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Failure processes within ceramic coatings at

high temperatures
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Department of Materials Engineering, Monash University, Clayton, Victoria, 31€4d, Australia

Plasma sprayed coatings have a complex structure which is produced by the overlaying of
many molten or semi-molten particles in the diameter range of 20 to 120 um. There is a need
to characterize the failure behaviour of coatings and this has been carried out by using acous-

tic emission (AE) methodology.

Coatings of NiCrAlY bond coat with a zirconia-12wt% yttria overlay were applied to disc-
shaped specimens of U-700 alloy. A waveguide of 1 mm diameter platinum was TIG welded
to the specimen and allowed it to be suspended in a tubular furnace. The specimen was
thermally cycled to 1150" C and the AE monitored.

One method of examining the AE is from the viewpoint of the accumulative count data. It is
also convenient to establish the temperatures for "initial"" AE and "'significant™ AE (i.e., the
temperature at which 100 counts is exceeded) so that coatings may be compared. Several
other analyses have been carried out with the aim of establishing parameters which are related
to the crack size and crack population. These studies have been used to postulate types of
cracking mechanisms which may occur in plasma sprayed coatings during thermal cycling.

It is shown that microcracking gave rise to a large amount of AE. However, this coating still
survived more thermal cycles than a coating which exhibited macrocracking events. Data of
this nature will be presented and the results discussed.

1. Introduction

Metal sare rarely used without incorporating a protec-
tive layer which may be produced by some process
such as anodizing, enamelling, painting etc. All coat-
ings are designed with specific applications in mind
and for the case of ceramic plasma sprayed coatings
thechief advantage isin producing a high wear resist-
ant and good thermal insulator surface layer. These
coatings are produced by heating up fine ceramic
powders with an intense plasma flame and simul-
taneously projecting these semi-molten particles
against a substrate {1, 2).

A coating consistsof many irregular saucer shaped
particleswhich forman interlaced network — muchin
theform of acomplex three-dimensionaltilestructure.
The microstructure is often referred to as "' lamellar™
to describe the plate-like nature of the coating. Cer-
amic coatings are usualy deposited to a thickness of
between 0.5 to 2mm and are often overlaid onto a
plasmasprayed metal (termed the'* bond coat™) which
actsasacompliant layer between thesubstrate and the
ceramiccoating. Thecoating adhesion to thesubstrate
as wdl as the coating integrity is often explained in
terms of the mechanical interlocking of the particles
when they solidify. With thesefactors in mind it can
be appreciated that the microstructure of the ceramic
coating is not homogeneousand it is thus appropriate
to consider it as a composite system.

Cracks within a coating may have a morphology
which is either pardlel or perpendicular to the sub-
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strate surface, Fig. 1. The former mode of cracking
eventualy leads to loss of the coating by spallation.
The coating delamination is most severe close to the
bond coat-ceramic interface and failure most com-
monly occurs just within the ceramic and appears to
propagate near to the highly stressed regions of the
bond coat asperities [3, 4]. The perpendicular or
through-thicknessmode may not necessarily contrib-
ute to removal of the coating and also may have the
beneficia effect of arresting cracks before they cause
substantial damage to the overall coating integrity.
Microcracking is expected to increase the materia
toughnesssinceenergy which would normally contrib-
ute to catastrophic failure will, instead, be dissipated
throughout the volume of the coating. It can be seen
that the material propertiesand in particular the fail-
ure behaviour of coatingsareexpected to bedissimilar
to the properties of the bulk material.

A major difficulty is to assess the severity of any
cracking within the coating. Acoustic emission (AE)
methodology lendsitself to qualitative measurements
on crack activity. It also has the advantage of being a
passive (non-interference) technique, measurements
can becarried out in situ during the testing period and,
findly, these measurements may be quantitative if
suitable calibration procedures are devised.

2. Acoustic emission methodology
It is not intended to present a completediscussion on
AE methodology since this has been covered ese
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Figure | Schematic of crack morphologies in
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where[5, 6). However the basic principle is that crack-
ing processes release elastic strain energy which then
propagates throughout the body and influences the
response of a transducer. In the case of this particular
experiment a piezoelectric transducer was used and
this gave rise to a sinusoidal decay (or "'ring down')
in electric voltage for a single AE event. The maxi-
mum amplitude of this signal, in simple terms, is
characteristic of the magnitude of thecracking events.

Another method of analysing thiselectrical signdl is
to count the number of timesthat it exceedsa certain
threshold. This procedure is termed as ring down
counting, where the number of counts is proportional
to the degree of cracking. The exponential decay of
this signal with respect to time, for a single cracking
event, isshown in Fig. 2a. The number of counts (N)
istaken as the number of times that the signal crosses
a certain threshold voltage. The crack growth rate is
related to theinitia magnitude of the AE elastic wave.
However, multiple events which occur simultaneously
will also produce a large count.

Consider thecase of a cracking event which ismoni-
tored at two gain levels. Fig. 2b indicates that thisis
equivalent to the same signal being monitored at two
threshold levelsand thedifference between N (which is
3in theexample shown in Fig. 2b) isa unique number
for each cracking event regardless of the crack size.
Table | shows how a simple analysis of these two
count rates, which are acquired simultaneously for the
same cracking event, can lead to a measurement of the
relative crack size and/or the relative number of
cracks. These measurements can be used together to
ascertain the crack population (an absolute measure-
ment) and crack density (a measurement relative to
the unit volume of the material).

There has been some discussion concerning the
relevancy of ring down methods in performing AE
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tests. One major criticism [7] is that the origina AE
signal is not preserved and thus the modified signal is
subsequently processed. On the other hand ring down
methodology has a long history [8] of building up
useful correlations between the behaviour and struc-
ture of materials. The topic of AE istreated in more
detail in references[9] and [10). References[11] to 15}
specificaly address the application of AE method-
ology to examining failure processes in thermally
sprayed coatings.

3. Experiments

The coatings examined in this study were of ZrO,-
12wt % . Y,0; which weredeposited ontoa NiCrAlY
bond coat (0.17mm thick). The substrate was of
U-700 superalloy which was in the shape of a 6mm
thick and 13mm radius disc with well rounded edges.
The emphasis of the present work isto illustrate how
the AE behaviour of plasma sprayed coatings can be
analysed. Two coatings of the same bond coat thick-
nessbut different ceramic overlay thickness wereselec-
ted for analysis. The weights and thicknesses of the
plasmasprayed deposits were ascertained during their
preparation (Table11). Thedensity of thecoating was
determined after calculating the volume of the deposit
material.

A waveguide of 1 mm diameter platinum was TIG
welded to the specimen and allowed it to besuspended
into a tubular furnace, Fig. 3. A Dunegan-Endevco
3000 series AE system was used in conjunction with a
0.1 t00.5 MHz (model D140B) transducer. Twosignal
amplification levels of 838 and 91dB were used simul-
taneously with an aim to carrying out crack size and
crack population analyses. The high amplification
level was adjusted by therma cycling an uncoated
specimen until no AE activity could be registered.
Therefore any AE response could unambiguously be
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Figure 2 Ideal sinusoidal decay of an acoustic emission signal from one event. (a) Using one gain level, (b) Using two gain levels.
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TABLE | Count difference and normalized count difference
analyses*

Crack Counts Counts AN AN/N,
Type (l:hannd (z:hannd

Small 10 7 3 0.30
Large 50 47 3 0.06

5 Small 50 K3} 15 0.30

S Large 250 235 15 0.06

*AN for | event has been assumed to be 3 countsfor this smple
example.

related to cracking processes due to the coating
procedure. One of the channels wasdecreased a further
3dB so that the relative magnitude of the cracking
events could be ascertained. The dead time of the
transducer was 100 usec and the digital updating of
thecount rate was0.3 usec, therefore no aliasing of the
counts per event occurred. However, it should be
remembered that the AE output from the apparatus
is likely to include the superposition of individual
AE signas and some of the data is expected to be
confounded.

The coatings were thermally cycled for up to 7
cyclesto 1150°C and the AE monitored during the
specimen cooling. After every cycle the specimen was
visualy examined at a x 10 magnification and the
stage at which macroscopic cracking was observed is
indicated as the failurecycle. A magjor featureof these
tests, not addressed by previous work in this area
[12, 14, 15] was that the coatings covered 100% of the
specimen.

4. Results and analyses

Common methods of displaying AE data are in terms
of ""count rate" and " accumulative count' . The count
rate parameter is usually expressed as the number of
counts which are measured during a specific time
interval which may range from 0.1sec to the order of
hours — depending on the AE activity of the process
under study. However for this work another classifi-
cation will be described where the number of accumu-
lative counts per 20° C increment of temperature are
plotted against the temperature range.

Severa analyses of the AE data are given in
this section. Tests on two samples with different
ceramic coating thicknesses are described. Qualitative
measures of coating integrity can be gained from
an examination of either thecount rate or theaccumu-
lative count data. It is also intended to show how
further information about the cracking behaviour of
the coating can be achieved by analysing the AE
distributions.

TABLE |l Physcal propertiesof plasma sprayed deposits

4.1. Accumulative AE data

Significant AE was only detected during specimen
cooling and therefore the accumulative countsincrease
asthetemperature decreases. Theoverall AE behaviour
has previoudy been reported as consisting of two
separate distributions {15] — a stochastic response
from macrocracking as well as a continuous regime
from microcracking. Both of these AE responses must
be taken into account when a n2asure of significant
cracking is required. The temperature at which signifi-
cant cracking occurs has been taken asthe point where
100 counts has been exceeded. This temperature is
quite different from that at which cracking is first
observed.

Fig. 4 indicates how the temperatures for significant
and initial cracking varies with respect to the thermal
cycle. No clear trend is observed for the temperature
of the onset of initial faillure. However significant
failure of specimen 1 was observed to occur at 520 to
650° C whereas specimen 2 failed at 380 to 450°C. It
should becautioned that although specimen 1 failed at
a higher temperature during the cooling cycle this
does not necessarily indicate a lower susceptability to
macroscopic failure.

The accumulative AE per thermal cycle for the two
coatings under examination is shown in Fig. 5. It
was observed that initial failure of both specimens
occurred at about 10000 to 11 000 counts per thermal
cycle when measured at the 91dB level. After failure
was observed the accumulative count either increased
or decreased; presumably depending on whether
micro- or macrocracking processes, respectively, were
the more prominent. The following analysis of the
accumulative AE data shows how the relative mag-
nitudes of the cracking processes could be qualitat-
ively discriminated.

The shape of the accumulative AE response with
respect to temperature of the samples is shown for
selected thermal cyclesin Fig. 6. It isobserved that the
most distinct AE response occurs at temperatures
less than about 150°C. The initial accumulative AE
response (i.e., at high temperature) of each sample is
approximately linear with respect to temperature and
the gradient of the corresponding curve in Fig. 6 will
now be used to assess the influence of the magnitude
of the count per event. Thus it was assumed that
macrocracking occurred when the AE count exceeded
a certain lower bound which may be considered as a
limiting value for the burst emission. All AE counts
greater than this specified bound level were discarded
and the remaining accumulative AE countsfitted to a
straight linewith respect to the temperature. Thisline,
therefore. represents the continuous, or microcrack-
ing processes which are occurring within the coating.

Bond Coat

Ceramic Overlay

Specimen Thickness Weight Density Thickness Weight Density
code (cm) (®) (gem™) (cm) (8) (gem™?)
\ 0.017 111 3.4 0.049 5.19 5.0
2 0.017 114 3.4 0.040 3.97 4.8
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Fi gure 3 Schematic of experimental arrangement.

Theaffect of the bound levd and thermal cycde number
on thegradient of this AE count plotted against tem-
perature relationship will now be studied (Fig. 7).
There is no significant change in the gradient for
specimen 2 with respect to the thermal cycle number
or AE count bound leve (Fig. 7b). The gradient
gradually becomes more negative after the second
cycle and this indicates that the same cracking pro-
cesses, even after macroscopicfailure was observed at
cycle 5, are occurring throughout the thermal cycling
but to a greater extent. On the other hand the overall
AE activity of specimen | is lower since the gradient
isalower negative number. It isalso observed that the
bound level greatly influences the gradient after the
observation of failureat cycle4. Thesedata show that
eventswith an A E count greater than about 30 corre-
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Figure 4 Temperatures for initial and significant cracking of coat-
ings(m O specimen |. ® O specimen 2).
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spond to macrocracking whereas less energetic AE
events contribute to microcracking processes. The
following analyses examine other methods of exam-
ining the cracking processes within coatings via AE
studies.

4.2. Count difference analysis

Section 2 inferred that the number of cracks may be
ascertained by examining the count difference; i.e., the
difference in counts between the two amplification
levels. These differences have been calculated and are
shown as histograms in Fig. 8. A large count dif-
ference is related to the simultaneous initiation or
growth of many cracks. The frequency of the count
differences decreases as the number of simultaneous
events(i.e., the count difference) increases. The range
of thecount differenceincreased upon thermal cycling
and this indicates that the degree of microcracking
aso increased. The thick coating (indicated by the
filled in histogram) displayed lower frequencies of
count differencethan the thin coating. The thick coat-
ing also reveals a decreasein count difference values
larger than 20 after failure, and this represents the
localization of cracking; i.e., macrocracking. On the
other hand the entire distribution of count difference
for the thin coating increases after visua failure and
microcrackingevents are still operative.

Thecount differenceanalysisindicatesthat the thin
coating failsby microcrackingwhereasthe thick coat-
ing microcracks to a lesser extent prior to failing
by macrocracking. The anaysis shows the relative
number of cracks. No absolute value of the crack
number can be ascertained because the acoustic
damping coefficient of the plasma-sprayed material is
unknown. Thus the "count difference” parameter
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is proportional to the "number of cracks per AE
sampling interval™.

4.3. Normalized count difference analysis
The magnitude of the AE signal isdirectly related to
the size of the origina elastic wave. Therefore the
number of counts per AE event isrelated to the crack
growth during the sampling interval. A measurement
of the crack growth (or crack size) can be obtained
by averaging the count difference over the absolute
number of cracks. A more sensitive measurement is
obtained if the higher amplified signal is used during
the averaging procedure. The function of **1/crack
size" wasdetermined since it conveniently lies between
0 and 100%. This simple procedure has been termed
as "'normalizing™ since the result is dimensionless.
The data for the two coatings under scrutiny are
shownin Fig. 9. The relative crack size decreases from
the left-hand side to the right-hand side of these
graphs. On the first thermal cycle the thin coated
specimen exhibits more cracking events than the thick
coated specimen and all of these crack increments are
large. The crack size distributions for both coatings
extend to the smaller regime during thermal cycling.
After thefirst cyclethe thin coating does not exhibit as
high a number of large cracksand the number of AE
eventsfor thethick coatingincreased. The normalized
count differencedistributions for both coatings appear
to be very similar. After failure the thin coating still
shows a lot of AE activity, whereas the thick coat-
ing exhibits a general decrease over al crack sizes.
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All of the normalized count difference plots revea
strong periodic peaksin crack sizesof 5to 10% inter-
vals. It is not known at this stage whether these result
from random cracking processes or reflect specific
increments of crack growth; for example, crack jumps
or one lamellar diameter.

The general view that this analysis presents with
regard to the cracking processis that the thin coating
sustained many cracks of a large size on the first
thermal cycle. Thisenabled afine network of cracksto
be quickly established during subsequent cycles with
the result that the coating was relatively strain toler-
ant. The thick coating on the other hand did not
develop microcracks to the same extent and failure
arose from macrocracking phenomenon.

4.4, Crack density function analysis
A more elaborate analysis of the count rate data
makes use of a " crack density function™ (CDF). This
parameter is evaluated by multiplying the count dif-
ference and the normalized count difference; and it is
a measure of the number of cracks per increment of
crack growth. The range in the CDF is quite large
(from 1 to 100000) and therefore in Fig. 10 this func-
tion is plotted with logarithmic abscissa. A large value
of the CDF infersa large number of cracks for crack
growth and, therefore, microcracking. Macrocracking
events will, in an alike manner, tend to occur at low
values of the CDF.

The thin and thick coatings are initially compared
on the second thermal cycle. The coatings are also
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Figure 6 Accumulative counts plotted against temperaturedata. (a) specimen |. (b) specimen 2.
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compared on the failure thermal cycleand two cycles
after failure. It is of interest to note that al of the
comparisons up to and including the failure point
exhibit very similar total accumulative AE counts.
However, the characteristics of the CDF histograms
are markedly different and, in general, the thin coating
shows a greater frequency at every level of CDF.
Thehigh peak at 100 results from the low amplitude
elastic waves which did not excite the low sensitivity
amplifier to above the threshold voltage. A second
peak is prominent at CDF values of 160 to 250. The
shape of the CDF histogram does not change much
for the thick coating after the second thermal cycle.
On the other hand the thin coating exhibits progress-
ively large increases in high values of the CDF; and
this is especially accentuated on and after the failure
cycle. It should be emphasized that the thin coating
displayed less total counts than the thick coating
during most thermal cycles but the CDF was higher.
The conclusion reached is that the thin coating failed

by progressive microcracking whereas the thick coat-
ing gave rise to fewer AE events by macrocracking.

4.5. Distribution analysis

A technique of examining grouped data isto find the
nature of the distribution which it forms. In this way
it is possible to assign a unique " signature™ to the AE
response of each specimen which enables direct com-
parison of the thermal cycling behaviour. The Weibull
distribution has wide applicability in the physical
world and its form is

- e - (5]

where F(x) isthe median rank value of the data, x the
AE count of each data point, x, the minimum AE
count value, x, the characteristic value below which
63.2% of thedatalieand m the Weibull parameter (or
Weibull modulus).

The distribution is completely described by the

F(lx) = N
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Figure 8 Count difference analy-
sis of coatings. (a) the firg ther-
mal cycle (runs 1.1 and 2.1); (b)
the failure cycle, (runs 1.4 and
=~ 2.5) (c) two cycles after failure
(runs 1.6 and 2.7). Note that the
-  “x." code of the run refers to
the specimen number (where x is
. either | or 2) and the thermal
cycle number (where y is between
1 and 7). The filled-in histogram
refersto specimen | whereas the
line histogram represents speci-
men 2.
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three parameters of m, x, and x, The parameter x, is
Set to zero since this is the least AE count which is
possible in the case of thiswork.

The count data for each thermal cycle were treated
to the above analysisso that x, and m could be deter-
mined. The form of the Welbull plot is shown in
Fig. 11 for thefirst two cyclesof specimen2. A change
in each distribution can be observed at values of 50
and 35 counts respectively for cycles 1 and 2. How-
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Figure 9 Normalized count differenceanalysis of coatings. (a) the
first thermal cycle (runs |.1 and 2.1); (b) the failure cycle (runs 1.4
and 2.5); (c) two cyclesafter failure(runs 1.6 and 2.7). Notethat the
“x.v"* code of the run refers to the specimen number (where x is
either 1 or 2) and the thermal cycle number (wherey is between |
and 7). Thefilled in histogram refersto specimen 1 whereasthe line
histogram represents specimen 2.

ever, the occurrence of monomodal distributions was
amore typical result and thisassumption was used to
find m and x, values.

The trend of the characteristic AE count parameter
with respect to the thermal cyclefor each specimen is
shown in Fig. 12. The general observations for each
specimen are that the characteristic AE count was
high on the first cycle, decreased on the second cycle
and then increased up to thefailurecycle. The charac-
teristic AE count value decreased after the failure
cycle. Specimen 1, which had the greater weight of
ceramic deposit, also exhibited the highest character-
istic AE count valuesand the greatest change in these
values from cycle-to-cycle.

The find way of examining the AE data is by
looking at the Weibull parameter (*m”) and this is
essentially a measureof thedistribution shape. A high
m valueinfersthat the AE count valuesare not widdly
dispersed but grouped about a central vaue. Both
specimens exhibited similar trends in their Weibull
parameter behaviour (Fig. 13). Thecount valuesoccur
over a wide range of values during the first thermal
cycle but become more centraly located for the

Figure 10 Crack density function analysis of coatings. (@) the first
thermal cycle (runs |.1 and 2.1), (b) the failure cycle (runs 1.4 and
2.5); (c) two cycles after failure (runs 1.6 and 2.7). Note that the
*x." code of the run refers to the specimen number (where x is
either | or 2) and the thermal cycle number (where y is between |
and 7). The filled-in histogram refersto specimen | whereasthe line
histogram represents specimen 2.
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Figure 11 Weibull plot for acousticemission count data of specimen
2 for two different thermal cycles.

second and third thermal cycles. Prior to observed
failure the distribution of specimen 2 is again altered
toawiderange of AE counts whereas them parameter
of specimen 1 does not change significantly. The
physical inference is that specimen 2 cracks signifi-
cantly at cycle 3 from eventswhich areall very similar
in terms of AE count (i.e., microcracks); however, on
cycle 4 there is a large variety of cracking processes
(i.e., including macrocracks) and thisis reflected by a
wide range in the AE count data. Specimen 1 on the
other hand aways exhibits a large variahility in AE
count range and never any AE processes which are
concentrated within a narrow band of activity.

5. Discussion

Acoustic emission methodology often leads to the
acquisition of much data which must beinterpreted to
revea trends (of a numerical or qualitative nature)
which are correlated to materials properties. An
important assumption which must always be remem-
bered is that cracking processes within the plasma
sprayed coating give rise to AE. In the case of these
experiments the threshold voltage (or amplification
level) was adjusted so that only effects which arose
from the thermal cycling of the coating produced AE.
Thus any oxidation of the substrate, which would
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Figure 12 The characteristic acoustic emission count of plasma
sprayed coatings subjected to thermal cycling. (@ specimen |. ®
specimen 2).
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Figure 13 Welbull parametersfor plasma sprayed coatings subjec-
ted to thermal cycling, (B specimen |, @ specimen 2).

produce AE, is not included in the results reported in
the present work. Furthermore oxidation effects,
other than processes which would normally occur by
diffusion through the coating to the substrate, have
been avoided by completely coating the substrate over
its entire surface. Another experimental factor which
has been closely controlled is the careful rounding of
all substrate edges, otherwise, these would be expected
to be the preferred failure locations.

Animportant consideration concernsthe method of
using ring down counting for the measure of AE
response. The magjor shortcomingisthat theinitial AE
waveform is not reproduced by detecting it with a
piezoelectric transducer. The electrica response from
the AE event is produced from its initial strain tran-
sient and thisdecayswith time. Therefore, toacertain
degree, the ring down count is an artefact of the
transducer response to the AE event. It is generaly
true that large cracking events will produce a large
ring down count and in thisway the ring down count
per event, or the accumulative ring down count, are
measures of the cracking magnitude and degree of
cracking respectively. Another consideration to keep
in mind isthat an ideal sinusoidal decay signal is very
rarely encountered. Thus the focus of any interpret-
ation of the AE data reported in this paper should not
be on any individual AE event but should be centred
on trends of a general nature.

Thetwo coatings under examination were produced
with approximately the same bond coat thickness
(0.017cm) and weight of material (1.11to 1.149). The
thickness of the ceramic coatings were nominaly dif-
ferent but it should be remembered that the error of
these measurements is about + 0.006cm [16). How-
ever despite this ambiguity it is known that coating |
had 23% more deposit material than coating 2. Also
the ceramic coating densities were calculated as 4.8
to 5.0gecm~* which agrees well with independently
measured values in the literature [16]. However the
densities of the bond coats were calculated as
3.4gcem~? which, despite error corrections from the
thickness measurement, disagree with the literature
values of 6.9 to 7.4gcm~* [16). Thus the bond coats
which were studied in this work are not typical of the
usual relatively dense coatings. Regardless of the



above shortcomings the two coatings can be thought
of as virtually identical except for the weight of the
ceramic overlay. Both coatings were produced in an
identical fashion so the weight differencecorresponds
to aredl difference between the ceramic coating thick-
nesses. Therefore, in this light, it is convenient to
consider that coating 1 hasa '"thick' ceramic overlay
whereas coating 2 is “thin”.

A major aim of the AE testshasbeen to examinethe
coating integrity with respect to temperature. Thereis
aneed to establish the cracking behaviour of coatings
and, moreimportantly, to definethe conditionswhich
constitute favourable or detrimental cracking with
respect to the overall coating adhesion and perform-
ance. The accumulative AE count and accumulative
AE bound leve analyses, Figs 5 6 and 7, closdy
parallel each other. It is shown that large AE counts
result from many simultaneouscracking events rather
than from largeindividual cracks. Another featureis
that the thin coating produces amost double the
amount of AE than the thick coating during the first
thermal cycle. However, after thefirst cycleand up to
thefailurecycle the AE responseof the thin coating is
less than that which isexhibited by the thick coating.

It isdifficult to relate the temperature at which AE
is first observed to any of accumulative AE distri-
butions. Thisismost probably because these emissions
are of a mixed stochastic-continuous nature and
therefore are, to a certain degree, a response to the
relief of internal stresses within the coating-substrate
system. The temperature of this very first emission is
not easy to predict as can be ascertained by the vari-
able nature of the accumulative AE curves during the
initial cooling. The figure of merit that was used to
determinea significant cracking temperature averages
the various AE responses so that almost constant
temperatures were observed (Fig. 4). On application
of this measure for cracking it is seen that the thin
coating reaches the significant value at about 550°C
whereasthe thick coating reaches the same significant
value at 420°C. It is of major importance to empha-
size that the coating which started cracking at the
higher temperature also produced less AE per thermal
cycleuptothefailurecycle(disregardingcyclel). This
inversecorrelation between high temperaturesfor sig-
nificant cracking and a low total AE infers that the
crack growth rate (or possibly crack nucleation) with
respect to temperature is less for the thin coating.

The" crack growth function™ iscal culated from the
count difference values which have been normalized
with respect to the larger count value. The accumulat-
ive reciprocal of this function may be considered a
measure of the total damage (or crack growth) within
the coating. Fig. 8 indicatesthat thereis a large dif-
ferencein the failure behaviour of the two coatings
examined and that these differences are not as dis-
tinctly shownin Figs5and 7. For examplethecoating
with the lessweight of deposited ceramic(specimen 2)
exhibited a greater magnitude of crack growth than
specimen 1 on all thermal cyclesand thisextended up
to a factor of about 9 on the first thermal cycle.
Coupled with this is the accumulative AE data of
specimen 2 which is less than that for specimen 1 for

thermal cyclesup to thefailure point (disregardingthe
first thermal cycle). Therefore there is an inference
that specimen 2 failed by many small cracking events
in comparison to specimen-1.

Another feature of Fig. 8 to be considered is the
general trend of the crack growth function curve with
respect to the thermal cycle. Specimen 1 displaysan
increasein the crack growth function until the failure
cycle (cycle 4) at which point the =#ack growth par-
ameter decreases.On the other hand specimen2shows
a decrease in crack growth after the initia thermal
cycle and then a large increase at failure (cycle 5)
which increasesfurther with the next cycle (cycle 6).

Another method of studying coating behaviour is
by classifying the AE distributions. The AE data for
each thermal cycle was fitted to the Weibull distri-
bution and the parameters of m and x, were used to
characterize the coating. The *characteristic AE
count"" showsthat specimen 2 behavesat alower level
of AE activity than specimen 1 and this low activity
(about 12 counts per event) is probably related to
microcracking rather than macrocracking processes.
The first thermal cycle of specimen 1, on the other
hand, exhibited large AE counts (characteristic value
of 35 counts per event) and this representsa greater
degree of cracking. Another feature of both distri-
butions is that observable failure of the specimen
occurred near to the maximum of the characteristic
AE count and on subsequent thermal cycles the
characteristic AE count decreased. The shape of the
distribution isgiven by the Weibull parameter. A high
value corresponds to a distribution where the values
are centrally located whereas “m” is low if the AE
counts are dispersed over the range. Specimen 2
exhibiteddistributions with agreater m than specimen
1 (Fig. 13) and this behaviour infersthat the cracking
processesare of a similar character.

Mechanismsof failure may be postul ated to account
for therelativedifferencein AE behaviour between the
two specimens. Specimen 1 progressively failed by a
few large scale cracks (macrocracks) which coalesced
at the point of catastrophic failure so that further
cracking was localized. Specimen 2 exhibited very
many small cracks (microcracks) on the first thermal
cycle and these caused a reduction in the extent of
cracking on the following cycles, most probably by
crack interaction mechanisms. At the failure point
(cycle 5) there is activity generated by new cracks
being formed and this process continues after the
failure cycle (i.e., during cycle 6).

One final point concerns the significance of the
life-times which are reported for these tests. For
exampleit may be thought that an absolute difference
of one thermal cycle corresponds to virtually equiv-
aent life-times. However an aternative view point is
that the relative differencein lifetimesis 20 to 25%;
and this is considered quite a significant change in
other thermal tests such as burner rig or quenching
experiments. Regardless of these arguments it should
be emphasized that the major thrust of thiswork has
been describing and discussing the various AE distri-
butions of severd specimens. In the case of these
experimentsit is shown how the thin coating failed by
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adifferent mechanism than the thick coating. Another
caution concernsthe question of replicatingresults. In
this work each test must be considered quite unique.
Even if specimens could be superficialy identical
there is always the doubt that some microstructural
feature(s) will cause an ""untypica' mechanism of
failureand hencelead to avariationin the AE response.
Thus the aim-of this work has been to identify and
classify trendsin the AE behaviour of plasmasprayed
coatings.

6. Concluding remarks
Acousticemission methodology has been used to stu
the failure processes of plasma sprayed NiCrAlY
ZrOy-12wt « % Y,0; coatings. Several techniques of
analysishave been used to describethe mechanism of
failurein relative terms of the number of cracks and
their activity, i.e., their initiation or growth. The tem-
perature at which significant crack activity commences
has been defined and found to be inversdly related
to the accumulative count. Thus the coating which
exhibited the higher significant temperature also
reveded alower total accumulativecount. The crack-
ing at high temperatures may relieve the stresses that
would otherwise bedetrimental at alower temperature.
These studies have focussed on examining the
cracking behaviour of plasma-sprayed coatings by
acoustic emission methods. Two specimens, identical
except for the ceramic coating thickness, have been
studied by repeated thermal cycling to 1150°C. The
analyses are limited to a certain extent by the non-
ideal nature of the AE response which is, in turn,
manifested by non-sinusoidal decay of the electrical
signd from the transducer. Another basic assumption
is that the AE signals from separate events are not
superimposed and thereby confounded. It is expected
that thesametrendsin the AE data would be observed
if theseerrorswere taken into account sncetheresults
would till bedistributed about the same mean values.
The differencein counts between the two amplifiers
is used as a qualitative measure for the number of
cracking events. The count difference analysis pro-
videsa meansfor relativeestimation of the number of
activecracks. The crack size can also be examined by
studying the normalized count difference, and a crack
density function isderived which incorporates the size
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and number of cracks. Finally, a Weibull distribution
analysisis used to providedetailsconcerningthe rela-
tivecontributions of macro- and microcrackingevents.
Someof these analyses use the same raw data but pro-
cess them by different mathematical means. All these
analyses provide insights into the thermally induced
failure processes within coatings.
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