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ABSTRACT 

The m a t e r i a l  p r o p e r t y  measurements of thermal  
b a r r i e r  c o a t i n g s  from c y c l i c  furnace ,  thermal  r i g ,  
thermal expans  i on ,  a c o u s t i c  emiss ion  and t e n s i l e  
adhesion t e s t  methods a r e  c r i t i c a l l y  examined. Some 
bas i c  e n g i n e e r i n g  p r o p e r t i e s  of c o a t i n g s  such a s  t h e  
e l a s t i c  modulus have  n o t  been measured w i thou t  
ambiguity. Data  of t h i s  na tu re  is e s s e n t i a l  t o  t h e  
success  of modeling s t u d i e s .  

I n s i g h t s  i n t o  t h e  mechanical  p r o p e r t i e s  of  
coa t i ngs  have  been ga ined  by ca r ry ing  o u t  i n s t rumen ted  
t e n s i l e  a d h e s i o n  t e s t s .  The g e n e r a l  view of t h e  
coa t i ng  de fo rma t ion  p roces s  is t h a t  t h e  i n d i v i d u a l  
lamel lae  s l i d e  ove r  each  o t h e r  and t h i s  promotes a 
" pseudo- duc t i l i t y  " response  i n  t h e  coa t i ng .  
Monitoring o f  t h e  a c o u s t i c  emiss ion  response  of 
coa t i ngs  d u r i n g  t h e r m a l  c y c l i n g  exper iments  s u g g e s t s  
t h a t  t h e r e  a r e  two d i s t i n c t  c r ack ing  processes .  The 
macro-cracking behaviour ,  i n d i c a t e d  by a change i n  t h e  
a c o u s t i c  e m i s s i o n  c o u n t  rate, is t h e  predominant 
mechanism which l e a d s  t o  c o a t i n g  f a i l u r e .  

I t  is f u r t h e r  shown t h a t  t h e  acceptance  t e s t s  used 
by i n d u s t r y ,  a l t h o u g h  u s e f u l  i n  ranking c o a t i n g s  i n  
terms of a p a r t i c u l a r  p rope r ty ,  p r e s e n t  no fundamental  
knowledge conce rn ing  t h e  m a t e r i a l  p r o p e r t i e s  of 
coat ings .  I t  is o n l y  when t h e  phenomenological  
c h a r a c t e r i s t i c s  of  t h e  thermo-mechanical response  of 
coa t i ngs  is unde r s tood  t h a t  coa t i ng  development w i l l  
s u b s t a n t i a l l y  p r o g r e s s .  

INTRODUCTION 

Th i s  work w i l l  f ocus  on t h e  m a t e r i a l  p r o p e r t y  
measurements t h a t  a r e  c a r r i e d  o u t  on thermal  b a r r i e r  
coa t i ngs  (TBCs 1. Some of t h e  i n d u s t r i a l  and r e s e a r c h  
t e s t s  w i l l  be  examined. The i n d u s t r i a l  manufac turers  
fo l low an  accep t ance  s t a n d a r d  (1 which c h a r a c t e r i z e s  
the  mechanical  p r o p e r t i e s  of t h e  c o a t i n g  and which a l s o  
examines t h e  c o a t i n g  mic ros t ruc tu re .  The bond 
s t r e n g t h  of t h e  c o a t i n g  is determined by employing a 
t e n s i l e  a d h e s i o n  test and t h e  s t r a i n  t o l e r a n c e  is 
e s t a b l i s h e d  from a cupping t e s t  where t h e  c o a t i n g  is 
indented w i th  a 22 mm d iame te r  b a l l .  

These q u a l i t y  c o n t r o l  t e s t s  a r e  c a r r i e d  o u t  on  

t e s t  pane l s  which a r e  sprayed a t  t h e  same t ime a s  t h e  
t u r b i n e  engine  components. The accep t ance  of a 
c o a t i n g  r e l i e s  on a q u a l i t a t i v e  assessment ;  f o r  
example, a minimum adhes ion  s t r e n g t h  must be a t t a i n e d ;  
a maximum deg ree  of c r ack ing  must n o t  be exceeded f o r  
t h e  cup t e s t ;  and t h e  c l e a n l i n e s s  ( i  .e., t h e  amount and 
d i s t r i b u t i o n  of any p o r o s i t y  and unwanted i n c l u s i o n s )  
of t h e  c o a t i n g  must meet c e r t a i n  v i s u a l  s t anda rds .  A 
f u r t h e r  requi rement  f o r  some c o a t i n g s  is t h a t  t h e  
d imensional  accuracy  of t h e  component and, indeed,  
i n d i v i d u a l  l a y e r s  w i t h i n  t h e  c o a t i n g  system and a t  
p r e c i s e  l o c a t i o n s  on t h e  component (e.g., a t u r b i n e  
b l a d e )  must be  ensured .  

The b a s i s  f o r  choos ing  a s p e c i f i c  a p p l i c a t i o n  of  a 
c o a t i n g  is  drawn from t h e s e  mechanical  and micro- 
s t r u c t u r a l  t e s t s ;  from t h e  c o n s i d e r a b l e  p r a c t i c a l  
expe r i ence  of engine  manufac turers  and thermal  s p r a y  
c o n t r a c t o r s  and; from some of t h e  l i m i t e d  engine  tests 
t h a t  have been performed. However, t h e  q u a l i t y  
c o n t r o l  t e s t s  a r e  f a r  removed from t h e  p h y s i c a l  and 
chemical  i n t e r a c t i o n s  t h a t  t he rma l ly  sprayed c o a t i n g s  
expe r i ence  d u r i n g  usage; e x p e c i a l l y  when it is 
cons ide red  t h a t  t h e  t e s t s  a r e  c a r r i e d  o u t  under ambient  
c o n d i t i o n s  whereas the c o a t i n g  a p p l i c a t i o n  may c a l l  f o r  
h i g h  t empera tu re s  and p r e s s u r e s  under c o r r o s i v e  
atmospheres.  The fo l l owing  s e c t i o n s  add re s s  some of 
t h e  h igh  tempera ture  test methods which have  been used  
t o  c h a r a c t e r i z e  t h e  thermal  performance of coa t i ngs .  

THERMAL CYCLING TESTS 

The d r i v i n g  f o r c e  f o r  TBC development (2-6) is  
e i t h e r  an  economic advantage through i n c r e a s e d  e f f i c -  
iency  i n  t h e  domest ic  market  p l a c e  ( w i t h  e i t h e r  
i n c r e a s e d  f u e l  e f f i c i e n c y  o r  i nc rea sed  component l i f e )  
o r  improved performance f o r  m i l i t a r y  a p p l i c a t i o n s .  
C y c l i c  fu rnace  t e s t s  have been e x t e n s i v e l y  used d u r i n g  
TBC development ( 7 ) .  Smal l  coupons of  t h e  r e q u i r e d  
base  m a t e r i a l  a r e  coated ,  i n s e r t e d  i n t o  a r a p i d  h e a t i n g  
fu rnace  and t hen  t he rma l ly  cyc l ed  t o  t empera tu re s  i n  
t h e  v i c i n i t y  of 1000-1 200°C. The specimens a r e  
i n s p e c t e d  a t  i n t e r v a l s  of abou t  12 c y c l e s  t o  a s c e r t a i n  
whether f a i l u r e  h a s  occurred .  

Other  thermal  t e s t s  have been c a r r i e d  o u t  under  a 
v a r i e t y  of hea t- source  c o n d i t i o n s  and specimen shapes  
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and s i z e s  (8-13). Table 1 compares these  cond i t ions  
t o  those  exper ienced wi th in  t h e  environment of an  
ope ra t ing  engine (14) .  Much work of a s i m i l a r  expe r i-  
mental na tu re  has  been c a r r i e d  o u t  with regard  t o  t h e  
development of TBCs . However it is d i f f i c u l t  t o  
compare these  r e s u l t s  because of t h e  va r ious  specimen 
geometries,  d i f f e r e n t  s u b s t r a t e  ma te r i a l s ,  d i f f e r e n t  
coa t ing  compositions and sp ray  depos i t ion  parameters,  
a s  we l l  a s  t h e  d i f f e r e n t  exper imenta l  procedures and 
f a iLure  c r i t e r i o n  t h a t  have been observed. 

For example cons ide r  Fig. 1 which p resen t s  some of 
t h e  thermal t e s t  r e s u l t s  f o r  t h e  well-documented 
Ni-17Cr-5.4A1-0.35Y/ZrO2-(4-24wt.%)Y203 system. The 
most a t t e n t i o n  has  been p a i d  t o  t h e  Zr02-8wt.%Y203 
ceramic composition where r e s u l t s  from c y c l i c  furnace ,  
n a t u r a l  gas-oxygen r i g ,  and burner  r i g  tests a r e  
ava i l ab le .  The l i n e s  drawn on t h e  f i g u r e  a r e  used t o  
i n d i c a t e  the  t r end  of c y c l i c  l i f e  time with r e s p e c t  t o  
t h e  Y203 p e r c e n t  and it is  seen t h a t  t h e  optimum 
ceramic composition is probably  between 6-8wt.%Y203. 
There is more than one decade i n  d i f f e r e n c e  between the  
l i f e t i m e s  of specimens t e s t e d  a t  approximately 990°C 
and llOO°C. There may a l s o  be a l a r g e  d i s t r i b u t i o n  i n  
the  c y c l i c  l i f e t i m e  d a t a ;  a s  is i n d i c a t e d  by, f o r  
example, t h e  1 2 w t .  %Y 203 c o a t i n g  where s i m i l a r  coa t ings  

Table  1. 

e x h i b i t e d  l i f e t i m e s  of 35 and 60 cycles.  Some of t h e  
va r i ance  i n  t h e  d a t a  may be a t t r i b u t a b l e  t o  t h e  d i f f e r -  
e n t  s u b s t r a t e s  used (101, t h e  r e l a t i v e l y  poor c o n t r o l  
i n  t h e  product ion of i d e n t i c a l  coa t ings ,  and t h e  
d i f f e r e n t  exper imenta l  methods f o r  c l a s s i f y i n g  
f a i l u r e .  Another observat ion from Fig. 1 is t h a t  
t u r b i n e  blades  have been used a s  specimens f o r  t h e  two 
r i g  t e s t s .  These t e s t s  gene ra l ly  e x h i b i t  g r e a t e r  
l i f e t i m e s  than t h e  r i g  t e s t s  on c y l i n d r i c a l  specimens 
o r  t h e  c y c l i c  furnace  t e s t s  which have been c a r r i e d  o u t  
a t  equ iva len t  temperatures  (i .e. ,  llOO°C). 

These r e s u l t s  r a i s e  a t  l e a s t  two impor t an t  
ques t ions .  F i r s t ,  it is important t o  c a r r y  o u t  an  
a c c e l e r a t e d  t e s t  s o  t h a t  advanced ma te r i a l  development 
can proceed r a p i d l y  and r e l a t i v e l y  inexpensively.  I f  
t h i s  was t h e  only  cons ide ra t ion  then c y c l i c  f u r n a c e  
t e s t s  would seem t o  have a c l e a r  advantage ove r  o t h e r  
methods, Fig. 1. However, a major shortcoming of  t h e  
c y c l i c  furnace  t e s t  is t h a t  they a r e  q u a l i t a t i v e  and 
they do n o t  p r e d i c t  t h e  u l t ima te  se rv ice  l i f e  of a 
coa t ing .  Burner r i g  t e s t s ,  on the  o the r  hand, a r e  
more s u i t e d  t o  e s t a b l i s h i n g  the  se rv ice  l i f e  of t h e  
coated blade;  b u t  t hey  a r e  more time consuming and 
expensive t o  run. 

A second important  cons ide ra t ion  is t h a t  t h e  

Comparison of Thermal Test Condi t ions  

Specimen Heating Maximum Hold Cooling Minimum 
Method No. s i z e  t ime temp. t ime time temp. References 

(cm 1 (minl1 (OC) (minI1 (minll  (OC) 

C y c l i c  1 2.5x1.3x0.25 6 990-1 095 60 60 280 8,9,10 

Furnace 2 2.5x2.5x0.5 II n u II n 11 

3 ? 4 975 n 11 11 11 

gas-oxygen 6 J-75 b lades4  " u I@ n 11 9,lO 

t o r c h  

Burner r i g  7' 1.3cm diameter  4 1 040 0,57 3 ? 12 
c y l i n d e r s  

86 J-75 blades  0.5 1450-1 5707 60 0.33 (75 9 

Plasma 9 1.3cm diameter  0.5s 11 008 0.5s, 30s, ?2 13 

to rch  c y l i n d e r s  

Engine 10 JT9D-7F f i r s t  2s 870 

t e s t s 9  s t a g e  blades  14s 1095 

Times a r e  expressed i n  minutes; un le s s  s p e c i f i e d  otherwise .  
Probably l e s s  than 50°C. 
A h o t  zone of 2.5 x 1.3 x 0.6cm is mentioned b u t  t h i s  t h i ckness  
is g r e a t e r  than the  o r i g i n a l  specimen (1 0 ) .  Forced a i r  coo l ing  
a t  a r t e  of 14-1 7gs-1 a i r  flow. 8 6.5 cm test a r e a  on t h e  l ead ing  edge. 
T e s t  7 was c a r r i e d  o u t  a t  0.3 Mach. 
T e s t  8 was c a r r i e d  o u t  a t  1.0 Mach. 
The s u r f a c e  temperature  range of t h e  b l ade  is given. The 
corresponding s u b s t r a t e  temperatures  a r e  1450-1570°C. 
Sur face  temperature.  
The times t o  reach s p e c i f i c  temperatures  a r e  given. 
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FIG. 1. COLLATION OF SOME THERMAL TESTING-CYCLIC LIFE 
DATA. THE DATA COMES FROM REFERENCES 18-24. 

acce le ra ted  t e s t  must a l s o  r e f l e c t  t h e  opera t ive  
mechanism of f a i l u r e .  Fa i lu re  of the  coating/sub- 
s t r a t e  system is o f t e n  asc r ibed  t o  thermal f a t i g u e ,  low 
temperature (650-750°C) o r  high temperature (750-950°C) 
hot  co r ros ion ,  o r  t o  oxidat ion (>950°C)(3,15).  The 
engine d e s i g n e r s  and mate r i a l s  engineers  wish t o  
understand t h e  reasons  f o r  coat ing s p a l l a t i o n  from t h e  
subst ra te .  Th i s  has  l e d  t o  s t u d i e s  on the  f a c t o r s  
which determine c o a t i n g  adhesion t o  t h e  s u b s t r a t e ,  t h e  
operat ive  f a i l u r e  mechanisms within  coa t ings  and 
fundamental i n v e s t i g a t i o n s  i n t o  the  thermo-physical 
p roper t i e s  of TBCS. The l i f e t imes  of coated b lades  

which t h e  engine manufacturers would l i k e  t o  achieve 
f o r  a range of t u r b i n e s  is shown i n  Table 2 ( 3,4 1. 

THERMAL EXPANSION MEASUREMENTS 

A c r u c i a l  requirement f o r  TBCs is good adhesion t o  
t h e  s u b s t r a t e  a t  high temperatures  under thermal 
cyc l ing  condi t ions .  I t  is  thought t h a t  s t r a i n  
incompa tab i l i t i e s ,  brought about by thermal  expansion 
mismatches between t h e  s u b s t r a t e  and coat ing,  is one of 
t h e  important mechanisms whereby coa t ings  may f a i l .  
Some work has been repor ted  (16,171 where t h e  average 
thermal expansion c o e f f i c i e n t  ( a )  over t h e  temperature 
range of i n t e r e s t  has been used t o  c a l c u l a t e  t h e  s t r a i n  
d i f f e r e n c e  between t h e  s u b s t r a t e  and coat ing.  This  
d a t a  is used i n  conjunct ion with t h e  e l a s t i c  modulus 
and Poisson 's  r a t i o  of t h e  coa t ing  t o  f i n d  t h e  stresses 
which a r e  imposed on t h e  coat ing.  The coa t ing  w i l l  
f a i l  when these  s t r e s s e s  a r e  g r e a t e r  than t h e  u l t ima te  
t e n s i l e  s t r e s s  of t h e  mater ia l .  

The assumption of a cons tan t  a over t h e  
temperature range of i n t e r e s t  is an over s i m p l i f i c a t i o n  
i n  most cases ;  a s  is shown by t h e  da ta  presented i n  
Fig. 2 ( 1  8-20). The f i g u r e  shows t h a t  a may vary i n  
t h e  long i tud ina l  ( i n  plane o r  p a r a l l e l  t o  t h e  sub- 
s t r a t e )  and t r ansve r se  ( ac ross  t h e  coa t ing  th ickness )  
d i r e c t i o n s  f o r  a ceramic over lay of Zr02-8wt.%Y203 
mate r i a l .  It is a l s o  important t o  remember t h a t  t h e  
m a t e r i a l  p r o p e r t i e s  of t h e  coat ing should n o t  be  
assumed t o  be the  same a s  those  of t h e  corresponding 
bulk ceramic o r  bond coa t  mater ia ls .  The micro- 
s t r u c t u r a l  c h a r a c t e r i s t i c s  of thermally sprayed 
coa t ings  a r e  very d i f f e r e n t  from those  of t h e  bulk 
ma te r i a l s ;  and thus  t h e i r  thermo-mechanical p r o p e r t i e s  
a r e  a l s o  expected t o  be d i f f e r e n t .  

MECHANICAL PROPERTIES 

The adhesion proper ty  of thermal ly  sprayed 
coa t ings  t o  t h e  s u b s t r a t e  is an important p roper ty  t o  
a s s e s s  s i n c e  t h i s  w i l l  l i m i t  t he  u t i l i t y  of t h e  TBC. 
There a r e  s tandard methods (21) of determining t h i s  
adhesion by adhering a plug ( o r  pul l- off  b a r )  t o  t h e  
coa t ing  and t h i s  mechanical attachment a l lows t h e  
coa t ing  t o  be pu l l ed  off  i n  tension.  There a r e  a 
number of c r i t i c i s m s  with regard t o  methods of t h i s  
na tu re  (22)  ; and, f o r  example, a major shortcoming is 

Table 2. Design Specifications for Coated Turbine Blades (4). 

Applicat ion Maximum Operating C h a r a c t e r i s t i c s  Overa l l  
Thermal Temperature % of t ime Time ( h )  
S t r a i n  ( "C) 

Land-based 

m i l i t a r y  0.42 1180 10 1,000 

a i r c r a f t  

Commercial 

t r a n s p o r t  0.20 1093 

aeroengine 
- 

Base-load 

power 

generat ion 0.08 820 

gas  tu rb ine  
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FIG. 2 THERMAL EXPANSION DATA FOR BOND COAT AND 
CERAMIC THERMAL BARRIER COATING COMPONENTS. 
FROM REFERENCES 18 AND 19. THE DATA HAS BEEN 
REDRAWN TO THE SAME AXES. THE CERAMIC IS  
Zr02-8wt.%Y203 AND THE BOND COAT IS OF 
Ni-22Cr-1 -A1-1 Y, 

t h a t  t h i s  t e s t  method does n o t  reproduce t h e  s t r e s s  
s t a t e  which t h e  c o a t i n g s  expe r i ence  du r ing  s e r v i c e .  

T e n s i l e  adhes ion test measurements a l s o  e x h i b i t  a 
l a rge  v a r i a b i l i t y  i n  s t r e n g t h  va lues  f o r  any p a r t i c u l a r  
coat ing  - (23 1. For example t h e  Weibull  modulus of 
s t a b i l i z e d  z i r c o n i a  c o a t i n g s  is about  5; whereas t h e  
bulk m a t e r i a l s  have v a l u e s  o f ,  t y p i c a l l y ,  i n  excess  of 
30. The l a r g e  sp read  i n  r e s u l t s  does n o t  a f f e c t  
rou t ine  q u a l i t y  c o n t r o l  procedures ;  s i n c e  t h e  
acceptance requirement  is normally t h a t  a ba t ch  of 5 
samples e x h i b i t  a c e r t a i n  minimum t e n s i l e  adhes ion 
s t r eng th .  However, ano the r  v iewpoint  when a p p l i e d  
r e sea rch  is being c a r r i e d  o u t ,  is  t h e  n e c e s s i t y  f o r  
understanding t h e  m a t e r i a l  c h a r a c t e r i s t i c s  which g i v e  
r i s e  t o  t h i s  v a r i a b i l i t y  i n  s t r e n g t h .  

An a l t e r n a t i v e  approach of e s t a b l i s h i n g  a 
measurement f o r  t h e  adhes ion of t h e  c o a t i n g s  has  been 
t o  c a r r y  o u t  f r a c t u r e  mechanics t e s t s  (22,241. 
However, t h e s e  t e s t s  have n o t  found favour  a s  a r o u t i n e  
t e s t i n g  method and a r e  a t  p r e s e n t  more s u i t a b l e  a s  a 
t o o l  f o r  t h e  development of coa t ings .  I n d e n t a t i o n  
t e s t s  a r e  no t  s u i t e d  t o  f i n d i n g  t h e  f r a c t u r e  toughness 
of coa t ings  because t h e  r e q u i r e d  Boussinesq s t r e s s  
f i e l d  is no t  a t t a i n e d  (25 ) .  I n  f a c t ,  i n d e n t a t i o n  
t e s t s  have very  l i m i t e d  a p p l i c a t i o n  f o r  t h e  t e s t i n g  of 
TBCs s i n c e  t h e  hardness  v a l u e  seems t o  be  more 
determined by t h e  l ame l l a r  and inhomogeneous s t r u c t u r e  
of t he  c o a t i n g  r a t h e r  than t o  any unique m a t e r i a l  
p rope r ty  of t h e  coat ing .  

Some mechanical p rope r ty  measurements have been 
r epo r t ed  f o r  y t t r i a  s t a b i l i z e d  z i r c o n i a  TBCs ( 1 8,26-28 1 
of s i m i l a r  composit ions.  The e l a s t i c  modulus (El has  
been measured a s  7-35 GPa ( r e p o r t e d  i n  261, 46.2GPa 
(181, 4.7 GPa a t  low stress l e v e l s  (271, 0.032 - 0.115 
GPa over t h e  e n t i r e  stress range p r i o r  t o  f a i l u r e  (271, 
and approximately 0.125 - 1.56 GPa ( c a l c u l a t e d  from t h e  
d a t a  i n  r e f e rence  281. Although t h e r e  is disagreement  
wi th  regard  t o  t he  p r e c i s e  va lue  of EI t h e r e  is a con- 
census t h a t  TBCs e x h i b i t  p seudo- duc t i l i t y  because t h e  
l ame l l ae  s l i d e  over each o the r .  Th i s  d u c t i l i t y  of t h e  

c o a t i n g  l eads  t o  a l a r g e  n e t  extens ion of TAT specimens 
which a r e  loaded t o  h igh  s t r e s s  va lues  (28,291. 

A major concern of t h e  above referenced d a t a  is 
t h a t  any t e s t s  which r e q u i r e  t he  adhesion o f  a test 
f i x t u r e  is l i m i t e d  t o  near  ambient cond i t i ons  and t h e  
measurements so- determined may have no r e l evance  t o  t h e  
e v e n t u a l  h igh tempera ture  a p p l i c a t i o n  of TBCs. It  can  
a l s o  be seen  from Fig. 3 t h a t  t h e  nature  of t h e  stress- 
ex tens ion  p l o t  of t h e  c o a t i n g  a lone  ( a t  room temper- 
a t u r e )  is  dependent on t h e  even tua l  f a i l u r e  morphology 
and t h a t  it is non- l inear .  Thus E is h igh ly  v a r i a b l e  
and depends on both  t h e  f a i l u r e  mode and t h e  stress 
l e v e l .  

T e n s i l e  adhes ion test methods have a l s o  been used 
t o  s tudy  t h e  a f f e c t s  of bond c o a t  ox ida t ion  on t h e  
adhes ion of t h e  TBC (291, Fig. 4. The f a i l u r e  stress 
of t h e  NiCrAlY coa ted  m a t e r i a l s  changes from a b o u t  
16.3 MPa t o  12 MPA a f t e r  a s p e c i f i c  weight g a i n  o f  
2.9 mg and t o  8 MPa a f t e r  a weight ga in  o f  a b o u t  
4.6 rng cm-2. The f a i l u r e  morphology of t hese  materials 
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changed from e x h i b i t i n g  a cohesive c h a r a c t e r  ( i . e .  
within the  ceramic  ove r l ay )  f o r  t he  as- received TBC t o  
adhesive- cohesive i l , a t  t h e  s u b s t r a t e  su r f  a c e  
r a the r  than  w i t h i n  t h e  ceramic) a f t e r  t h e  c y c l i c  
furnace t r ea tmen t s .  Fig. 4 shows t h a t  t h e  pre- treatment  
of specimens by thermal  cyc l ing  has  reduced t h e  TBC 
f a i l u r e  s t r e s s .  Other work ( 8 )  has shown t h a t  coa t ings  
which e x h i b i t e d  a .  h igh s p e c i f i c  weight ga in  would a l s o  
show a lower c y c l e  l i f e  than coa t ings  with a lower 
s p e c i f i c  weight  gain .  It can t h e r e f o r e  be specu la t ed  
t h a t  coa t ings  which show t h e  g r e a t e s t  t e n s i l e  adhesion 
s t r eng th ,  a f t e r  thermal  cyc l ing  t e s t s ,  would a l s o  
e x h i b i t  t h e  g r e a t e s t  l i f e t i m e  i f  t h e  thermal cyc l ing  
t e s t s  were con t inued  u n t i l  f a i l u r e  was observed. 

ACOUSTIC EMISS ION TESTS 

The p r e v i o u s  s e c t i o n  on s t r e n g t h  measurements 
emphasized t h e  d i f f i c u l t y  i n  ca r ry ing  o u t  mechanical 
t e s t s  on coa t ings .  It is important t o  note  t h a t  
f a i l u r e  mechanism(s) have no t  been wel l- character ized;  
e s p e c i a l l y  t h e  c rack ing  behaviour of t he  TBC dur ing 
thermal f a t i g u e  s t u d i e s .  

The "mode" and "mechanism" of TBC f a i l u r e  should 
be d i s t i n g u i s h e d .  The mode is a gene ra l  term and 
r e f e r s  t o  t h e  p h y s i c a l  d e s c r i p t i o n  of f a i l u r e ;  f o r  
example c o a t i n g  f a i l u r e  has  been descr ibed a s  adhesive ,  
cohesive,  mixed mode o r  s p a l l a t i o n .  This  d e s c r i p t i o n ,  
by i t s e l f ,  does  n o t  g ive  much i n s i g h t  i n t o  t h e  f a i l u r e  
process ; t h a t  is, how microcracks i n i t i a t e  then grow, 
coalesce  and i n t e r a c t  t o  form macrocracks; and t h e  
a d d i t i o n a l  e f f e c t s  of oxidat ion,  r e s i d u a l  s t r e s s e s ,  
thermal f a t i g u e  and mechanical s t r e s s e s  on t h e s e  
processes.  T h i s  understanding of t h e  f r a c t u r e  process  
is c a l l e d  t h e  mechanism of f a i l u r e .  Acoustic emiss ion 
(AE) t e s t s  (28,30-34) have been c a r r i e d  o u t  t o  
q u a l i t a t i v e l y  a s s e s s  t h e s e  ma te r i a l  p rope r t i e s .  

The t e n s i l e  adhesion t e s t  has  been used i n  
conjunct ion wi th  AE methods. These t e s t s ,  c a r r i e d  o u t  
a t  room temperature  (28,301, d i sc r imina ted  between two 
d i f f e r e n t  f a i l u r e  processes  wi thin  coa t ings  and t h e s e  
were d i s t i n g u i s h e d  i n  some tests by a t  l e a s t  two count  
r a t e  regimes which dominated a t  va r ious  t imes of t h e  
t e s t .  The count  r a t e  is d i r e c t l y  p ropor t iona l  t o  the  
crack a c t i v i t y  and thus  the  high count r a t e  t h a t  was 
observed dur ing  t h e  i n i t i a l  loading of t h e  TAT specimen 
is i n d i c a t i v e  of a l a r g e  number of cracks.  The c rack  
i n t e r a c t i o n  and growth dur ing the  t e s t  allowed some of 
these  micro- cracks t o  evolve i n t o  s e v e r a l  l a r g e r  c racks  
and thus  t h e  observed AE count r a t e  decreased. These 
macrocracks l e a d  t o  coa t ing  f a i l u r e .  A major problem 
with any AE coun t  r a t e  a n a l y s i s  is t o  o b t a i n  a 
q u a n t i t a t i v e  measurement such a s  the  crack growth r a t e  
and the  e x a c t  number of cracks  and t h e i r  s i z e .  When 
t h i s  i n fo rma t ion  becomes a v a i l a b l e  then t h e o r e t i c a l  
s o l u t i o n s  t o  t h e  TBC f a i l u r e  and thermal f a t i g u e  
l i f e t i m e  may a l s o  become ava i l ab le .  

S e v e r a l  AE tests have a l s o  been performed under 
thermal c y c l i n g  cond i t ions  (32-34). D i f f e r e n t  AE 
count r a t e  d i s t r i b u t i o n s  were observed when t h e  TBC 
coated s u p e r a l l o y  specimens were cooled from 1 200°C. 
An a p p a r e n t l y  random count r a t e  phenomenon was 
superimposed on a sys t ema t i c  response. These " l a rge  
random c o u n t  r a t e s  were presumed t o  evolve  from 
macrocracking processes"  (34) and t h i s  cracking process  
l i m i t s  t h e  TBC s t r u c t u r a l  i n t e g r i t y .  

The AE s t u d i e s  a r e  f r augh t  with d i f f i c u l t i e s .  For 
example, t h e  exper iments  a r e  d i f f i c u l t  t o  c a r r y  o u t  and 
it is common f o r  them t o  have a high v a r i a b i l i t y .  An- 
o the r  f a c t o r  is t h e  d i f f i c u l t y  i n  ana lys ing  t h e  AE d a t a  
i n  terms of  t h e  phenomenological behaviour of t h e  TBC. 
Regardless of  t h e s e  c r i t i c i s m s  it is f e l t  t h a t  AE 

methodology is  a u s e f u l  method of comparing the  thermal 
c y c l i c  response and mechanical behaviour of TBCs. 

CONCLUDING REMARKS 

The p r e s e n t  work has  d e t a i l e d  some thermal  and 
mechanical t e s t i n g  methods which have been app l i ed  t o  
TBCs i n  o rde r  t o  a s s e s s  t h e i r  adhesion t o  t h e  
s u b s t r a t e .  These t e s t s  a l low coa t ings  t o  be  ranked i n  
an o rde r  which is presumably t h e  same o rde r  a s  t h a t  of 
coa t ings  performing under s e r v i c e  cond i t ions .  

Cyc l i c  furnace  tests a r e  used a s  an  a c c e l e r a t e d  
t e s t  method t o  develop s u i t a b l e  TBC compositions and t o  
s tudy  t h e  in f luence  of s u b s t r a t e  and coa t ing  depos i t ion  
v a r i a b l e s  on t h e  coa t ing  l i f e .  These tests a r e  t h e  
b e s t  a t  hand; however, it is important  t o  ensure  t h a t  
e x a c t l y  t h e  same f a i l u r e  mechanism is ope ra t ive  du r ing  
t h e s e  t e s t s  a s  t h a t  of coa t ings  i n  se rv ice .  Otherwise 
t h e  r e s u l t s  from t h e s e  t e s t s  w i l l  be misleading. 

The mechanical t e s t i n g  of coa t ings  is important  
because t h e  m a t e r i a l  p rope r ty  d a t a  so- derived is 
e s s e n t i a l  f o r  t h e  modeling s t u d i e s  which a r e  i n  
progress .  At p r e s e n t  t h e r e  is no agreement concerning 
t h e  p r e c i s e  va lue  of t he  e l a s t i c  modulus. I t  has been 
r epor t ed  a s  ranging from 0.032-46.2 GPa; and i n  f a c t  
a l l  t h e s e  va lues  may be c o r r e c t  f o r  t h e  p a r t i c u l a r  
technique by which t h e  modulus was determined on t h e  
v a r i e t y  of d i f f e r e n t l y  prepared coat ings .  'It can a l s o  
be po in ted  o u t  t h a t  t h e  modulus may be a d i f f i c u l t  
p rope r ty  t o  d e f i n e  f o r  a ma te r i a l  which e x h i b i t s  
pseudo- duct i l i ty .  Thus f u r t h e r  s t u d i e s  a r e  necessary  
t o  e s t a b l i s h  t h e  p r e c i s e  manner of deformation f o r  
TBCs . I t  is usua l  t o  th ink  t h a t  t h e  m a t e r i a l  
p r o p e r t i e s  of t hese  coa t ings  a r e  i s o t r o p i c ,  b u t  t h i s  
assumption does no t  seem t o  be v a l i d  i n  t h e  l i g h t  of 
t h e  a n i s o t r o p i c  mic ros t ruc tu re  of coat ings .  

Some fundamental work on the  mechanical behaviour  
of coa t ings  i s  necessary.  This work should  be 
focussed on the  f a i l u r e  processes  which occur w i t h i n  
TBCs The a p p l i c a t i o n  of t h e s e  micro-mechanical 
behaviour models t o  t h e  thermal environment w i l l  
promote a b a s i c  unders tanding of coa t ing  s p a l l a t i o n  
from t h e  s u b s t r a t e .  Such knowledge w i l l  enhance t h e  
development of f u t u r e  TBCs. 
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