenching may not
be identical to conditions encountered by the particles during coating for-
mation.

The YSZ powder did not exhibit any significant particle-distribution change
after quenching in H,O and, therefore, the micrographs (Figs. 2(C) and 2(D))
are a good representation of the particle morphology immediately prior to splat
deformation. Areas are exhibited which show partial melting d particles, in-
ternal porosity, and microcrackson the surface. Microcracksand porosity arise
due to the H,0-quenching operation but are also present in plasma-sprayed
coatings (Fig. 4). The main feature is that many particles are not completely
melted by the plasma effluent, and this is an excellent surface to permit the
mechanical anchoring o other overlaying, ssmimolten particles.

Statistical Analysis

As indicated in Fig. 7, coatings which exhibit a high bond strength aso
exhibit a high AE count. It would, therefore, be interesting to attempt to relate
high count-rate acoustic emissions with the various types of samples, their
bond strengths, and fracture morphologies. The AE features of particular
interest are the most frequent count rates and the period during a test in which
high and low count rates occur (i.e. the progressive count-rate sequence). The
AE data on fina failure of the specimen are not included in this analysis.

As-Sprayed YSZ

The as-sprayed Y SZ coatings exhibited the most complex AE response.
The two types of count-rate distributions that were observed have already been
described (i.e. skewed left or right as in Fig. 5); however, trends during the
test were most easily observed by plotting the histogram of frequency vs count
rate. The results of two tests which represent the above behavior are shown
in Fig. 9, in which the numbers refer to the sequence (in seconds) of acoustic
events. It isclear that both distributions have a high frequency at a particular
count rate; therefore, these curves have been treated by comparing them with
normal distributions. The features of the histograms are:

1) Skewed left (Fig. S(A)(ii) and Fig. 9(A))—the count rate increases

with time. Prior to failure, the count rate is maximum.

2) Skewed right (Fig. S(B)(ii) and Fig. 9(B))—the distribution isbimodal.
Initially, the count rate is high, but after about one-third of the test
time the count rate decreases significantly with a minimum occurring
just prior to failure.

Even though the AE response of the various tests can be classified, as
above, it is still difficult to reconcile the magnitude of the AE cumulative
counts and the count rate (both with respect to time) to the tensile-adhesion
strength. Table IV(A) shows the results of the statistical analysis for the as-
sprayed Y SZ coatings. There are a number of complicating factors which
make it difficult to detect any trends. For example, some samples (Nos. 2 and
3) fail in the mixed adhesive/cohesive mode, and other samples (Nos. 1 and
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6) exhibit a bimodal count-rate distribution. By noting how different groups
of data affect the magnitude of the coefficient of variance, the data have been
treated S0 that atypical acoustic counts have been discounted. The trends from
the analysis o moments (i.e. the mean, standard deviation, skewness coeffi-
cient, and kurtosis coefficient'®) are:

1) A bimodal distribution leads to the highest total acoustic-emission
count (specimens 1 and 6) and also gives rise to a knee in the cu-
mulative AE curve.

2) The specimen which exhibited the lowest bond strength (No. 6) aso
showed the most normal skewness and kurtosis parameters. Thus, even
though the mean count rate was high, it appears as if the cracks were
pre-existing prior to the test, since there was no dramatic increase in
the count rate.

3) Samples which failed in a mixed mode (Nos. 2 and 3) had a high
mean count rate as well as left skewness and a high kurtosis.

4) Samples with low mean counts (Nos. 4 and 5) also had a high standard
deviation and coefficient of variance. This may mean that the phe-
nomenagiving rise to the AE are steady-state and that cracking occurs
continuously on a small scale.

The main features of the as-sprayed Y SZ coatings will be compared for the
other coatings (Table [V(B)).

Treated YSZ

The count rate vstime curvesfor the treated Y SZ coatingswereall skewed
left and exhibited an increase in count rate with the duration of the test. All
of the tests exhibited a high count rate during the final stages, this feature
being indicated in Table IV(B) by a difference in the mean count rates for
different data sets. The overall mean levels are similar to those for adhesive
fallure of the as-sprayed Y SZ coatings (e.g., specimens 4 and 5; specimens 1
and 6 have been discounted because they are bimodal). A summary o the
analysisis given in Table V.

Fracture Mechanisms

The count-rate distribution must be correlated to microstructure and bond
strength for a detailed analysis of coating-failure mechanisms (TableVI). Other
workers'''2 have used A E methods to characterize the bond strength of organic
adhesives which were tested by the lap-shear technique. An interesting result!!
was that faulty preparation of joints, which resulted in low bond strengths,
could aso be detected by greater amounts of emission at relatively low loads.
This is clearly analogous to the case of specimen 6 in the present work, and,
thus, the very high count rate observed during the initial 9 s of the test may
represent a different cracking mechanism. Further analysis of the AE phe-
nomena would entail a study of waveform and spectra.'* A smple, qualitative
approach is, however, considered in the following discussion. The magnitude
of the count rate is proportional to the number of cracks or the growth of
cracks, so that alarge count rate represents either the nucleation of new cracks
or the growth and interactions among existing cracks. Therefore, the processes
for the monomodal distributions which showed increasing count rate are crack
formation and growth.

Generally, the mean count rate was noted to increase with the bond strength,
inferring that more extensive crack interactions occurred for the coatings. The
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cracking phenomena in the most simple cases are either separation at the
substrate interface (adhesive) or between lamellae (cohesive); however, cracks
are still generated over the bulk o the coatings. Cracking of the YSZ coatings
IS quite complex due to the fact that only portionsof many particles actually
melted during spraying (Fig. 4). The unmelted regionSact as anchoring points
for overlaying lamellae, and these fine features of the microstructure must be
broken during failure testing. Thus, the total number of nucleating points for
cracks is considerably greater than the mean lamellar size. Additiondly, the
coatings also exhibit a minor component of cohesive failure where failure
occurred across lamellae in a shear fashion. Supplementary information to
verify this mechanism is gained from the fracture morphology of the YSZ
coatings which show very fine features.

The above observations lead to an understanding of the failure processes
which result in a bimodal distribution of the YSZ coatings. The minimum-
size crack will be limited to the smallest microstructural feature, i.e. the ap-
proximately micrometer-size features o the particles. The defect network ini-
tially consists of cracks o this fine nature, and these interact to form larger
cracks. Thus, the count rate decreases during an experiment. Eventualy, the
cracking process occurs on a scale o events comparable to the particle size,
and a second characteristic count rate begins to predominate. Both of these
cracking modes contribute to the overall count rate, and their relative contri-
butions toward the total number of counts are different.

The above analysis is further complicated on considering the transmission
of AE energy through a highly defected material. A high number of cracks
may establish a barrier to the AE waves and, thus, decrease the transmitted
and, therefore, detectable count rate, this occurring more readily for large
cracking between lamellae. In fact, a large variation of acoustic-emission re-
sponse can be gaged from the wide fluctuation in the rms voltage (Figs. S(A)(i)
and 5(B)(i)), this being particularly significant for the YSZ coatings which
failled in a bimodal fashion.

Heat treatment of the coating changes the microstructure. For the YSZ
coatings containing numerous unmelted particles, the defects have a more
planar distribution. Therefore, cracks follow a less tortuous path, and the adhe-
sonstrength, aswell asthe mean count rate, islow. Theeffect of heat treatment
described above is, in fact, too simple due to other complicating factors, such
as changes in residual strain distribution, phase, and composition. There are,
however, no data currently available on these matters.

A delay in spraying after grit blasting decreases the adhesion strength
and mean count rate. This is undoubtedly due to processes at the substrate
surface such as oxidation.

A significant feature of AE tests is that a high acoustic count can be
related to a greater mean crack path and that this behavior can be related to
either a mixed-modefailure and/or a fracture morphology which exhibits very
fine features. The interpretation of the AE count rate is more complex. The
overal trend is that coatings with a high count rate also exhibit the highest
strength; however, relaxation of residual stressesin the coating, together with
transmission of acoustic energy through a deformed structure, complicatesthis
analysis.

Implications and Closing Comments
It isimportant to note the relevance of the tests carried out in the present
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work to the Specific application which coatings experience during service life.
For example, it is reasonable to question how room-temperature tensile-adhe-
sion tests Can be related to coatingswhich fail at service temperatures > 1100°C.
The analysis makes no claim that bond-strength data can be extrapolated to
high temperature, corrosive environments, but it is considered that there is a
correlation With regard to the mechanisms of failure. No single feature of the
plasma-spraying process controls the fundamental adhesion property o coat-
Ings, the particle characteristics, plasma-spray variables, and subsequent op.
erating environment all interact to determine specific coating properties. How-
ever, the failure mechanism can be closely followed by the technique of acoustic
emission, and it is possible to distinguish different failure phenomena from the
AE count and count-rate spectra. This is a powerful tool to aid in the under-
standing o the fundamental properties of plasma-sprayed coatings.

V. Conclusons

This work has examined the failure properties and bond strengths o a
Y SZ coating produced by plasma spraying. The coatings were tested in the
standard manner,? both in the as-sprayed condition and after heat treatment
(for 1 and 10 h at 1150°C) and, in one case, after a 100-h delay between grit
blasting and spraying.

The bond strength of the Y SZ coatings significantly decreased after heat
treatment. The acoustic-emission count and count rates were statistically ana-
lyzed to assess trends in their behavior during the progress of a test. The
average mean count rate was related to fracture processes which occur within
the coating, and these correlated to the fracture-surface morphology. The par-
tially molten nature of the YSZ particles provided sites for the mechanical
anchoring of overlaying particles; thus, deformation occurred through the bulk
aof the coating. On the other hand, when the coating was treated the deformation
zone was restricted to a planar area, and the strength of the coating decreased.

In the final analysis, before coatings can be designed for specific appli-
cations it is necessary that their failure-related engineering properties be as-
certained. The present work has been aimed at understanding several funda-
mental aspects of the failure characteristics of these coatings.
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Table|. Powde Characteristics.

Composition (wt%) 92Zr0,
8Y,0,
Production method Prereacted
Powder size (um)
Asrecelved —90+40
Water quenched —80+40

Table II. Plasma-Spray Parameters.

Arc voltage (V) 65
Arc current (A) 500
Plasma gas (m*-h~")

Ar (primary) 25-3.1

H (secondary) 0.4-0.7
Powder feed gas (m*-h~"')

Argon 1.1
Gas pressure (MPa)

Ar 0.70

H 0.35
Powder feed rate (kg-h=") 2.0-2.5
Spray distance (cm) 6-8
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Table I11.

Acoustic-Emission Data for YSZ Plasma-Sprayed Coatings Subjected to Tensile-Adhesion Tests.

Failure Tota Counts Mean Vai \%R% 0, rms Failure
stress AE at rms rms
Specimen* (MPa) counts' failure voltage Low High voltage
1 398 99 440 8400 1.80 1.74 1.98 2.35
2 36.3 57 700 7120 197 197 2.07 2.40
3 34.1 40600 4340 1.98 1.95 2.00 245
4 4.1 29 240 8800 1.65 1.65 1.83 250
5 32.0 26 100 12 140 1.60 1.58 1.63 250
6 305 54 540 8000 165 163 181 2.38
a 18.0 6400 2260 1.55 1.53 1.55 2.45
b 12.3 7460 3060 1.55 1.55 1.62 2.55
c! 34 1000 820 1.52 1.50 1.55 2.33
d 17.8 11 250 2760 1.60 1.60 1.65 242

*Specimens 2 and 3 exhibited the mixed-mode adhesive/cohesive failures, whereas all the rest exhibited the predominantly adhesive mode.
'Fallure counts have been included.

Thehigh” rms voltage was small when the mean rms voltage was close to the "low” vaue (i.e., a smal range of values).

IData from specimen “c” has not been included in the statistical analysis because there were only 3 data points.
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sle 1V. Statistical Analysis of AE Data of YSZ Coatings.*
Agi f:gtl:m Standard Coefficient Skewness Kurtosis
aple rate deviation of variance (gm/1) (gm?) Data sets'
A. As-sprayed
1 2529 694 27 0.45 3.61 36 all
3011 886 29 —0.94 3.75 1-13
{3406 425 12¢ 1.85 5.24 3-11, 13
2257 324 144 0.26 2.60 14-36
2 1445 385 27 —0.87 472 1-35
3 1066 258 24 —1.88 7.30 1-34
4 619 265 43 1.36 8.34 1-33
5 465 154 33 —0.73 3.76 1-30
6 1662 594 36 0.16 3.63 1-28
2044 902 44 —1.14 2.92 1-9
{ 2613 174 74 0.01 1.93 4-9
1481 180 12% 0.19 2.54 10-28
B. Treated
a 460 268 58 0.83 2.41 1-9
331 125 38t 0.10 1.38 1-7
b 403 216 54 0.94 2.83 1-11
312 105 34+ —0.24 1.69 1-8, 10
d! 530 410 77 0.50 1.71 1-16
{ 196 96 494 0.60 2.06 1-10
1005 195 19¢ —0.19 1.66 11-16

*All measurements refer to the AE count rate.

*The data points which have been included in the particular analysis are indicated.
tThe best set of data points as judged by the coefficient of variance. This can be either monomoda
"t is difficult to distinguish whether sample “d” is monomodal or bimodal; it has been considered t

1 or bimodal.

o be monomodal.



Table V. Summary of Statistical Analysisof AE Data and Features of the

AE Count-Rate Distributions.

Coating Count rate vs

Frequency vs

count-rate Count-rate

description time distribution distribution sequence
As-sprayed L eft Monomodal Increases until
skewness failure
YSZ Right Bimodal Failure at maximum
skewness (1) {High mode first
Count rate decreases
Low mode second
2) 3Count rate decreases
Failure at minimum
Treated L eft Monomodal Increases until
YSZ skewness failure
Failure at maximum
Table VI. Relationship of AE Count-Rate Distribution to Bond Strength
of YSZ Coatings.
Number
Coating Distribution Mean AE of Bond strength
description description count rate samples (MPa)
Monomodal
As-sprayed Count rate increases 1200 2 36.3, 34.1
500 2 34.1, 32.0
Treated 420 4 18.0, 12.3,
34,178
Bimodal
As-sprayed High count rate first  3400-2600 2 39.8, 30.5
Low count rate 2250-1480
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to signal  —— tronsducer (100t0250 kHz)
processor fixed on with
constant force clamp

couplant\

AN
force —— —P= force
I\
support ™ adhesive’” “plasma substrate
bar sprayed
Cooting
(O-5mm)

Fig. 1. Schematic d the experimental arrangement far acoustic-emission monitoring during the
tensile-adhesion test.
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Fig. 2. Morphology d the YSZ powder: (A)asreceived prereacted
powder exhibitingirregular shape; (B) a single particle showing very
fine surfacefeaturesd 1 um in size; (C)H,0-quenched YSZ powder
showing considerable unmelted particles; and (D) a particle showing
a partially melted surface and microcracks.
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‘ig. 3. Particlesize didribution of the asreceived and H,O-quenched YSZ
yowders.

Fig. 4. Surface of plasma-sprayed YSZ coating showing regions of finecracks
(region"a") and unmelted particles (region"b").
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Fig. 5. Two types d AE spectra observed during the tensile adhesion test:
(A(i)) the AE rms voltage increases gradually to an approximately constant
value prior to increasing at fracture; (Afii)) the corresponding AE count rate vs
time curve; (B(i)) the AE rms voltage increasesinitidly and then decreasesto a
lower vaue prior to increasing at fracture (also the RMS voltage is more
unstable than in curve (Af(i))); and (B(ii)) the AE count rate which corresponds
to curve (B(i).
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Fig. 6. Cumulative AE counts vstimed tensile-
adhesion test for the as-sprayed YSZ coatings
and coatings treated according to conditions as
indicated.
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Fig. 7. Cumulative AE counts vsbond strength d the as-sprayed and treated
YSZ plasma-sprayed coatings.
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Fig. 8. Fracturesurfacesof thefailed YSZ coating: (A) adhesivefailureregion

showing interlamellar nature d the fracture; (B) cohesive-failureregion show-
ing both interlamdlar (region"a") and trandamdlar fracture (region"b").
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Fig. 9. The frequency d a specific count rate vs the count rate (where the
numbers refer to the sequence in seconds) d a particular count rate: (A) the
AE count rate increases with time, is maximum prior to failure, and cor-
responds to Fig. 5(A), i.e., skewed left; (B)the AE count rate increases to a
maximum during the initial periods d the test and then decreases to a
minimum prior to failure. This bimodal distribution corresponds to Fig. 5 (B),
I.e., skewed right. (Countsat failure have not been included.)
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