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ABSTRACT 

The progress ive  f a i l u r e  of N i C r A l Y  + Zr02-1 Zwt. % Y 0 coa t i ngs  has  been followed 
2 3  by acous t i c  emission (AE) methods during thermal cyc l i ng  tests. Severa l  methods 

of a n a l y s i s  a r e  presented. AE was acquired a t  two th resholds  and t h i s  enabled 
d i s c r imina t i on  of t h e  number of AE events  and q u a l i t a t i v e  a p p r a i s a l  of t h e  
f a i l u r e  mechanisms. 

The accumulative AE count versus  temperature curve was approximately l i n e a r  and 
t he  g r ad i en t  of t h i s  l i n e  is propor t iona l  to the  c rack  a c t i v i t y .  The crack 
a c t i v i t y  was observed b change during thermal cyc l ing  from specimen- to-specimen 
and t h i s  a l s o  r e f l e c t s  a change i n  t he  f a i l u r e  mechanism. The degree of 
cracking may be assessed  from the magnitude of t he  AE. Thus it is proposed that 
AE l e v e l s  of 30 t o  50 counts per event s epa ra t e  microcracking from macrocracking 
processes.  

F ina l l y ,  t he  AE count d a t a  was found to f i t  the  Weibull d i s t r i b u t i o n  function. 
The c h a r a c t e r i s t i c  count  and Weibull parameter f o r  each specimen- a t  every thermal 
cyc l e  was determined and can be used to propose mechanisms f o r  the  cracking 
behaviour of plasma sprayed coat ings .  
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INTRODUCTION 

The i n d u s t r i a l  usage of thermal spray coa t ings  has i n  many in s t ances  surpassed 
t he  engineer ing sc ience  which descr ibes  t h e  mechanical p rope r t i e s  of t he  
coat ings .  These empi r ica l  developments have lead t o  s i g n i f i c a n t  technological  
advancements i n  powder processing,  thermal spray  equipment, depos i t ion  techniques 
and pre- o r  pos t- condi t i on ing  of the  subs t r a t e / c o a t i n g  sys  t e m .  However, 
regard less  of these advances there  is s t i l l  much d i s cus s ion  i n  t he  l i t e r a t ~ r ~  
concerning the adhesion mechanisms t o  the s u b s t r a t e  and f a i l u r e  mechanisms of the  
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The n a t u r a l  hea t ing  and cool ing r a t e s  of t h e  furnace were used and t he  specimens, 
hanging down i n t o  the  furnace,  were thermal ly  cycled to  1150°C f o r  up t o  7 
cycles .  Some AE was observed dur ing  the hea t i ng  cyc l e s  b u t  more s i g n i f i c a n t  AE 
response occurred d u i n g  cooling.  Only the  AE which was generated dur ing  cool ing 
of t he  specimen w i l l  be mentioned i n  t he  p r e s e n t  work and the  r e s u l t s  from two 
specimens wi th  d i f f e r e n t  ceramic over lays  w i l l  be examined. I n  one i n s t ance  
5.19 gm of ceramic was depos i ted  (specimen 1 )  whereas the o t h e r  coa t i ng  was 
produced with  an over lay of 3.97 gm of ceramic (specimen 2 ) .  

A major f e a t u r e  of these  tests, n o t  addressed by previous  work i n  t h i s  a r ea  
(Shankar e t  a l . ,  1983; Berndt e t  a l . ,  19831, was t h a t  t he  coa t i ngs  covered 100 
pe r cen t  of t h e  specimen surface.  Therefore  AE effects a s soc i a t ed  w i t h  oxida t ion  
of the  uncoated s u b s t r a t e  and from p r e f e r e n t i a l  c rack ing  a t  corners  and edges a r e  
n o t  expected to b i a s  t he  AE da t a  wi th  r e s p e c t  to A .  even ts  which a r e  a s soc i a t ed  
s o l e l y  with t h e  bulk of t he  coat ing.  

RESULTS 

The method of  a n a l y s i s  should a l low some c o r r e l a t i o n  of t he  v a r i a b l e s  t o  the 
experimental  outcome. S p e c i f i c a l l y ,  f o r  t h i s  work, a major aim is to r e l a t e  
cracking processes  ( i .e . ,  t h e  AE d i s t r i b u t i o n )  to the temperature. It is a l s o  
important  to fo l low the  cracking process  f r a n  thermal cycle- to- thermal cyc l e  and 
t o  compare and c o n t r a s t  both of t he  coa t i ngs  t o  t he  d i f f e r e n t  phys ica l  charac te r-  
istics of t h e  overlay.  Severa l  d i f f e r e n t  ana lyses  of t he  AE d a t a  a r e  given i n  
this sec t ion .  

Burs t  Emission Analysis 

A simple a n a l y s i s  used only t h e  AE d a t a  from the  91 dB channel. Previous  work 
i n  t he  a r ea  of plasma sprayed coa t ings  (Berndt e t  a l . ,  1984) has d i s t i ngu i shed  
t h a t  the  o v e r a l l  AE response is composed of a t  l e a s t  two AE d i s t r i b u t i o n s .  These 
have been termed a s  sys temat ic  and s t o c h a s t i c  responses  and a r e  r e l a t e d  t o  micro- 
c rack ing  and macrocracking processes  r e spec t i ve ly .  

A common method of d i sp lay ing  AE d a t a  is t o  p l o t  t he  accumulative count  with 
r e s p e c t  to  the va r i ab l e  under cons idera t ion ;  which i n  t h i s  case  is temperature.  
The g r a d i e n t  of t h i s  p l o t  w i l l  be nega t ive  s i n c e  t he  accumulative number of 
counts  i n c r e a s e s  a s  the  temperature decreases .  Usually more AE counts  were 
observed on the  f i r s t  thermal cyc le  than t h e  second and t h i s  is thought to  a r i s e  
from the i n i t i a l  coa t ing / subs t ra te  r e l axa t i on .  The AE a c t i v i t y  i nc r ea se s  a f t e r  
the  f i r s t  thermal cyc le  up t o  the  f a i l u r e  po in t .  

An a r b i t r a r y  count threshold was set f o r  microcracking and a l l  counts above t h i s  
were presumed to r e s u l t  from macrocracking. These high counts  may a l s o  be termed 
a s  r e s u l t i n g  from " bu r s t  emission". It was observed how the  s l ope  of the  
cumulative d i s t r i b u t i o n  of AE counts versus  temperature (i .e. ; m/T) va r i ed  with  
r e s p e c t  to ;  (i) the  sequence of thermal cyc l ing ,  (ii) the  bound l e v e l  f o r  
t r a n s i t i o n  from micro- to-macrocracking, and ( iii) f o r  each coa t ing  (Fig. 1 ) . The 
g r ad i en t s  gene ra l l y  f i t t e d  a l i n e a r  equa t ion  w i t h  r eg r e s s ion  c o e f f i c i e n t s  (R*) 
g r e a t e r  than 0.9. The g r e a t e s t  e f f e c t  of bound l e v e l  on t he  s lope  is  observed a t  
va lues  g r e a t e r  than 30 counts. Specimen 2 exh ib i t ed  s l opes  which gradua l ly  
become more nega t ive  with the  thermal cyc l e  number; even f o r  thermal cyc l e s  
beyond the observed f a i l u r e  point .  There is a d i s t i n c t  d i f f e r e n c e  between the  
upper bound l e v e l s  only from the  fou r th  thermal cycle .  Specimen 1, on t h e  o t h e r  
hand, r evea l s  a s i g n i f i c a n t  e f f e c t  of bound l e v e l  on cyc l e  t h r e e  and e x h i b i t s  a ,. 
minimum s lope  f o r  most of the  bound l e v e l s  a t  cyc l e  four.  



ADVANCES IN THERMAL SPRAYING 
SPECIMEN 1 

SLOPE OF ' 
I COUNTS I 

TEMPERATURE -8 

h 

SPECIMEN 2  

0  

BOUND LEVEL - (IN COUNTS PER EVENT) 

(CYCLE: 5) O
BSERVED Q 

- 

- 
- 

- 
- 
- 

I I I I I I I -7 I I I I I \ 

1 2 3 4 5 6 7  0 1 2 3  4 5 6 7  
THERMAL CYCLE 

f i g .  1, E f f ec t  of b u r s t  emission bound on t he  
accumulative count  versus  temperature da t a ,  

A wide range of cracking events  (from 10 t o  90 counts)  occurs over the  e n t i r e  
temperature range of experimentation i n  t he  case of specimen 2 s i nce  t he  bound 
l e v e l s  on ly  se rve  t o  scale the g r ad i en t ,  A t  t he  same t i m e  microcracking events  
which gave rise to counts of less than 50 a l s o  occur to a l a r g e  ex ten t .  On t he  
o t h e r  hand, specimen 1 revea ls  a l a r g e  dependence on the bound l e v e l  and, a s  
wel l ,  t he  s lope  changes markedly on t he  f i f t h  cycle;  t h a t  i s  d i r e c t l y  a f t e r  the  
observed f a i l u r e  cyc le ,  In  this case the  macroscopic c rack ing  is the  more 
predominant f a i l u r e  mode and a f t e r  f a i l u r e  t he r e  i s  a tendency f o r  continued 
microcracking, 

The burs t /cont inuous AE ana ly s i s  q u a l i t a t i v e l y  i n d i c a t e s  the  r e l a t i v e  e f f e c t s  of 
cracking magnitude bu t  can not  be used to  a s c e r t a i n  t he  crack populat ion (i .e, ; 
the  s i z e  and number of cracks)  . In  f a c t  l a r g e  counts may a r i s e  from e i t h e r  l a rge  
growth of a few cracks o r  small growth of many cracks. Both of t he se  f a c t o r s  a r e  
confounded i n  the  above type of a n a l y s i s  and the following s e c t i o n  concent ra tes  
on t h i s  problem. 

AE Event Analysis 

The total accumulative counts per thermal cycle  a r e  shown f o r  each ga in  l e v e l  and 
specimen i n  Fig. 2. The count d i f f e r e n c e  between the two AE gain  l e v e l s  i s  
p ropo r t i ona l  t o  t he  total number of AE events  (Berndt, 1985b). Both coa t ings  
exhib i ted  a decrease i n  t o t a l  AE on the  second cycle;  most probably due t o  
" r e l axa t i on  e f f e c t s "  of the coa t i ng / subs t r a t e  system a f t e r  its i n i t i a l  high 
temperature deposi t ion.  The r e l axa t i on  phenomenon is q u i t e  important  s ince  it i s  
a t  t h i s  s t age  t h a t  the  i n i t i a l  microcracks form and thereby e s t a b l i s h  a cracking 
network f o r  the  coat ing,  

Several  f e a t u r e s  of t he  accumulative curves should be pointed out. Specimen 2 
exhib i ted  more AE counts immediately a f t e r  f a i l u r e  whereas specimen 1 showed a 
l a rge  decrease i n  AE counts. m e  count d i f f e r ence  f o r  specimen 1 i s  g rea t e r  than 
f o r  specimen 2 f o r  thermal cycles  2, 3 and 4 bu t  the  count d i f f e r ence  parameter 
i nc r ea se s  up t o  the  6th cycle  f o r  specimen 2. It can be i n f e r r ed  t h a t  specimen 2 
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Fig. 2. Accumulative acous t i c  emission counts a t  each 
thermal cycle.  

e x h i b i t s  an increase  i n  the  number of cracks a s  thermal cyc l ing  progresses  up t o  
the  s i x t h  cycle.  Coating 1, on the other  hand, reaches a maximum i n  the  number 
of events  on the  f a i l u r e  cyc le  and t h e r e a f t e r  the  number of events  is smaller.  
Both coa t ings  e x h i b i t  a gradual  increase  i n  the  number of events  up to the 
thermal cyc le  where the  accumulative AE is a maximum and then, immediately a f t e r  ' 

this s tage ,  t he  number of AE events  s i g n i f i c a n t l y  decreases.  

h e  s ign i f i cance  of these  observat ions is t h a t  the t h in  coa t ing  f a i l s ,  a t  l e a s t  
i n i t i a l l y ,  by a r e l a t i v e l y  low number of cracking processes  bu t  that these 
processes  cont inue a f t e r  f a i l u r e .  The th ick  coat ing,  on the  o the r  hand, 
i n i t i a l l y  f a i l s  from a l a rge  number of smaller  cracks; some of these  develop i n t o  
major cracks which l o c a l i z e  any f u r t h e r  cracks during thermal cycling. 

Dis t r ibu t ion  .Analysis 

A technique of examining grouped da ta  is t o  f ind  the 
which it forms. In this way it is poss ib le  to ass ign  
AE response of each specimen which enables  d i r e c t  
cyc l ing  behaviour. The Weibull d i s t r i b u t i o n  has 
phys ica l  w r l d  and its form is (Batdorf,  1978) - 

X-X m 
F ( X )  = 1 - ex.[ -(<) ] 

nature  of the d i s t r i b u t i o n  
a unique " s igna ture n t o  the  
comparison of the  thermal 
wide a p p l i c a b i l i t y  i n  the  

where F(x)  - the  median rank value of the  da t a  (see Bergman, 1984) 
x - AE count of each da t a  po in t  
x,, - minimum AE count value 
xo - c h a r a c t e r i s t i c  value below which 63.2% of the data l ie  
m - Weibull parameter (o r  Weibull modulus) 
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The d i s t r i b u t i o n  is ccmpletely descr ibed by t he  three parameters of m, ?, and 

xo. The parameter 5 is  set to  zero  s i nce  t h i s  is t h e  l e a s t  AE count which is  
pos s ib l e  i n  the  case of this work. The va lues  of m and xo can be found by 
reducing the  Weibull func t ion  i n t o  i ts  l i n e a r  form - 

1 l n l n  ( l-F(X) ) = minx - mlnx 
0 

( 2 )  

Therefore m is  found from the  g r ad i en t  of t h e  l n l n ( l / ( l F ( x ) ) )  versus  lnx  
graph. Once m is  ca l cu l a t ed  then the y a x i s  i n t e r c e p t  is used t o  f i n d  xo - 
i.e., 

The c h a r a c t e r i s t i c  AE count value can be thought of i n  t he  same way a s  an 
"average AE count  valuem except  t h a t  it app l i e s  to t h e  63.2 p e r c e n t i l e  rank of a 
non-normal d i s t r i b u t i o n .  The count da ta  f o r  each thermal cycle  w e r e  t r e a t ed  t o  
t he  above Weibull ana lys i s .  

The form of t he  Weibull p l o t .  is  shown i n  Fig. 3. f o r  the  f i r s t  two cyc l e s  of 
specimen 2. A change i n  each d i s t r i b u t i o n  can be observed a t  va lues  of 50 and 

I I I I I I I I 

SPECIMEN 2 

0 2 . 0  4 . 0  6 . 0  
I n  (AE COUNT) 

Fig. 3. Weibull p l o t  f o r  acous t ic  emission count data.  

35 counts r e spec t i ve ly  f o r  cyc les  1 and 2. However, t he  occurrence of monomodal 
d i s t r i b u t i o n s  was a more t y p i c a l  r e s u l t  and t h i s  assumption was used to f ind  m 

2 and xu values. The regress ion  c o e f f i c i e n t s  (R ) to equat ion 2 were a l l  g r e a t e r  
than 0.90 and were t y p i c a l l y  0.97. The t rend of t he  c h a r a c t e r i s t i c  AE count 
parameter with respect to the  thermal cyc le  f o r  each specimen is shown i n  
Fig. 4. The genera l  observat ions  f o r  each specimen a r e  & A t  the c h a r a c t e r i s t i c  
AE count was high on the f i r s t  cyc le ,  decreased on the  second cyc le  and then 
increased up to the  f a i l u r e  cycle. The c h a r a c t e r i s t i c  AE count value decreased 
a f t e r  the  f a i l u r e  cycle .  Specimen 1 which had t h e  g r ea t e r  weight ~f ceramic 
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Fig. 4. The c h a r a c t e r i s t i c  acous t i c  emission count of 
plasma sprayed coa t ings  subjected t o  thermal 
cycling. 

d e p o s i t  a l s o  exhib i ted  the h ighes t  c h a r a c t e r i s t i c  AE count va lues  and the 
g r e a t e s t  change i n  these  values from cycle-  to-cycle. 

The f i n a l  way of examining the AE d a t a  is by looking a t  the Weibull parameter 
("mn) and t h i s  is e s s e n t i a l l y  a measure of t he  d i s t r i b u t i o n  shape. A high m 
value i n f e r s  t h a t  the  AE count values  are not  widely dispersed but  grouped about 
a c e n t r a l  value ( i . e . , leptokur  t i c  i n  na tu re  ) . Both specimens exhib i  ted s imi l a r  
t rends  i n  t h e i r  Weibull parameter behaviour (Fig. 5).  The count values occur 
over a wide range of values  during the f i r s t  thermal cyc le  bu t  become more 
c e n t r a l l y  loca ted  f o r  the second and t h i r d  thermal cycles.  This could be 
expressed a s  a t r a n s i t i o n  to AE count d a t a  which is  more lep tokur t ic .  Pr ior  t o  
obseru_e& f a i l w ~  t h e  distri,bati6* of spec imen-  Z is -again a l te re iP  to a &dely 
d i s t r i b u t e d  range of AE counts whereas the  m parameter of specimen 1 does not  
change s i g n i f i c a n t l y .  The phys ica l  in fe rence  is t h a t  specimen 2 cracks a t  cycle  
3 from events  which are a l l  very s i m i l a r  i n  terms of AE count ( i - e . ,  
microcracks);  however, on cyc le  '4 t h e r e  is  a l a rge  va r i e ty  of cracking processes 
( i .e . ,  including macrocracks) and t h i s  is  r e f l e c t e d  by a wide range i n  the AE 
count data .  Specimen 1 on the o ther  hand always exh ib i t s  a l a rge  v a r i a b i l i t y  i n  
AE count range and never any AE processes  which a r e  concentrated within a narrow 
band of a c t i v i t y  . 

DISCUSSION 

The prime aim of t h i s  work has been t o  assess  the cracking a c t i v i t y  of plasma 
spray coated specimens which have been subjected to thermal cycling. Acoustic 
emission (AE)  methods have been used t o  acqui re  information concerning cracking 
processes  and t h i s  has been t r ea t ed  i n  a number of ways t o  revea l  t rends about 
t h e  degree of cracking. 
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Fig. 5. Weibull parameters f o r  plasma sprayed coa t ings  
sub jec ted  to thermal cycl ing.  

S i g n i f i c a n t  AE was only observed dur ing  cool ing of t he  specimens. An i n i t i a l  
a n a l y s i s  examines the  accumulative count func t ion  with respect to temperature and 
this func t i on  was found to  be l i nea r .  me e f f e c t  of b u r s t  emission on t he  
accumulative AE trend w a s  measured by sub t r ac t i ng  s p e c i f i c  AE count  values from 
t h e  t o t a l  d i s t r i b u t i o n .  Thus by t e s t i n g  many d i f f e r e n t  AE l e v e l s  it was 
es t ab l i shed  t h a t  AE counts of 30 t o  50 per event  inf luence t h e  r e l a t i v e  shape of 
t h e  accumulative d i s t r i b u t i o n  with  r e s p e c t  to the thermal cycle .  These count  
l e v e l s  correspond c lo se ly  t o  t he  bimodal l i m i t s  which w e r e  observed f o r  specimen 
2 a t  cyc l e s  1 and 2 (Fig. 3). Thus t h e r e  is some evidence t h a t  count values of 
this o rde r  demark a t r a n s i t i o n  from microcracking t o  macrocracking processes.  

The regime of macrocracking has  been r e l a t e d  to the AE phenomenum of b u r s t  
emission. However, l a r g e  counts  may a r i s e  from the  simultaneous a c t i v i t y  of 
many smal l  cracks. Thus t h e r e  is some e r r o r  introduced when the  abso lu te  A .  
count  value is used to a s c e r t a i n  t he  type of cracking without  regard to the  
phys i ca l  processes  which occur dur ing  f a i l u r e .  One method of solving this 
problem is  t o  examine t he  cracking behaviour a t  two l e v e l s  of ampl i f ica t ion  and 
then use the  count d i f f e r ence  a s  a measure f o r  the number of AE events  (Fig. 2) .  

Another method of s tudying coa t ing  behaviour i s  by c l a s s i f y i n g  t he  AE 
d i s t r i b u t i o n s .  The AE da t a  f o r  each thermal cycle  was f i t t e d  t o  the Weibull 
d i s t r i b u t i o n  and the  parameters of m and 5 were used t o  cha rac t e r i ze  t h e  
coat ing.  The " c h a r a c t e r i s t i c  AE countm shows t h a t  specimen 2 behaves a t  a lower 
l e v e l  of AE a c t i v i t y  than specimen 1 and t h i s  low a c t i v i t y  (about  12 counts pe r  
even t )  is probably r e l a t e d  t o  microcracking r a t h e r  . than macrocracking 
processes .  The f i r s t  thermal cyc le  of specimen 1, on the o t h e r  hand, exh ib i ted  
l a r g e  AE counts  ( c h a r a c t e r i s t i c  value of 35 counts per  even t )  and this represen ts  
a f a r  g r e a t e r  degree of cracking. Another f ea tu r e  of both d i s t r i b u t i o n s  is t h a t  
observab le  f a i l u r e  of t he  specimen occurred a t  a l o c a l  maximum of t he  
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c h a r a c t e r i s t i c  stress and on subsequent thermal cycles  t he  c h a r a c t e r i s t i c  AE 
count decreased. One shortcoming of the ana lys i s  presented above is t h a t  t he  
t o t a l  number of accumulative counts is not  considered and therefore  no assessment 
of the  number of AE events  can be made. 

The shape of the d i s t r i b u t i o n  is given by the Weibull parameter. A high value 
corresponds to a d i s t r i b u t i o n  where the  values a r e  c e n t r a l l y  located whereas "m" 
is  l o w  i f  the AE counts a r e  dispersed over the range. Specimen 2 exhib i ted  
d i s t r i b u t i o n s  with a g r e a t e r  rn t h a t  specimen 1 (Fig. 5 ) .  Cracking mechanisms 
can be postulated which a r e  based on these AE observations.  A crack network is 
developed during the  thermal processing of the coat ings such t h a t  AE events of a 
s i m i l a r  nature e . ,  microcracking) a r e  produced and the re fo re  m increases  
during the i n i t i a l  thermal cycles.  Pr ior  to f a i l u r e  the AE range of events  
increases  and thus the  Weibull parameter decreases  (cyc le  3 f o r  specimen 1 and 
cycle  4 fo r  specimen 2). This crack s t r u c t u r e  a c t s  a s  a network f o r  f u r t h e r  
cracking of specimen 2 and therefore  m does no t  change s i g n i f i c a n t l y  during 
f u r t h e r  cycl ing bu t  remains cons tan t  a t  about 0.57. A t  the  f a i l u r e  cyc le  m i s  
low f o r  specimen 2 and ind ica t e s  t h a t  a l a rge  range of cracking events  occur - 
and the physical  p i c t u r e  to represent  this is macrocracking. However f u r t h e r  
crack i n t e r a c t i o n  occurs f o r  specimen 1 and the degree of cracking becomes more 
uniform so  t h a t  m increases  s l i g h t l y .  

CONCLUSIONS 

The purpose of this research has been to examine cracking processes within 
coatings.  Specimens, plasma sprayed coated with N i C r A l Y  + Zr02-12wt.%Y203, have 
been thermally cycled to  llSO°C and simultaneously monitored f o r  acous t ic  
emission. 

No s ing le  method of ana lys i s  is capable of providing a complete desc r ip t ion  of 
cracking behaviour. Several  methods of AE ana lys i s  have been de t a i l ed  i n  t h i s  
work. These examine (i) the  accumulative AE count versus temperature 
d i s t r i b u t i o n s ,  (ii) the  accumulative AE count per thermal cyc le  with respec t  t o  
two gain l eve l s ,  and (iii) a descr ip t ion  of the  AE count d i s t r i b u t i o n  by the 
Weibull function. 

The coat ings revealed d i f f e r e n t  AE behaviour in  t e r m s  of the absolute  number of 
counts and i n  the s t a t i s t i c a l  descr ip t ion  of the AE count d i s t r i b u t i o n .  The AE 
from the specimen can be co r r e l a t ed  t o  cracking processes. Thus measures f o r  
the  t o t a l  degree of cracking and the s i m i l a r i t y  of cracking processes during a 
thermal cycle can be obtained. Information of t h i s  na ture  is used t o  
charac te r ize  each specimen and allow the f a i l u r e  of plasma sprayed specimens t o  
be described by microcracking and macrocracking processes. 
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