PFANF8 (2001) 1:55-64 © ASM International

Influence of Plasma Spray Parameters on the Cracking
Behavior of Yttria Stabilized Zirconia Coatings

A. Kucuk, CG. Dambra, and CC. Berndt

(Submitted 30 October 2000; in revised form 70 November 2000)

Thermal spray coatings enhance the material propertiesof substrates but this attribute may be negated if
the coatingsthemselvesfail. This paper investigates the performanceof an important family of coatingsas
onestep in improvingthe resistance of the coating/substrate system to mechanical failure.

Thermal barrier coatingsof yttria partially stabilized zirconia (Y SZ) with aNiCrAlY bond coat were air
plasma sprayed onto mild-stedl substrates. The spray process parameterswere varied according to top and
bond coat thickness, stand off distance, and substrate temperature. These 17 groupsof coating types, with six
identical samplesin each group, werefour point bend tested while coupled with an i n-si tu acoustic emission
transducer. Optical microscopywasthen used to examineand map theresultingcrack patterns. M easurements
of the number of cracks, crack separation, delaminatinglength, and micro-crack densitywereaso made. The
combination of thisinformation, alongwith propertiesobtained from thefour point bend testsand acoustic

emissionsignals, provided insight into the cracking and delaminating processes.
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1. Introduction

Plasma sprayed duplex NiCrAlY/YSZ thermal
barrier coatings (TBCs) have been widely used in
power generation and aviation as protective coatings
for underlying metallic parts.l! Although the
thermal and high temperature corrosion resistance
of these coatings improve the engine efficiency, poor
mechanical propertiesand reliability still presentin-
service problems. Therefore, a better understanding
of deformation and cracking in these coatings is
necessary for improved reliability and enhanced
coating designs.

Few studies of the deformation characteristics and
cracking behavior of thermally sprayed materials
have been reported in the open literature. Berndt
and his co-workers>* have extensively studied
mechanical properties, failure mechanisms, and
cracking properties of thermally sprayed oxide
coatings including alumina, alumina-titania, and
zirconia-yttria under thermal cyclic, indentation,
three and four point loading, and tensile adhesion
loading stresses over the last 20 years. They have
reported that the properties of coatings strongly
depend on the complex microstructure consisting of
anisotropic splats, voids, and micro- and macro-
cracks retained under process residual stresses. In
essence, these prior studies have concluded that
thermal spray materials can be treated as composites
that are heavily influenced by porosity. Additionally,

the nature of the thermal spray processgivesrise to
certain orientations of micro- and macro-cracksthat
confer the ultimate mechanical response of the
coating/substrate system. Acoustic emission and
appropriate statistical analysiswere aso used to assess
the cracking processes,in rea time, so that the crack-
ing propensity could be related to the processing
conditions.

Colin et al.®! examined plasmasprayed magnesium
zirconate (M Z) and chromium oxide (CO) coatings
using double cantilever beam and four point bend
tests. With the aid of acoustic emission (AE) and
optical microscopy, they found acorrelation between
damage mechanisms, coating toughness, and the
acoustic emission response of the coatings. Brown
and Turner® studied plasmasprayed hydroxyapatite
coatings using four point tests coupled with AE, and
optical/electron microscopy.They found that the A E
count rate during the four point bend tests depended
on the process-induced residual stresses. Voyer et al.”
also utilized in-situ AE analysis and microscopy to
study cracking of Y SZ coatings during thermal cycle
tests, and Schmidt et al.[¥) studied creep damage
behavior of thermal barrier coatings.

However, additional studies of the damage and
damage detection in thermally sprayed materials are
needed. The present study summarizes the cracking
behavior of large numbers of plasma sprayed TBCs
under biaxial stresses. In-situ AE anadysis and post-
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Influence of Plasma Spray Parameters (continued)

test microscopywere used to investigatethe cracking
sequence and damage mechanisms.

2. Experimental Procedure

2.1 Sample Preparation

A top coat of commercialy available 8 wt.% yttria
stabilized zirconia (Y SZ) and a bond coat of
NiCrAlY was air plasma sprayed onto mild-carbon
steel substrates (90 X 26.5 X 2.6mm). The spray
parameters were altered according to 1) top-coat
thickness (300 or 500um), 2) bond-coat thickness
(100 or 250um), 3) stand-off distance (80 or
100mm), and 4) the substrate pre-heated
temperature (273 or 393 K).

The substrates were grit blasted to an average
roughness of 4.0 + 0.5um. Each sample was then
cleaned with ethyl alcohol. A handheld infrared
temperature detector was used to measure the pre-
heat temperature of the substrate prior to spraying.
The coatings were sprayed to dimensions of 30 x
26.5mm, leaving bare substrate on each side of the
coating. Each substrate was air cooled on the back-

side to avoid overheating during spraying.

A plasmatorch, mounted on a six-axis articulated
robot, was used to spray 17 groups of coating types.
Each group contained six samples, which are listed
in Table 1. The spray parameters used during the
spraying of the top and bond coatings are listed in
Table 2.

2.2 Four Point Bend Testing and Acoustic
Emission Analysis

Four point bend tests were performed using a
universal (tension/compression) test machine. The
lengths of the inner and outer spans of the testing
rigwere 20 and 40mm, respectively.T he testing was
performed at a constant crosshead displacement rate
of 10um/sec. All of the 102 coatings were tested in
tension during bending. Additional information
about thefour point bend testing hasbeen previousy
presented.” During thefour-point bend testing, A E
signals were received with the use of a transducer
placed on anon-coated section of the steel substrate.
The AE analysis techniques are summarized in
Kucuk et al.l™"

Table 1 Samples sprayed according to experimental design

Sample Bond Coat Top Coat Substrate Stand Off
Designation (um) (nm) Temperature (K) Distance (mm)
S1 100 300 393 80
S 100 300 393 100
3 250 300 393 80
A 250 500 393 100
S5 250 500 393 80
6 100 500 273 80
S7 100 500 273 100
3 250 300 273 80
9 100 500 393 80
S10 100 300 273 80
S11 250 300 393 100
S12 250 300 273 100
S13 250 500 273 80
Si4 250 500 273 100
S15 100 300 273 100
S16 100 500 393 100
S17 175 400 333 90
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2.3 Analysis of Macro-Cracking Behavior

One sample from each of the 17 groups was then
randomly selected for further examination. These
chosen samples were mounted in epoxy resin and
vacuum impregnated. The sampleswere cut with an
abrasive saw in the tensile strain direction such that
the cross-section was perpendicular to the loading
and support beams. T he cross-sectionswere polished
using conventional methods and examined with a
reflected light microscope. This alowed for the
macroscopic cracks in the zirconia top coat and
NiCrAlY bond coat to be counted and mapped.
Delamination of the top-coat from the bond-coat
and of the bond-coat from the substrate were aso
mapped. Average crack separation and length of
delamination were measured using image analysis
techniques.

2.4 Analysis of Micro-Cracking Behavior

The polished samples were examined at greater
magnifications (200-500x) to allow for the
quantitative analysis of the microcracksthat formed
during testing. The Linear Intercept method of the
ASTM E 112 "Standard Test Methods for
Determining Average Grain Size”!! was modified
to measure average crack separation. This method
involved the counting of micro-cracks in three
separate coating directions; i.e., directions that are
paraldl, transverse, and at 45° to the direction of
strain. Lines of known length were drawn at random
positionson the cross-sectional coating micrographs.
The number of micro-cracks that intercepted the
line was determined. Three measurements, in each
of the three directions, were made. Micro-crack
density was then determined by dividing the number
of cracks by the length of the test line. For this
method, micrographs of the center of the coating

length were used. This ensured that any effects
arising from the support bars were eliminated.

3. Results

3.1 Four Point Bending

The bending yield stress (6,3) and bending
modulus(Ey) cal culated from theload-displacement
data are summarized in Table 3. Details of the four
point bend test methodology have been reported
previously.”)

3.2 Acoustic Emission (AE)

The results of the A E analysis are summarized in
Table 3. The number of acoustic events and the
cumulative A E energies were obtained throughout
the bend test. The data were separated into elastic
and plastic regions using the A E analysis described
in Kucuk et al."?! The samples were grouped into
categories according to their respective A E activity
output (Fig. 1).In general, those coatings that
exhibited delamination, showed the larger amount
of AE activity and released higher quantities of
energy during the testing. These coatings were
thicker and sprayed at a closer distance onto a pre-
heated substrate.

3.3 Macro-Cracking Analysis

Further analysis was performed on the polished
coating cross-sections. In this case, microscopy
allowedfor detailed observation of the cracksin both
the top and bond coats. Maps of the cracking pat-
ternsweregenerated for each of the coating samples
(Fig. 2). During this analysis procedure, cracks in
both the top and bond coats were counted. Crack
length and total delamination length werealso deter-

Table 2 Spray parameters for the coating system

YSZ NiCrAlY

Torch Type Metco 3MB Metco 3MB
Nozzle Metco GH Metco GH
Current (A) 600 500
Voltage (V) 70 70
Primary Gas, Ar (I/min) 40 40
Secondary Gas, H, (Ymin) 11 8
Powder Carrier Gas, N, (Ymin) 3.5 3.65
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Influence of Plasma Spray Parameters (continued)

mined. Finally,averagecrack separation (i.e., average
distance between the vertical cracks) was measured.
The measurementsand observationswere madefrom
micrographs and are summarized in Table 4.

It was observed that coatings either exhibited a
well-distributed cracking pattern across the entire
coating surface(i.e., sample S1), or the cracking was
localized to the support beams of the testing fixture
(i.e., sample S14); see Fig. 2. The number of cracks
that werefound in the zirconia top-coat varied from
3 to 30, while the number varied from 7 to 34 in the
bond-coat. Delamination of the ceramic top-coat,
often considered to be catastrophic failure, was
observed in some samples (i.e., samples S4 and S9).
This delamination was often found to occur dlightly
above the ceramic/bond coat interface (Fig. 3). This
observation is consistent with the process of delami-
nation occurring by the propagation of the horizontal
crack through the ceramic layer, near the interface
with the bond-coat. T hisphenomenon indicatesthat
the adhesion between the top and bond coats was
high. In some instances, minimal delamination of

the bond-coat from the substratewas asofound (i.e.,
samples S5 and S13).

34 Micro-Cracking Analysis

Although measurements of crack density are
reported for three directions, any future referenceto
micro-crack density refersto the measurement made
in the direction parallel to the stress/strain axis. This
direction was chosen because the most likely
direction of crack propagation is perpendicular to
the stress axis. Micro-crack density is reported in
Table4.However, thetest-induced crack density may
have overestimated the extent of cracking becauseit
isdifficult to distinguish between micro-cracksand
splat boundaries. Furthermore, micro-cracks that
formed asaresult of processing, prior to testing, were
also counted.

4. Discussion

4.1 Cracking Sequences and Mechanisms

The optical micrographs taken of the coating
cross-sections aided in the mapping (Fig. 2) and

Table 3 Summary of AE events observed during the four point bend test along with the average bending
yield stress and modulus value for each group (“a.u.” indicates arbitrary units).

E,ex10° E %107
N, %107 Elastic N,z X107 Tota O Eg

Sample Elastic (au) Total (aw.) (MPa) (GPa)
S1 1.120.4 0.6:0.4 2.521.2 1.9:0.9 301223 114211
%) 2.820.8 39222 10.1£1.4 1222 260226 89211
3 47205 3.822.2 19.6£4.4 52224 92238 29:14
S 1.920.7 1.121.0 16.222.4 76+20 14218 44

Ss 42216 5.822.8 20.9:5.0 40217 225+41 72217
3] 1.620.3 2.120.3 11.3£1.0 1643 160253 51219
S7 2.820.8 3.6+1.7 10.121.4 1222 260226 89+11
8 2.220.7 1.5:0.7 8.625.1 522 328+43 11427
9 2.7+0.5 4.6£1.7 22.02 6.7 52423 62243 21214
S10 2.7:0.8 3.4+1.9 12.3£2.0 1543 206288 78236
S11 1.821.5 1.8+1.7 41216 623.8 27+50 8+14

S12 1.120.3 0.7+0.5 2.921.1 3.7+2.5 73299 21229
S13 3.621.2 4.122.4 16.5+2.8 2118 250230 86215
S14 1.820.7 1.020.5 11.4£2.7 42:14 1225 126

S15 0.44:0.06 0.4920.06 0.9520.15 1.240.3 440+61 17117
S16 0.820.4 1.1:0.5 2.820.9 2.9:1.1 371259 144219
S17 1.0:0.3 0.720.6 11.724.9 30220 11:44 4£13
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Table 4 Summary of the data collected and the observations made during this study:
A brief description of the cracking behavior is also given.

Crack
Top Coat Bond Coat Density  Delamination
N d(um) d(mm) N per mm (um) Comments
S1 30 530+ 183 394: 249 34 76 0 Cracking well distributed, high
relative strength, no delamination
S2 R 7 867+ 296 373+180 R: 14 89 68 Localized cracking, delamination
L:6 L:18 of top and bond coats
S3 R 9 537+ 318 390+ 249 R 8 45 300 Localized cracking, delamination of top and
L:7 L:6 bond coats, irregular craclung pattern
S4 8 2216 + 476 894 = 517 R: 4 43 1300 Cracking is distributed, severe delamination t—:j
L:9 of top coat, large average crack separation
L ]
S5 R 7 942 + 363 666 5 237 R 7 29 800 Localized cracking, severe delamination of <
L:5 L:9 top and bond coats .
Sé6 R:8 1135+527 680178 R: 10 27 390 Localized cracking, delamination of top coat b
L:5 L:3 .
S7 R:5 545 + 429 314+ 78 R: 6 26 600 Localized cracking, severe delamination of ['rj
L:3 L:11 top coat i
S8 R 3 766 + 262 395+ 115 R:2 a4 60 Localized cracking, delamination of bond é
L:5 L: 6 coat, good adhesion at top/bond coat R
interface tTj
59 R:3 793 + 534 328+ 73 R 8 41 1093 Localized craclung, large thru-cracks, major .
L:4 L:13 delamination of top coat at both supports N
S10 R3 1004585 443+ 148 R:5 a2 259 Localized cracking, beginnings of delami- U
L:6 L:9 nation in top coat at one support
S11 R:4 1448+107 612:82 R 3 44 0 Localized craclung, start of branching at
L:3 L:4 bond coat suggesting delamination about to
occur
S12 R2 663+ 504 729+ 145 R 3 12 225 Localized cracking, delamination of top and
L:4 L:4 bond coat both at the same support
S13 R4 733+153 749:134 R 4 37 0 Localized cracking, delamination of bond
L:6 L:6 coat only suggesting better adhesion
between top and bond coat
S14 R:2 464 459 + 114 R:5 46 428 Localized cracking, large thru-cracks, de-
L:1 L:6 lamination of top coat, least amount of
cracks
S15  R:19 5355165 465+ 88 R: 13 60 0 Craclung relatively distributed, strongest
L:8 L:4 sample in group, least amount of AE avtivity
S16 R5 702 +160 745+ 205 R: 3 48 0 Localized cracking, no delamination
L:9 L:5
517 R5 979+ 511 641+ 395 R 6 49 100 Localized cracking, delamination of top coat
L:9 L:10

*N = the number of vertical cracks observed. R:L = the right and/or left side of the coating cross-section. d = the average crack
separation.
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Influence of Plasma Spray Parameters (continued)

explanation of the cracking sequence through
the coatings. It was observed that the cracking
began at the surface of the ceramic top-coat
where the stresses generated by the four-point
bend test are the greatest. The cracks
propagated downward through the coating in
avertical direction (i.e., propagating from the
outside surface of the TBC toward the
substrate). Vertical macro-cracks were found
to be either well-distributed throughout the
coating length, or, more often, localized at the
support beams of the testing fixture. Cracks
will first generate near this region becausethe
coating strain may have been dlightly higher
near the support bars.'* These vertical cracks
often propagated through individual splats
rather than passing through splat boundaries
(Fig. 4).

Once propagation through the top-coat was
completed, the vertical cracks either 1) con-
tinued on asvertical cracks through the bond-
coat, or 2) were deflected horizontally in the
top-coat in the region near the top-coat/bond-
coat interface, to form a delamination. In the
first case, the cracks passed through splat
boundaries of the bond-coat, sometimes
leading to localized delamination of the bond-
coat from the substrate (e.g. samples S3 and
S13). In the second case, often considered
catastrophic failure of the coating, delam-
ination, in effect, separated the top-coat from
the rest of the coating system. This separation
relievedthe strain energy stored in the ceramic
coating near the area that delaminated.
However, vertical cracking of the bond-coat
continued and sometimes led to delamination
of the bond-coat aswell.

Cracking and delamination result from the
build-up of strain energy within the coating
system. The amount of strain energy stored in
the coating during the bend tests is
proportional to the strength of the coating.
This stored energy can be decreased by the
formation of cracks in the coating.! This is
observed in samples S1 and S15, the strongest
samples of the group. These coatings also
exhibited the largest number of vertical
segmentations and no delamination, indicating
high adhesion between layers. | t hasbeen found
that vertical segmentations can indeed help
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Fig.1 Comparisonsof cracking behavior and AE responsss o the
coatingsduring the four point bend tests. Samples were catego-
rized according to (a) “Yow,” () "medium,” and (c) “high” groups
depending on their cumulative AE energy rdeased during the
tests. Note the differences in scaling.
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prevent coating delamination mechanisms and
greatly improve their lifespans.!’] This mode of
cracking accommodates for the buildup of strain in
the coating without the occurrence of catastrophic
failure. Those coatings, which were sprayed with
thicker top and bond coats, were found to be more
susceptibleto delamination and yielded fewer vertical
cracks (e.g. samples $4, S9, and S514).

The relation between macro-crack separation and
bending yield stressis shown in Fig. 5. Macro-crack
separation was calculated by measuring the average
distance between vertical macro-cracks. If the
crackingwaslocalized at the support beams, thelarge
distance between the two groupings was not taken
into account. This graph illustrates how an increase
in crack separation causes a decrease in the bending
yield stress of the coating system.

Andritschky et. al."®! reported that coatings relax
close to the cracks as they form, creating a stress
distribution. They developed an analytical equation

1 Sample 9

“ Sample 2 | i Sample 10 !

-t t ]
1 Somple 3 | Sample 11 |
T e
SO o RO QUi 2 1§ )
i Sample 4 Sample 12

T .
T T pa—
Sample 5 ‘ Sample 1 |

Te
T i}
Sample 14 \

e

Sample 15 J

[ Sample 8 J

NicrAlY ‘6 ;

M M

Fig.2 Maps of cracking behavior as observed after four point
bend tests. Sketches represent cross-sectionstaken at a
direction that is paralld to that o strain. M refersto the
moment direction during testing. Picturesare of entire
coating length and include zirconia top coat, NiCrAlY
bond coat, and mild-sted substrate. T = (thick) 250 or
500um for bond and top coat, respectively. £ = (thin) 700
o 300um for bond and top coat, respectively.

Zirconia

Substrate
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to support this trend. It was observed that after
cracking, the stresswithin the coating is much lower
than the fracture resistance. Therefore, further
cracking will require a significant increase in the
applied stress. An explanation for the high yield
stress, in samples S1 and S15 for example, can be
that the cracks formed towards the end of the four
point test, resulting in more stress availablefor crack
formation. Thus, when a crack was initiated during
this period of high stress, there was not likely to be
sufficient stress relief. The prime mechanism for
relief of this stress would be further cracking in the
vicinity of the pre-existing crack. Therefore, in other
words, the stress relief caused by the initial crack
spawns a locaized family of similar cracks so that
the overall macro-crack separation is decreased.

Ceramic

D elamination

Bond Coat ;

aym
Bond Coat f
Delamination

'; Substrate Lo

Fig.3 Optical micrograph of coating cross-section paralld to
direction of strain. Micrograph shows evidence of vertical
mecro-cracks, top coat delamination,bond coet cracking,
and bond coat delamination. Image taken at 50X

magnification

Vertical
/ Macro-crack

»

&

x
Splat ~
Boundary
tig h-_—-q
w0 100 pm

Fig. 4 Micrographshowing vertical macro-crack passing
throughindividual splazs. Imagetaken at 500X
magnification
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Influence of Plasma Spray Parameters (continued)

I't can be noted that there isadiscrepancy in some
of the data pointsin Fig. 5 (e.g. samples S3, S9 and
S14). An explanation for their deviation from the
exponential trend is the fact that they exhibited a
large amount of delamination as a result of
deformation. This large amount of delamination
accounts for the larger release of strain energy in
these coatings. Furthermore, micro-cracking
behavior is not clear at this point, and a mechanism
was not suggested.

4.2 Acoustic Emission vs. Cracking

As mentioned above, the AE response of the
coatings during four point bend tests was primarily
dominated by delamination, secondarily by the
vertical macro-cracks, and finally by the micro-
cracks. It can be seenin Fig. 1 that the samplesin
the"low" category exhibited almost no delamination;
whereas the samplesin the "high" category severely
delaminated. 1t was not surprising that the delam-
ination generated more AE energy when the
microstructure of the thermal spray coating was
considered. The thermal spray coatings evolve from
cohered splats, which form from the spreading of
molten/semi-molten particles on the substrate (or
underlying layer) at a high impact velocity.!! The
cohesion between splats in the direction perpen-
dicular to the spray direction is better than the
cohesion in the direction parallel to the spray
direction. Thiswould be expected because both the
mechanical anchoring and the chemical binding
between splats, and the total contact area per two
splats, are higher in the perpendicular direction. The
hardness measurementscarried out on the top surface

500
15
——

400_- | ™__sample Designation |

300 - .

Bending Yield Stress (MPa)
g
Eﬂ {

4
9 r e
1.4 T T 1 T T T T
0 400 800 1200 1600 2000 2400 2800
Macro-crack Separation (pm)

Fig.5 Comparisonof the bending yield sress of the coating
sampleswith the averagemacro-crack separation
measured after deformation.

and cross-sectional areas showed that the cross-
sectional hardnesswas higher; thereby indicating that
the cohesion was enhanced in the direction perpen-
dicular to spray direction.'”) Therefore, delamination
would require more energy and generate a higher
AE response. Voyer et al.l”) also reported that top
coat delamination, which occurred during thermal
cycling of TBCs, generated alarger number of AE
signalsthan reported for vertical cracks.

To compare the A E responses of the coatings
during the testswith the cracking behavior,a unique
parameter, which would quantify the cracking
behavior and take delamination, vertical macro-
cracks, and micro-cracksinto consideration, needed
to be developed. A parameter called "total macro-
crack length (TML)" would serve this purpose. The
T M L was the summation of the total delamination
length and the total vertical macro-crack length, in
both the top and bond coats, within the examined
cross-sectional plane. Note that delamination and
macro-cracks were weighed equally, and micro-
cracks were not included in this value since it was
not possible to determine the weight fraction for
different crack types. I n addition, it was assumed in
theT M L calculationsthat del amination and vertical
cracks propagated throughout the entire coating
width, which was not necessarily true. One may be
able to use fracture toughness values in different
directions to estimate the weight fraction of the
various types of cracks. Similarly, gradual layer
removal throughout the width would provide better
information regarding the length of the crack in this
direction. Nevertheless, the aforementioned
assumptions were adeguate for the current explor-
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length (TML)
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atory study and complex issues regarding the exact
crack nature will be studied in the future.

Figure 6 illustrates the change of cumulative AE
energy with TML. As seen, the cumulative AE
energy increases with increasing TML within the
experimental variations. Samples with no
delamination but with several vertical macro-cracks,
such as samples S1, S15, and S16, dightly deviated
from the linear trend, indicating another weakness
in the TML calculations. 1t was noticed that the
coatings that yielded cracks with larger opening
displacement (i.e., larger crack widths), such as
samplesS4 and S14, generated higher A E responses
than those with smaller openings, such as samples
S15 and S16.

In Fig. 7, the change of average AE energy with
the cumulative energy per unit length of TML is
presented. Strikingly, the slope is close to one for a
linear trend. Further study of thisissueis necessary.
It is believed that the AE energy may be used to
determine the fracture toughness of the coating
showing the correlation suggested in Fig. 7.

A simple relationship between AE response and
micro-cracking has not yet been found. This could
be because 1) macro-cracks play such a dominant
role in A E response that the influence of micro-
cracking was overshadowed, or 2) the method
employed to quantify micro-cracking during this
study was not an accurate and reliable one.

4.3 Influence of Spray Parameters on Failure

As indicated above, the coatings with thick top
coat layerswere more susceptible to macro-cracking,
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Fig.7 Changed average AE energy with the AE energy per
unit total mcro-arack Zength (TML). Notethe linear
trend with a dope doeto 45°.

Practical Failure Analysis

as can be easily distinguished from the micrographs.
A statistical analysis confirmed that both vertical
crack length and delamination amount (and, inturn,
TML) increased with increasing top coat thick-
ness and substrate temperature within the studied
range. However, no influence from bond coat
thickness on TM L was significantly noticed. The
statistical analysisaso showed that increasing stand
off distance could decrease the TML at arelatively
poor confidence level of less than 70%. Although
such alow leve of confidence in the influence of
the stand off distance obscures the firm conclusions
of such atrend, it isclear that relationshipsof such a
nature exist.

Previously, we found that the yield strength of
these same coatings decreases with increasing top
coat thickness and the substrate temperature.”)
Similarly, coatings with thicker top and bond coats
sprayed on pre-heated substrates at ashort standoff
distance exhibited a higher number of AE events
with higher AE energy.'™? As a result, cracking
behavior, strength of the coating, and A E response
under deformation showed similar indications of a
microstructure that built-up uniquely depending on
the spray parameters.

The effects of process parameters, which were
examined in the current study, on the strength and
AE response of the coatings under loading were
previously discussed in detail.*'? Briefly, it was
suggested that the process residual stresses played a
critical rolein the deformation characteristics of the
coatings. |t was suggested, for instance, that thicker
top coat layerswould result in higher residual stress
levels as a result of broad temperature distributions,
going from top to bottom, throughout the large
coating thickness. Similarly, Levit et al.l'8! reported
that residual stresses in the top coat layer were
compressivein nature for the coatings sprayed on a
pre-heated substrate as a result of the mismatch in
coefficient of the thermal expansions (CTE) of
ceramic and metallic layers. One would expect that
the presence of such compressive stresses would
make the top coats less susceptible to cracking.

However, one should also consider the stressbuilt-
up at the top coat/bond coat interface that could
promote separation of these two layers(i.e., delami-
nation). On the contrary, none of the delamination
was observed at the exact top coat/ bond coat
interface, but in the top coat near the interface. This
phenomenon is commonly observed. Miller and
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Lowell™! observed this failure near the top/bond
coat interface in their thermal cycle tests. They aso
found that cooling stressesare responsiblefor failure
by delamination. This delamination in the top coat,
near the interface, could arise because of the mech-
anical interlocking resulting from the rough surface
of the bond coat.

5. Conclusion

Plasma sprayed thermal barrier coatings, with
varied processingparameters, weretested using afour
point bend test arrangement while coupled with an
in-situ acoustic emission monitoring system. Post-
examination of the resulting crack patterns and
behavior was carried out using optical microscopy.
I't was observed that a series of paralléel cracks (per-
pendicular to the direction of strain) formed, which
were either localized at the support bars of the four
point test rig or well distributed throughout the
length of the coating. Similar crackswere a so present
in the bond coating. Horizontal delamination of the
top coat, and bond coat in some instances, occurred
in sampleswith thicker coatings. This delamination
occurred in the top coat near, but not exactly at, the
top/bond coat interface. Delamination resulted in a
higher A E energy output during the testing.

Those coatings that exhibited a well-distributed
cracking pattern were found to have higher yield
strength and bending modulus. These coatingswere
also found to have a thinner bond coat and were
sprayed onto a cooler substrate. Furthermore, the
influence of micro-crack density on the overall
mechanical properties of the coating samples used
in this study was not clearly understood.
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