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ABSTRACT 

The heterogeneous na ture  o f  plasma-sprayed coat ings  p lays  a  
major r o l e  i n  t h e i r  mechanical p rope r t i es .  The fundamental defor-  
mation modes a re  u s u a l l y  c l a s s i f i e d  as adhesive o r  cohesive. How- 
ever, these f a i l u r e  mechanisms a r e  poo r l y  understood, e s p e c i a l l y  
when they a r e  r e l a t e d  t o  coa t i ng  performance under se rv i ce  condi-  
t i ons .  

S t r a i n  deformat ion o f  plasma-sprayed s t a i n l e s s  s tee l  and 
y t t r i a - s t a b i l i z e d  z i r c o n i a  coat ings,  w i t h  and w i thou t  a  NiCrAlY 
bond coat,  were measured and t h e  acous t ic  emission (AE) generated 
dur ing  t h e  t e s t  was s imul taneously monitored. Comparison o f  t h e  
r e s u l t s  w i t h  coat ings  heat t r e a t e d  f o r  10 hours a t  1150°C and 
s t a i n l e s s  s tee l  coa t ings  showed t h a t  AE c o r r e l a t e s  w i t h  t h e  f rac-  
t u r e  mode. Heat t reatment  a f f e c t e d  t h e  bond s t reng th  and a l s o  
t h e  t ype  o f  f r ac tu re .  Coat ing and f r a c t u r e  cha rac te r i za t i on  by 
SEM and EDA, coupled w i t h  AE resu l t s ,  show p o t e n t i a l  f o r  s tudy ing  
coa t i ng  adhesion and i n t e g r i t y .  

. l NTRODUCT l ON 

The f a i l u r e  mechanisms o f  plasma-sprayed ceramic coat ings  a r e  
no t  completely understood. The response o f  a  coa t i ng  system t o  
mechanical and thermal s t resses  i s  in f luenced by a  h i g h l y  o r i en ted  
m ic ros t ruc tu re  and by t h e  i nco rpo ra t i on  o f  an in termediate bond 
coat1 , 293 .  
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The d u r a b i l i t y  o f  coat ings  depends both on coa t i ng  p rope r t i es  
and, more fundamentally, on t h e i r  adhesion s t rength  t o  t h e  
substrate.  The adhesion o f  coat ings i s  convent iona l ly  determined 
by t h e  Tensi l e  Adhesion Test, ASTM C633-69 (TAT)" The end o f  a 
25mm diameter rod i s  coated and then epoxied t o  a l i k e  rod (support 
bar) ,  thus forming a t e n s i l e  specimen. I f  t h e  epoxy has a t e n s i l e  
s t rength  g rea te r  than t h a t  o f  t h e  adhesion st rength,  t h e  l a t t e r  can 
be determined by a t e n s i l e  t e s t .  

The TAT resu l t s ,  due t o  both t h e  nature o f  t h e  t e s t  and t h e  
coat ing  micros t ruc ture ,  e x h i b i t  wide scatter5.6. Also, coa t i ng  
f a i l u r e s  o f t e n  show both cohesive and adhesive f r a c t u r e  regions and, 
therefore,  cha rac te r i za t i on  o f  t h e  bond s t rength  by a s i n g l e  number 
i s  no t  r e a l i s t i c  and, furthermore, does no t  lead t o  an understanding 
o f  coat ing  f a i l u r e  mechanisms. 

I n  t h i s  study, t h e  TAT was coupled w i t h  t h e  technique o f  
Acoustic Emission ( ~ € 1 ~  i n  order  t o  study coa t i ng  f a i l u r e .  AE, i n  
t h e  present context ,  r e f e r s  t o  e l a s t i c  waves a r i s i n g  due t o  t h e  
generat ion and'propagation o f  cracks. Previous work done on Zr02- 
8 wt$ Y2O3 plasma-sprayed coat ings  showed t h a t  AE ca,n, i n  fact ,  
d i f f e r e n t i a t e  between f a i l u r e  mechanisms and t h a t  cumulat ive AE 
counts can be co r re la ted  w i t h  bond strength8. 

Th is  paper descr i  bes s i m i  l a r  t e s t s  performed on Zro2-7 w t %  
Y2O3 coatings, w i t h  and w i thou t  a NiCrAlY bond coat .  Coatings 
were tes ted  i n  as-sprayed and heat- treated cond i t i ons  and contrasted 
w i t h  s t a i n l e s s  s tee l  coat ings.  Coatings were subjected t o  repeated, 
increasing loading u n t i l  r up tu re  occurred. 

EXPERIMENTAL PROCEDURE 

Y t t r i a - s t a b i l i z e d  z i r c o n i a  (YSZ) ,  w i t h  and w i thout  a NiCrAlY 
bond coat, and s t a i n l e s s  s tee l  were plasma sprayed onto ends o f  
c y l i n d r i c a l  s tee l  substrates conforming t o  s p e c i f i c a t i o n s  o f  ASTM 
Tens i le  Adhesion Test C633-69. P r i o r  t o  plasma spraying, t h e  sub- 
s t r a t e  sur face was prepared by g r i t  b las t i ng .  The average deposi t  
th ickness o f  t h e  s t a i n l e s s  s tee l  m e t a l l i c  coa t i ng  was 0.4mm and 
t h a t  o f  t h e  ceramic coa t i ng  was 0.5mm. Experimental d e t a i l s  o f  
plasma spraying and t h e  heat t reatment  procedure have been des- 
cr ibed previously* .  Fol lowing t h e  heat treatment, t h e  coat ings  
were furnace coo l ed t o  room temperature. 

YSZ powder was a l s o  plasma sprayed i n t o  water us ing t h e  same 
spray parameters as t h a t  used t o  produce t h e  coat ings.  Th is  was 
done t o  charac ter ize  t h e  e f f e c t  o f  t h e  plasma e f f l u e n t  on powder 
shape, d i s t r i b u t i o n ,  and degree o f  mel t ing.  P a r t i c l e  s i z e  d i s t r i -  
bu t i on  o f  a l l  t h e  powders was determined by s iev ing  i n  7.5cm d ia-  
meter s ieves o f  woven copper. 
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The experimental arrangement o f  A€ moni tor ing dur ing TAT and 
specimen p r  para t ion technique have been described i n  a previous 8 pub l i ca t ion  . A special TAT j i g  has been constructed w i t h  a f l a t  
face on t h e  support bar, which al lows t h e  attachment o f  t h e  A €  
transducer. As t h e  t e n s i l e  load i s  applied, cohesive (through t h e  
coat ing) and/or adhesive (through t h e  coating-substrate in ter face) ,  
f a i  l u re  occur(s) .  The propagating cracks g ive  r i s e  t o  acoust ic  
s igna ls  which i s  detected and reg is tered by t h e  AE setup. The 
output  from t h e  A€ transducer was ampl i f ied  t o  80 dB gain. The 
ampl i f ied  vol tage was then compared w i t h  an automatic threshold 
vol tage (which compensates f o r  background and system noise) , and 
each crossing o f  t h i s  threshold vol tage was counted by t h e  s ignal  
processer as a ring-down count. Also monitored was t h e  RMS v o l t -  
age, which i s  re la ted  t o  t h e  i n t e n s i t y  o f  t h e  generated A€,  and 
the  AE events, which represent each acoust ic  pulse. The force 
extension curve was p l o t t e d  and' some specimens were: ( i I subjected 
t o  repeated loadings; and ( i l l  held a t  c e r t a i n  loads before being 
loaded t o  rupture. 

The powders, sprayed surfaces and t h e  f r a c t u r e  surfaces o f  t h e  
coatings were examined by scanning e lec t ron  microscopy (SEMI and by 
energy d ispers ive  analysis (EDA). Fracture surfaces o f  both t h e  
substrate and support bar pieces were a l so  examined by o p t i c a l  
stereomicroscopy t o  character ize t h e  f r a c t u r e  on a macroscopic 
scale. 

RESULTS 

Powder and Coating Character izat ion 

SEMfs o f  t h e  YSZ powder are shown i n  both t h e  as-received and 
water-quenched cond it ions i n Fig. I and t h e  i r c h a r a c t e r i s t i c s  are 
l i s t e d  i n  Table I. Fig. Id, f o r  water-quenched YSZ, shows a large 
amount o f  p a r t i a l  l y  molten p a r t i c l e s  and microcracking. Water 
quenching o f  YSZ d i d  not  s i g n i f i o a n t l y  a l t e r  t h e  p a r t i c l e  s i z e  
d i s t r i b u t i o n .  Both o f  t h e  as-received m e t a l l i c  powders, on t h e  
o ther  hand, exh ib i ted  much narrower s i z e  ranges. 

The surfaces o f  t h e  m e t a l l i c  coat ings revealed more p a r t i c l e  
spreading than t h e  case o f  t h e  ceramic coatings; wh i le  t h e  l a t t e r  
a lso  exh ib i ted more cracking. Surface cracks i n  t h e  YSZ coatings 
increased i n  number and length w i t h  heat treatment; p a r t i c u l a r l y  
f o r  t h e  duplex coat ing have a NlCrAlY bond coat. X-ray d i f f r a c-  
t i o n  o f  t h e  heat- treated YSZ coat ing revealed a s l i g h t  increase i n  
the  tetragonal  t o  cubic phase r a t i o .  Heat treatment o f  t h e  YSZ + 
NlCrAlY coat ing modif ied t h e  coat ing c o l o r  from yel low t o  gray 
indicating a s l i g h t  change i n  t h e  sto ichiometry o f  t h e  oxide. 
EDA analysis o f  t h e  oxide coat ing surface showed t h e  absence o f  Ni, 
Cr and A l ;  wh i le  t h e  presence o f  Y was masked by t h e  Zr  peak. 
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Table I .  Powder C h a r a c t e r i s t i c s  

Composition Size Range Product i on  
Powder w t  % Met hod 

Sta in less  Steel Fe 
C r  
N  i 
Mo 
S i 
C 

NiCrAlY N i 
Cr 
A l 
Y  

Y t t r i a  Stabi  l  ized Z r  
Z i r con ia  Y  

67.4 -53+ 1 5 Atomi zed 
17.0 
12.0 
2.5 
1 .o 
0.1 

76.7 
17.2 
5.8 
0.3 

92.4 
7.2 

-74+30 Atom i zed 

-90+ 1 5 Fused 

Fez03 0.1 
Trace Oxides Rest 

F ig.  1 .  Morphology o f  t h e  powders: ( a )  S ta in less  s tee l ;  ( b )  
NiCrAIY; ( c )  Y t t r i a  s t a b i l i z e d  z i r con ia ;  ( d l  YSZ i n  water 
quenched s t a t e  showing p a r t i a l  m e l t i n g  and microcracking. 
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AE Moni to r ina  o f  TAT 

Tens i le  adhesion t e s t i n g  was done under a constant  f o rce  r a t e  
of  500 N sec-I w i t h  t h e  t e s t i n g  machine i n  t h e  opera t ion  mode o f  
"Load Contro l t t .  Thus, on unloading t h e r e  was no c rack  c losure  and 
compression which would have occurred under "Stroke Contro l" .  I t  
was possib le,  there fore ,  t o  use t h e  permanent s e t  extension as a 
measure o f  t h e  i r r e v e r s i b l e  deformation undergone by t h e  coat ing.  

Acoustic emission was monitored from t h e  i n i t i a t i o n  o f  t h e  
load and dur ing  t h e  subsequent load cycles.  Threshold vol tages and 
gains were adjusted so t h a t  t he re  were no s i g n i f i c a n t  AE counts 
from a TAT specimen ,wi th no coat ing.  Ring-down count rate,  RMS 
voltage, and AE event ou tput  were measured dur ing  t h e  t e s t ,  w i t h  
simultaneous record ing  o f  t h e  fo rce  displacement curve. 

The two types o f  AE spectra t h a t  were observed are  shown i n  
Fig. 2 and described below. 

I )  The count r a t e  increased gradua l ly  t o  an approximately constant  
value p r i o r  t o  increasing a t  f a i l u r e  - i.e., t h e  curves are  
skewed l e f t  (F ig.  2 a ( i ) ) .  

2) The count r a t e  increased i n i t i a l l y  and then decreased t o  a 
lower leve l  p r i o r  t o  increasing a t  f a i l u r e  - i.e., t h e  curves 
are  skewed r i g h t  (F ig .  2 b ( i ) ) .  

The RMS vo l tage vs t ime  curves general l y  e x h i b i t e d  corresponding 
features w i t h  r e s p e c t 7 0  t h e i r  skewness. There was a l s o  a va r i a-  
t i o n  i n  t h e  f l u c t u a t i o n  o f  t h e  RMS voltage, and t h i s  i s  depicted i n  
Fig. 2, where h igh  and low vo l tage ranges a re  observed. The event 
ou tput  exh ib i t ed  s i m i l a r  fea tures  t o  t h e  RMS vo l tage w i t h  respect 
t o  t h e i r  skewness, and, hence, f u r t h e r  d iscussions w i l l  be l i m i t e d  
t o  AE counts and RMS vol tage.  I n  a l l  o f  t h e  tes t s ,  RMS vo l tage 
and count r a t e  increased s i g n i f i c a n t l y  dur ing  t h e  f i p a l  f a i l u r e  of  
t h e  coat ing.  

The AE response'during a loading c y c l e  i s  described below. 
There was a ne t  extension when t h e  specimen was loaded t o  forces 
less than t h e  f r a c t u r e  value, and AE s igna l s  were produced on l y  
dur ing  loading and no t  dur ing  unloading. Fur ther  loading cyc les  
up t o  o r  less than t h e  previous load d i d  no t  produce f u r t h e r  A! 
s i gna l s  nor  any f u r t h e r  extension on unloading. Hold ing a t  a con- 
s t a n t  load produced add i t i ona l  AE counts f o r  some time, and t h e  
corresponding RMS vo l tage was reduced t o  a low leve l .  When t h e  
load level  a t  which t h e  specimen was prev ious ly  he ld  was exceeded 
the re  was an incubat ion per iod  o f  a few seconds p r i o r  t o  t h e  re-  
Initiation o f  an AE s igna l .  
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load. 
oppl~od 

Fig .  2. Two types o f  AE spectra observed dur ing  t h e  TAT: a ( i )  The 
AE RMS vo l tage increases gradua l ly  t o  an approximately 
constant  value p r i o r  t o  increasing a t  f r ac tu re .  a ( i i )  The 
corresponding A€ count r a t e  ys-time curve. b ( i )  The A €  RMS 
vo l tage increases i n i t i a l l y  and then decreases t o  a lower 
value p r i o r  t o  increasing a t  f a i l u r e .  Also t h e  RMS v o l t -  
age f l u c t u a t e s  more than i n  t h e  case o f  a ( ; ) .  b ( i i )  The 
AE count r a t e  corresponding t o  curve b ( i ) .  

Table I I  i s  a summary o f  a l l  t h e  TAT t e s t s .  Specimens i n  each 
category a re  numbered according t o  t h e i r  decreasing bond strengths, 
w i t h  Specimen I having t h e  h ighest  bond st rength,  etc.  Likewise 
vatt has t h e  h ighest  bond s t reng th  among t h e  heat- treated coatings. 

S ta in less  Steel Coatings 

The cumulat ive A€ counts vs load f o r  s t a i n l e s s  s tee l  coat ings 
i s  shown i n  Fig.  3. The h igh  a o p e s  a t  f a i l u r e  are  due t o  h igh  AE 
counts generated a t  f r ac tu re .  Specimens 1 ,  2 and 3 f a i l e d  i n  a 
cohesive mode, and t h e  AE count p l o t  has a lower s lope p r i o r  t o  
f a i l u r e  than t h a t  dur ing  t h e  center  p a r t  o f  t h e  t e s t  per iod.  The 
fo rces  up t o  which t h e  var ious  load cyc les  were c a r r i e d  o u t  a re  
ind ica ted by t h e  l e t t e r  "Utt (i.e., unloading), w h i l e  "H" repre-  
sents " hold ing"  a t  a s p e c i f i c  load. The generat ion o f  AE counts 
a t  hold, and t h e  subsequent t i m e  lag  o f  AE counts i n  t h e  next  load- 
ing, r e s u l t s  i n  "stepstt i n  t h e  AE count - vs fo rce  p l o t ,  as can be 
seen f o r  t h e  case o f  Specimen 3 and 4. The dashed l i n e s  a t  t h e  
's teps1,  i n d i c a t e  i n t e r p o l  a t i o n  o f  A€ counts as i f  t he re  were no 
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TABLE I I .  Summary o f  AE/TAT Data 

Sample Bond Net Type o f  Cumulative Average Shape o f  
Number Strength Extens ion  Fracture* AE AE Cumu la-  

M P ~  mm Counts Counts t i v e  AE 
During - vs Force 
Test  P lo t * *  

As-S~raved Sta i n 1 ess Stee 1 Coati  nas 

As-S~raved YSZ Coatinas 

Heat-Treated YSZ Coatings 

As-Sprayed YSZ + NiCrAlY Coatings 

Heat-Treated YSZ + NiCrAlY Coatings 

* C - Cohesive; A - Adhesive; M - Mixed (i.e., C + A). 
+ Sample 4 was flawed. 
** Shape i s  def ined w i t h  respect  t o  t h e  abscissa as: CC - Concave; 

CV - Convex; L - Linear. 
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Fig. 3. Cumulative AE counts fo rce  f o r  as-sprayed s ta in less  
s tee l  coat ings.  

ho ld ing  a t  a s p e c i f i c  load. The smooth shape o f  these composite 
curves ind ica tes  t h a t  no add i t i ona l  AE was generated as a conse- 
quence o f  t h e  i n t e r m i t t e n t  na ture  o f  t h e  t e s t .  

The occurrence o f  a p re- ex i s t i ng  c rack  should be emphasized! 
( i .e . ,  when a p re- ex i s t i ng  c rack  i s  present, t h e  AE count- force 
p l o t  r i s e s  ab rup t l y  as shown by t h e  curve f o r  Specimen 4 . )  The RMS 
vo l tage showed a la rge f l u c t u a t i o n ,  and along w i t h  t h e  AE count 
r a t e  was skewed r i g h t .  Th is  sample f a i l e d  a t  t h e  lowest load among 
those specimens t h a t  f a i l e d  cohesively and as we l l  generated t h e  
maximum AE counts and had a very h igh  average RMS vo l tage value. 

Specimen 5 generated t h e  l eas t  A €  counts and f a i l e d  adhesively 
a t  a much lower bond s t reng th  than t h e  o t h e r  s t a i n l e s s  s tee l  coat-  
ings. Also, t h e  curve was no t  concave t o  t h e  abscissa as were 
curves o f  Specimen 1 ,  2 and 3, bu t  appeared I i near. 
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Net ex tens ion .o f  t h e  coa t i ng  was measured by t h e  d i f f e rence  i n  
t h e  s t roke  p o s i t i o n s  between TAT specimens w i t h  and w i thou t  a  
coa t i ng  (shown i n  Table I l l .  The extension (and as we l l  t h e  AE 
counts) was h igher f o r  those specimens which f a i l e d  i n  t h e  cohesive 
mode. Cohesive f a i l u r e  (Specimens I t o  3)  exh ib i t ed  i n t e r l a m e l l a r  
t e a r i n g  on both f r a c t u r e  surfaces o f  t h e  TAT specimen, as shown i n  
Fig. 4a. F ig.  4b ind ica tes  t h e  d u c t i l e  na ture  o f  t h e  f rac tu re .  

The adhesive f r a c t u r e  surface, on t h e  o t h e r  hand, was smoother 
and devoid o f  any tea r i ng .  I n  some regions, t h e  topology o f  t h e  
g r i t  b las ted  subst ra te  was revealed on t h e  coa t i ng  f r a c t u r e  surface. 

YSZ Coatinqs 

Figs. 5a and b show t h e  p l o t  o f  AE counts vs fo rce  f o r  t h e  
y t t r  ia- stab i l i zed c o a t i  ngs i n  t h e  as-sprayed andhea t - t rea ted  con- 
d i t i o n s .  Heat t reatment  reduced t h e  bond s t reng th  and t h e  average 
count rate,  dur ing  t h e  TAT increased s l  i g h t l y  (Table I  I ) .  Also, t h e  
AE count- force curves were convex towards t h e  abscissa and f a i l u r e  
counts were h igher than f o r  t h e  as-sprayed coatings. The RMS v o l t -  
age f l u c t u a t i o n s  were l a rge r  f o r  those coat ings  which y ie lded  a t  
h igher counts. 

As-sprayed YSZ coat ings  (Specimens 2 t o  5) showed a  greater  
ne t  extension when they y ie lded  more AE counts and h igher  f luc tua-  
t i o n s  i n  RMS vol tage.  Specimen I exh ib i t ed  a  low RMS f l u c t u a t i o n  
and very low average AE count r a t e  and t h i s  co r re la ted  w i t h  a neg- 
l i g i b l e  ne t  extension. Heat- treated coat ings  showed s i m i l a r  cor-  
r e l a t i o n  o f  n e t  extension w i t h  RMS f l uc tua t i ons ,  bu t  no c o r r e l a t i o n  
w i t h  A€ counts. 

Fig. 4. Cohesive f r a c t u r e  o f  as-sprayed s t a i n l e s s  s tee l  coat ing:  
(a )  Area revea l ing  i n t e r l a m e l l a r  tear ing ;  ( b )  magnif ied 
image i n d i c a t i n g  d u c t t l e  f rac tu re .  
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YSZ (7'/.1 
AS-SPRAY ED 

ALL ADHESIVE FAILURE 
U UNLOADING POINT 
H HELD AT CONSTANT 

FORCE 

IOh at 1150°C 

.5 - 
ALL ADHESIVE FAILURE 

U UNUDING POINT 

I I I 

0 5 10 
FORCE ( k N) 

( b )  

Fig .  5. Cumulat ive AE counts vs fo rce  curves f o r :  - 
YSZ coat ing ;  (b) h e a t q r e a t e d  YSZ coat ing .  
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Frac ture  surfaces o f  both t h e  as-sprayed and heat- treated coat-  
ings were a l l  adhesive i n  nature. Opt ica l  microscopic examination 
showed a uni form t e x t u r e  o f  t h e  f r a c t u r e  surfaces w i t h  no tear ing ,  
as i n  t h e  case o f  t h e  s t a i n l e s s  s tee l  coat ings  which f a i l e d  adhe- 
s i ve l y .  The adhesive f r a c t u r e  surfaces ( i .e.,  t h e  subst ra te  sur face 
and t h e  corresponding support bar-attached coa t i ng  sur face)  o f  t h e  
as-sprayed and heat- treated specimens d i d  no t  e x h i b i t  t h e  same fea- 
tures.  The common fea tu re  was t h a t  both se r i es  o f  specimens re-  
vealed sect ions o f  t h e  ceramic coa t i ng  on t h e  subst ra te  surface, as 
wel l  as regions o f  t h e  substrate.  However, t h e  mating f r a c t u r e  sur-  
faces o f  t h e  as-sprayed coa t i ng  showed regions o f  t h e  detached sub- 
s t ra te ,  which appeared as we l l  def ined gray- meta l l i c  areas. The 
heat- treated YSZ f r a c t u r e  surface, on t h e  o the r  hand, d i d  no t  ex- 
h i b i t  these regions bu t  showed s igns  o f  i n c i p i e n t  me l t i ng  and den- 
s i f i c a t i o n  o f  t h e  ceramic. 

SEM fractography a l lowed t h e  microscopic nature o f  t h e  crack-  
ing  process t o  be fol lowed. The f r a c t u r e  surfaces o f  t h e  coat ings 
(as-sprayed and heat- treated) which remained on t h e  support bar 
a f t e r  a TAT r e f l e c t e d  t h e  topology o f  t h e  g r i t - b l a s t e d  subst ra te  
(Fig.  6a). The subst ra te  f r a c t u r e  sur face o f  t h e  as-sprayed coat-  
ing  revealed areas o f  t h e  g r i t - b l a s t e d  subst ra te  and regions where 
YSZ p a r t i c l e s  ( o r  p a r t s  and groups o f  p a r t i c l e s )  were f i r m l y  a t -  
tached t o  t h e  substrate.  The p a r t i c l e  edges showed a b r i t t l e  f rac-  
t u r e  morphology. The subst ra te  f r a c t u r e  sur face o f  t h e  heat- treated 
samples, on t h e  o t h e r  hand, showed i n c i p i e n t  me l t i ng  and c l u s t e r s  o f  
small spher ica l  p a r t i c l e s  (Fig.  6b). EDA o f  these p a r t i c l e s  showed 
t h e  presence o f  both Z r  and Fe. Precise concent ra t ion  r a t i o s  were 
d i f f i c u l t  t o  est imate due t o  t h e  small s i z e  of  t h e  p a r t i c l e s  and 
t h e  low r e s o l u t i o n  o f  t h e  e l e c t r o n  microprobe analyzer. 

Fig. 6. (a )  Adhesive f r a c t u r e  sur face ( t y p i c a l  o f  both t h e  as- 
sprayed and heat- treated YSZ coat ings)  r e f  l e c t  i ng t h e  
topology o f  t h e  g r i t  b l a s t  substrate.  (b )  Substrate f rac-  
t u r e  sur face o f  t h e  heat- treated YSZ coat ings  revea l ing  
i n c i p i e n t  me l t i ng  and w i t h  c l u s t e r s  o f  small spher ical  
p a r t i c l e s  on it. 
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YSZ + NiCrAlY Coatinas 

Y t t r i a - s t a b i l i z e d  z i r con i s ,  w i t h  t h e  incorpora t ion  o f  a 
NiCrAlY bond coat, had h igher bond s t rengths  and y ie lded  h igher 
average AE counts, bo th  i n  t h e  as-sprayed and heat- treated condi- 
t i ons ,  as compared t o  t h e  YSZ coat ings  (Table I I  and Fig.  7) .  The 
bond s t reng th  o f  t h e  YSZ + NiCrAlY coat ings  increased a f t e r  heat 
treatment. The AE counts vs fo rce  response was l i n e a r  f o r  t h e  as- 
sprayed coat ings  (curves l y n d  2 o f  Fig. 7 )  and curved f o r  t h e  
heat- treated coat ings (curves a and b) .  Opt ica l  microscopic exami- 
na t i on  o f  t h e  as-sprayed YSZ + NiCrAlY coat ings  ind ica ted a "mixed" 
mode o f  f a i l u r e ,  where f r a c t u r e  occurred most ly  between t h e  YSZ 
layer  and t h e  NiCrAlY bond coat  and p a r t l y  between t h e  NiCrAlY 
layer  and t h e  substrate.  Specimen 'k", o f  t h e  heat- treated coatings, 
un l i ke "a" and "b" specimens which f rac tu red  cohesively, f a i  led a t  
t h e  subst ra te  bond coat  i n t e r f a c e  (adhesive f a i l u r e )  and a l s o  
through t h e  YSZ coa t i ng  (cohesive f a i l u r e ) .  

Scanning e l e c t r o n  microscopy o f  t h e  as-sprayed coat ings  was 
used t o  charac ter ize  t h e  morphology o f  adhesive f r a c t u r e  between 
YSZ and NiCrAIY. F ig .  8a shows t h e  f r a c t u r e  appearance o f  t h e  

YSZ (7%)+NiCrAlY 

- - 1-2 AS-SPRAYED 
---- a-c IOh 01 1150°C 

1.2,~ MIXED FAILURE 

U UNLWDING POINT 

FORCE (kN) 

Fig. 7. Cumulative AE counts fo rce  curves f o r  both t h e  as- 
sprayed and heat- treated YSZ + NiCrAlY coat ings.  
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coa t i ng  which remains on t h e  support bar  a f t e r  t h e  TAT, and it can 
be seen t h a t  t h e  topology compliments t h e  coa t i ng  sur face s t ruc tu re .  
There was a l s o  more c rack ing  than i n  t h e  case o f  coat ings  w i thout  
bond coat  (F ig.  8a). Fig. 8b shows t h e  NiCrAlY s ide  (i.e., sub- 
s t r a t e  s ide )  o f  t h e  adhesive f r a c t u r e  showing t h e  c rack  f r e e  
NiCrAlY ma t r i x  w i t h  f rac tured YSZ p a r t i c l e s  embedded i n  it. A f t e r  
heat treatment, t h e  f r a c t u r e  changed t o  t h e  cohesive mode, as shown 
i n  Fig. 8c. Th is  f ractograph o f  t h e  coa t i ng  on t h e  support bar 
shows i n t e r l a m e l l a r  t e a r i n g  s i m i l a r  t o  t h a t  o f  s t a i n l e s s  s tee l  coat-  
ings. However, t h e  f r a c t u r e  appearance of  t h e  ceramic appears 
b r i t t l e  r a t h e r  than d u c t i l e ,  as i n  t h e  case o f  t h e  metal coat ing.  
The subst ra te  s ide  f o r  t h i s  cohesive f rac tu re ,  F ig.  8d, shows 
b r i t t l e - f r a c t u r e d  p a r t i c l e s  o f  YSZ. 

Fig.  8. (a)  Adhesive f r a c t u r e  sur face o f  YSZ + NiCrAlY coat ing  
showing topology complimentary t o  bond coat  sur face and 
showing a  l o t  o f  cracking; (b )  NiCrAlY s i d e  o f  t h e  above 
f r a c t u r e  showing c rack  f r e e  NiCrAlY m a t r i x  w i t h  a  b r i t t l e -  
f rac tured YSZ p a r t i c l e  embedded i n  it. ( c )  Cohesive f rac-  
t u r e  o f  t h e  YSZ + NiCrAlY coa t i ng  showing lamel la r  t ea r-  
ing; ( d l  magnif ied image o f  a  p a r t  o f  F ig.  ( c )  showing 
t h e  b r i t t l e  nature o f  t h e  f rac tu re .  



DISCUSSION 

An important feature  o f  these r e s u l t s  i s  t h e  c o r r e l a t i o n  o f  
the A€ data w i t h  t h e  mechanical behavior o f  t h e  coatings. Fig. 9 
shows t h a t  d i f f e r e n t  f rac tu re  modes are characterized by t h e i r  aver- 
age A€ count r a t e  dur ing TAT, w i t h  adhesive f a i l u r e  having a lower 
average A€ count ra te .  On considerat ion o f  f a i l u r e  mechanisms, 
t h i s  behavior i s  t o  be expected, s ince coatings which f a i l  i n  a 
cohesive manner e x h i b i t  a h igh degree o f  deformation i n  t h e  form 
o f  i n te r lame l la r  tear ing,  i nd i ca t ing  greater  cracking and, hence, 
higher average AE counts. I n  addi t ion,  m e t a l l i c  coatings, such as 
s ta in less  s tee l  and NiCrAlY bond coat, undergo p l a s t i c  deformation 
and, thus, have a greater  average AE count ra te :  See Table I I. 

The shape o f  cumulative AE 5 fo rce p l o t  a l so  corresponds t o  
the  mode o f  f rac ture .  As can be seen from Table I I ,  a l l  cohesive 
f rac tu re  resu l ted i n  concave AE p l o t s  w i t h  respect t o  t h e  absicca, 
i nd i ca t ing  t h a t  more A€ i s  generated dur ing t h e  beginning o f  the  
t e s t  than towards t h e  end. This i n  t u r n  indicates more cracking 
dur ing t h e  i n  i t l a  l po r t i on  o f  t h e  t e s t :  since AE was generated 
on ly  on loading and when there  was net  extension. The cohesive 

SS AS-SPRAYED 
YSZ AS-SPRAYED 

0 YSZ HEAT-TREATED 
A YSZ+BC AS-SPRAYED 
A YSZ+BC HEAT-TREATED 

I 1 I 1 1 I 
0 0.05 0.10 0.15 0 .20  

NET EXTENSION (mm) 

Fig .  9. Average AE count r a t e  p l o t t e d  net  extension f o r  t h e  
indicated coat ings showing regions o f  d i f f e r e n t  f rac tu re  
modes. 



f r a c t u r e  sur faces show a considerable i n t e r l a m e l l a r  t ea r i ng ,  i n d i -  
c a t i n g  c rack  generat ion a t  var ious  nuc le i .  These i n i t i a l  cracks 
combine together  towards t h e  end o f  t h e  TAT, r e s u l t i n g  i n  a de- 
crease o f  t h e  A€ count ra te .  The anal s i s  i s  complicated due t o  
cracks a c t  i ng as acoust ic  a t t enua to r9 ,~o .  

Heat- treated YSZ coat ings  f a i l e d  adhesively and had a lower 
bond s t rength  than t h e  as-sprayed coat ings  and i n c i p i e n t  me l t i ng  
o f  t h e  i n t e r f a c e  resu l ted  i n  a smooth f r a c t u r e  surface. These 
coat ings showed a convex AE p l o t  i n d i c a t i n g  t h a t  more AE counts 
were generated towards t h e  end o f  t h e  TAT. Thus, most o f  t h e  
energy i n  t h e  heat t rea ted  coa t i ng  was released toward t h e  end o f  
t h e  t e s t  as i s  a l so  shown by t h G i r  h igher counts a t  f a i l u r e  than 
t h e  as-sprayed YSZ coat ings.  

The as-sprayed YSZ coat ings  which f a i l e d  i n  a adhesive manner 
showed considerable f rac tu red  YSZ p a r t i c l e s  embedded i n  t h e  sub- 
s t ra te .  YSZ w i t h  NiCrAlY bond coat, both i n  t h e  as-sprayed and 
heat- treated condi t ions,  f a i l e d  i n  a mixed mode and showed regions 
o f  f r ac tu red  YSZ p a r t i c l e s  embedded i n  t h e  NiCrAlY surface; Fig. 
8(b) .  Thus, a l l  coat ings  had regions o f  cohesive coa t i ng  f r a c t u r e  
and regions o f  adhesive i n t e r f a c i a l  delamination. Th is  combination 
o f  f r a c t u r e  modes r e s u l t s  i n  a l i n e a r  AE p l o t  and appears t o  be a 
l i n e a r  combination o f  t h e  concave p l o t  o f  t h e  pure ly  cohesive mode , 

and t h e  convex p l o t s  o f  t h e  pure ly  adhesive mode. But  t h e  mixed 
mode f r a c t u r e  does no t  necessar i l y  have an intermediate average 
AE ra te ,  and reasons f o r  t h i s  a re  unclear. I t  could be t h a t  t h e  
mixed mode, having a more to r tuous  f r a c t u r e  surface, resu l ted  i n  
g reater  c rack ing  and hence higher average AE counts. 

A p l o t  o f  c ~ m u l a t i v e . A E  shows a pa rabo l i c  c o r r e l a t i o n  w i t h  t h e  
bond s t reng th  (F ig .  10). Th i s  i s  s i m i l a r  t o  t h e  r e s u l t  o f  previous 
work8 and shows t h a t  h igher  bond s t reng th  r e s u l t s  i n  g rea te r  crack-  
ing  and hence higher AE counts. But no c o r r e l a t i o n  was found be- 
tween ne t  extension, bond s t reng th  and average AE count ra te .  Th is  
i s  s u r p r i s i n g  s ince an increase i n  ne t  extension usua l l y  ind ica tes  
an increase i n  t h e  bond s t rength  ( o r  y i e l d  p o i n t )  when t h e  Young's 
modulus i s  assumed t o  be constant. Th is  behavior may a r i s e  from 
t h e  la rge s t a t i s t i c a l  v a r i a t i o n  o f  bond s t reng th  i n  any group o f  
t e n s i l e  adhesion t e s t s .  I t  i s  l i k e l y  t h a t  t h e  net- extension de- 
pends on where t h e  delaminat ion occurs w i t h  respect  t o  t h e  i n t e r -  
face. That is ,  f a i l u r e  which occurs c lose r  t o  t h e  coat ing- substrate 
i n te r face  w i l l  no t  experience as great  a ne t  extension as when 
f a i l u r e  requ i res  bending o f  t h e  i nd i v idua l  lamellae. 

CONCLUS l ONS 

Acoustic emission was monitored du r ing  Tens i l e  Adhesion Test- 
ing  o f  s t a i n l e s s  s tee l ,  YSZ and YSZ + NiCrAlY plasma-sprayed coat- 
ings. The l a t t e r  two coat ings  were tes ted  both i n  t h e  as-sprayed 
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Fig. 10. Cumulative AE counts - vs bond s t reng th  f o r  a l l  t h e  coatings. 

cond i t i on  and a f t e r  heat t reatment  o f  10 hours a t  1 1 50°C. The AE 
response o f  these coat ings  co r re la ted  w i t h  t h e i r  bond s t rength  and 
f r a c t u r e  sur face morphology. Heat t reatment  decreased t h e  bond 
s t rength  o f  YSZ coat ings  bu t  increased it f o r  t h e  YSZ + NiCrAlY 
coat ings.  Also heat t reatment  a l t e r e d  t h e  t ype  o f  f r a c t u r e  and 
chansed t h e  c h a r a c t e r i s t i c s  o f  t h e  generated AE. Extent  o f  s t r a i n  
de fo rmat ion  and average AE count  r a t e  o f  t he  coa t ings  depended on t he  
type o f  f r a c t u r e .  Resu l ts  show t h a t  AE can d i f f e r e n t i a t e  between 
d i f f e r e n t  f r a c t u r e  modes and has p o t e n t i a l  f o r  fundamental coa t i ng  
f a i l u r e  and adhesion s tud ies .  
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