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Gas t u r b i n e  hot-sect ion vanes and blades operat ing.  with.  current  l i g h t  . 

d i s t i l l a t e  f u e l s  a r e  o f t e n  l i f e - l i m i t e d  by hot  corros'ion e f f e c t s  (ox'idation/ 
s u l f i d a t i o n ) ,  p a r t i c u l a r l y  i t h e  presence of f u e l  o r  a i r  contaminants.  
such a s  s u l f u r  and vanadium.qll, The s e v e r i t y  of t h e s e  e f f e c t s  i s  m u l t i p l i e d  ' 

by t h e  use  o f  more p l e n t i f u l  r e s idua l  f u e l s  and may be d r a s t i c a l l y  increased 
by t h e  use o f  minimally processed coal-derived l i q u i d  f u e l s .  The p l e n t i f u l  
supply o f  'coal  i n  t h e  con t inen ta l  United S t a t e s  balanced aga ins t  decreasing . 

r e l i a b i l i t y  and inc reas ing  expense of petroleum f u e l  souGces f u r t h e r  
emphasizes t h e .  need t o  develop coating systems capable of withstanding 
long-term use  of  minimally processed coal-derived f u e l s  and o t h e r  p o t e n t i a l l y  
d i r t y  f u e l s .  Current ly  it ' s  not t e c h n i c a l l y  f e a s i b l e  t o  use ceramic 
m a t e r i a l s  f o r  a i r f o i l  (2 -4 j  and although ceramic coat ings  f o r  a i r f o i l s  
hold  g r e a t  potential,r5-18) development of  t h e s e  coat ings  t o  t h e  production 
s t a g e  i s  a long-term e f f o r t .  Because of  t h i s ,  it i s  necessary t o  .aggres- 
s i v e l y  pursue improvements i n  e x i s t i n g  p r o t e c t i v e  coat ings  i n  order  t o  
permit  expanded near-term use o f  r e s i d u a l  f u e l .  P resen t ly ;  t h e  state-of-  
t h e - a r t  production coa t ings  f o r  .pro tec t ion  of gas t u r b i n e  hot  sec t ion  
vanes and b lades  from hot  corrosion a r e  v a r i a t i o n s  of M C r A l Y  (fre.quently 
C O C ~ A ~ Y )  compositions, wi th  extensive research  e f f o r t s  h i s t o r i c a l l y  being 
concentra ted  on e l e c t r o n  beam physica l  vapor deposi ted (PM) coat ings .  ( l  ,19-22) 
Therefore it i s  important t o  ensure t h a t  m e t a l l i c  coa t ing  development 
p a r a l l e l s  t h e  development o f  coal-derived l i q u i d  f u e l s  t o  provide acceptable 
engine l i f e .  . . 

For t h e  p a s t  four  yea r s  t h e  compositions developed wi th  t h e  PVT, 
process  have been deposi ted by high-rate s p u t t e r i n g  a t  t h e  P a c i f i c  Northwest 
Laboratory (PNL). The coat ings  were we l l  bonded t o  t h e  s u b s t r a t e s  (burner 
r i g  p i n s  and 'gas  t u r b i n e  a i r f o i l s )  and we?:e very f i n e  gra ined w i  h  uni  orm 
th ickness  and very  uniform microscopic c o m p o s i t i o n ~ d i s t r i b u t i o n .  723-2;f 

Engine t e s t i n g  and burner r i g  t e s t i n g  of t h e s e  coat ings  has shown them t o  
. b e  super io r  inpe r fo rmance  t o ' a l l  bu t  one o r  two of  t h e  most advanced PVD 

coa t ings ,  and q u i t e  comparable t o  t h e s e  o the r  one o r  two "best"  coat ings.  
S i g n i f i c a n t l y , .  t h i s  performance bas been obtained on t h e . - f i r s t . t e s t  specimens . 

with  PNL s p u t t e r e a  coat ings ,  with no e f f o r t  being devoted towards optimizat ion . 

of composition o r  coa t ing  design from t h e  standpoint  of t h e  unique advan- 
t a g e s  o f  PNL sput ter -deposi t ion  equipment and techniques.  , . . . .  . 

. . 

Recent.experimenta1 evidence i n d i c a t e s  t h a t  t h e  fol lowing e f f e c t s  may : ,  

i n f luence  M C ~ A ~ Y '  coa t ing  performance and, t h e r e f o r e ,  component d u r a b i l i t y :  ' . 

1 ) . Chromium content  and C r / ~ 1  propor t ion  a t  t h e  coat ing  su r face  -- . 
A chrome oxide s c a l e  may provide e a r l y  p ro tec t ion  with an aluminum 
oxide  s c a l e  gradual ly  replac ing t h e  chrome oxide wi th  increas ing 
time. This  e f f e c t  may be  more pronounced a t  lower s e r v i c e  
temperatures.  I f  so ,  then  optimum C r  content  and C r / A 1  proport ion 
a t  t h e  coa t ing  su r face  would be  expected t o  depend on temperature, 
ho t  corros ion environment, e ros ion,  d i s t r i b u t i o n  of C r  and A l  i n  
t h e  coa t ing  (graded through th ickness  o r  degree of l o c a l  segrega- 
t i o n ) ,  and g r a i n  s i z e  of coa t ings  (g ra in  boundary a r e a  ava i l ab le  ' 

f o r  d i f f u s i o n ) ;  



2 ) .  Aluminum grad ien t  t o  coating surface, ' - -  The supply of A 1  a v a i l a b l e  
f o r  oxide s c a l e  forlnation ,.at t h e  coating-flame surface  could be 
inf luenced by an A 1  concentrat ion gradient  through t h e  coating 
th ickness  wi th  increasing1 A 1  conc'entration towards t h e  subs t ra t e .  
I n  t h i s  manner, an i n i t ' i a l l y  low Al-high C r  sur face  could b e .  
provided t h a t  would ' increase i n  A 1  co'ntent with se rv ice  time., 

3 )  Aluminum content  a t  t h e  coat ing  s u b s t r a t e  i n t e r f a c e  -- This  
could  inf luence  both A 1  d i f fus ion  towards t h e  coating surface ,  
as above, and A 1  d i f f u s i o n  i n t o  t h e  s u b s t r a t e ,  whic'h would 
reduce A 1  availa.ble:for oxide-scale formation and might a l s o  
produce d i f fus ion  voids  i irk end all e f f e c t )  i n  some a l loys .  
Fur the r ,  A 1  content  would be expected t o  inf luence  coat ing  
d u c t i l i t y  and thermal kxpansion compa t ib i l i ty  (poss ib le  s p a l l i p g  ) 
a t  t h e  coat ing-subs t ra te  i n t e r f a c e .  

4 )  r iat inurn content  -- Pt  add i t ions  a t  t h e  coatirig-substrate . i n t e r f a c e  
have been shown t o  be e f f e c t i v e  i n  inc reas ing  coat ing  d u r a b i l i t y ,  
poss ib ly  by r e s t r i c t i n g  l o s s  o f  A 1  i n  t h e  coat ing  ( d i f f u s i o n  
i n t o  s u b s t r a t e )  through formation of platinum alumin'ide,s. 
However, d a t a  have a l s o  been obtained t o  i n d i c a t e  t h a t  t h e  
presence o f  P t  a t  t h e  coating su r face  may decrease coating. 
d u r a b i l i t y .  Therefore', the'optimum P t  content  and d i s t r i b u t i o n  
(concentra t ion  g rad ien t  through coat ing  th ickness )  would be 
expected t o  depend on composition o'f t h e  M C r A l Y  coat ing  ( ~ r  and 
A 1  d i s t r i b u t i o n s ) ,  coat ing  mic ros t ruc tu re  and th ickness ,  se rv ice  
temperature,  hot  corros ion environment, e ros ion,  s u b s t r a t e  
chemistry,  e f f e c t  on coating d u c t i l i t y  and thermal expansion . 

compatabi l i ty  a t  t h e  coat ing-subs t ra te  i n t e r f a c e ,  e t c .  

High-rate t r i o d e  s p u t t e r  deposi t ion techniques developed a t  PNL i n  
e a r l i e r  Navy-funded marine gas tu rb ine  component coating research a r e  
being used t o  produce defec t - f ree ,  f ine-grained,  uniform composition ( f r e e  
of  segregat ion)  spu t t e red  coat ings  f o r  evaluat ion  of t h e s e  chemistry- 
r e l a t e d  e f f e c t s  independent o f  in te r fe rence  from e f f e c t s  of segregation,  . 

l e a d e r s ,  e t c .  

MATERIALS AND PROCEDURES 
. . 

The s p u t t e r  deposi t ion  equipment and rocedures used f o r  the  current  
r e sea rch  have been described elsewhere..(237 I n  genera l ,  CoCrAlY compositions 
and composition g rad ien t s  were produced wi th  independent opposed f l a t  
p l a t e  CoCrAlY and C r  t a r g e t s .  P t  depos i t s  were produced between ,two . :  

concentr ic  c y l i n d r i c a l  P t  t a r g e t s .  



RESULTS'AND DISCUSSION ' 

A surrimary of  s p u t t e r  deposit ion.experiments i s  included i n  Tables I 
and 11. . From t h e s e  experiments, a t o t a l  of 1'50 specimens a r e  c u r r e n t l y  
a v a i l a b l e  f o r  burner r i g ,  engine o r  miscellaneous t e s t i n g ,  overcoat ing.  
wi th  a d d i t i o n a l  C O C ~ A ~ Y  l a y e r s , .  and metal lographic evaluat ion.  Of thes.e, 
39 a r e  e i t h e r  ready f o r  burner r i g  or .  engine t e s t i ,ng  o r  a r e  c u r r e n t l y  . 

being t e s t e d .  Nine more were del ivered t o  another con t rac to r  f o r  a d d i t i o n a l  
coat ing . 

The specimens a v a i l a b l e  a r e  discussed i n  four  ca tegor ies  below: 

1. IN-792 Pins  (1/8" d ia .  x 1-1/2" lo.ng), s p u t t e r  coat ing completed 
f o r  burner r i g  t e s t i n g .  

Thirty-two of  t h e s e  p ins  coated by PNL a r e  a v a i l a b l e  f o r  
burner  r i g  t e s t i n g .  These p ins  represent  1 5  d i f f e r e n t  combinations 
of  composition and processing v a r i a b l e s  ( i . e .  C r  content  and 
g rad ien t  i n  CoCrAlY, P t  underlayer o r  not and whether o r  not  a 
"preoxidation" heat .  t reatment was used).  A t o t a l  of 17. 
metal lographic samples t h a t  represent  most of t h e  process vac iab le  
combinations were evaluated at  PNL. Figure 1 shows a graded 
CoCrAlY coat ing deposited over a spu t t e red  P t  l a y e r .  C r  v a r i e s  
from 24.1% a t  t h e  P t  l a y e r  t o  32.6% at  t h e  surface .  A 1  v a r i e s  
from 9 -8% a t  t h e  P t  l a y e r  t o  8.4% a t  t h e  surface .  Figure 1 com- 
pa res  s t r u c t u r e  of t h e  as-sput tered  mate r i a l  t o  t h a t  hea t  t r e a t e d  
f o r  four  hours a t  1 0 8 0 ~ ~  i n  a vacuum and heat  t r e a t e d  f i r s t  f o r  

0 
four  hours a t  1080 C i n  a vacuum, then f o r  one hour it 1 0 8 0 ~ ~  i n  
s t i l l  a i r .  .F igure  2 shows a CoCrAlY coa t ing  (wi th  no P t  under- 
l a y e r )  wi th  a uniform composition of approximately 32.6% C r  and 
9 . 3 8 % . ~ 1 .  

2. P ins  , ( l / 8 "  d i a .  x 1-1/2" l o n g ) ,  a d d i t i o n a l  coat ing required .  

. ' A t o t a l  .of - 68 MAR-M509, IN-792'; 'and X-40 pins  were coated l :  i .: 
e i t h e r  with 0.0002 in .  o r  0.0005 in .  of P t  at PNL i n  prepara t ion . 

f o r  CoCrAlY overcoating.  I n  add i t ion  t h r e e  Pt-coated p ins  and 
two b a r e  p i n s  were s e n t  t o  Airco Temescal f o r  PVD CoCrAlY o v e r - .  
,coating t o  provide c o n t r o l  specimens f o r  burner r i g  t e s t i n g .  . 
Metallograp% ~ z T r e s e n t a t i ~ e  o f  these  coat ings  has been published . 

elsewhere. 3 .  
. . . . . . 

Rolls .Royce Blades, de l ivered f o r  engine t e s t  

S i x  R o l l s  Royce blades  were coated with 0.0002 i n .  of P t  a t  
PNL. Four of  these  were then overcoated with CoCrAlY with a high 
C r  content  and a small  C r  g rad ien t  and a r e  scheduled f o r  engine 
t e s t  us ing home heat ing f u e l .  Three d i f f e r e n t  hea t  t rea tments  
were given t o  these  blades.  Two metal lographic specimens were 
taken t o  charac te r i ze  composition and s t r u c t u r e  of t h e  deposi t  
on t h e s e  b lades .  Figure 3 shows t h e  spu t t e red  coat ing on a 
t y p i c a l  t i p  s h i e l d  (used t o  mask a mounting surface  from coat ing)  
a f t e r  h e a t  t rea tment  f o r  four  hours a t  1 0 8 0 ~ ~  i n  vacuum. 



4. General E l e c t r i c  Vanes, d i s p o s i t i o n  pending 

Seventeen General E l e c t r i c  vanes were coated with P t  a t  
PNL. S i x  of  t h e s e  vanes were shipped t o  Airco Temescal f o r  PVD 
coa t ing  w i t h  CoCrAlY. Another four  vanes were s p u t t e r  coated.  
wi th  C O C ~ A ~ Y  a t  PNL. ' During metall.ographic examination of one 

. of  t h e s e  samples ex tens ive  contamination (nonmetallic cas t ing  ' . 

d e b r i s )  was found on t h e  su r face  of t h e  vane. General ~ l e c ' t r i c  
was provided with metal lographic and chemical a n a l y s i s  of t h e  
s u r f a c e  contamination a s  we l l  a s  con~posi t ion  and s t r u c t u r e  of  
t h e '  CoCrAlY depoait .  Three metal lographic samples represent ing  
t h r e e  d i f f e r e n t  hea t  t rea tments  we're used t o  cha rac te r i ze '  t h i s  
ma te r i a l .  F igure  4 i l l u s t r a t e s  t y p i c a l  coa t ing  s t r u c t u r e  and 
nonmetal l ic  contamination (cas t ing  d e b r i s )  a t  t h e  a i r f o i l -  
coa t ing  i n t e r f a c e .  

The p i n s  l i s t e d  i n  Table I11 were s e t  a s 5 d e . f o r  'burner r i g  t e s t i n g  
wi th  conventional  petroleum d i s t i l l a t e  f u e l s  a t  Annapolis,  NSRDC. Most of  
t h e  o t h e r  p i n s  w i l l  be  burner r i g  t e s t e d  a t  t h e  Cranf ie ld  I n s t i t u t e  with 
coal-derived l i q u i d  f u e l ;  Resu l t s  o f  both s e r i e s  of t e s t s  a r e  expected t o  
be  complete i n  approximately s i x  months. Because dap1icat.e coat ings  w i l l  
b e  t e s t e d  i n  petroleum and coal-derived f u e l s  and because a  wide v a r i e t y  
o f  coa t ings  inc luding conventional  PVD coa t ings  w i l l  be  examined,.data 
w i l l  b e  obtained on t h e  e f f e c t s  of  coal-derived f u e l s  r e l a t i v e  t o  petroleum 
' f u e l s  and t h e  r e l a t i v e  d u r a b i l i t y  of  s e v e r a l  advanced coat ing  designs 
(composition and composition g rad ien t  e f f e c t s )  wi th  both  types  of f u e l s .  

CONCLUSIONS 

Sput tered  CoCrAlY coa t ings  wi th  var ious  C r  and A 1  con ten t s  and C r / A l  
p ropor t ions  a t  t h e  coat ing  su r face ,  concentra t ion  g r a d i e n t s  through t h e  
c o a t i n g  th ickness ,  and P t  a d d i t i o n s  have been produced on burner r i g  t e s t  
p i n s  and gas  t u r b i n e  a i r f o i l s . ' A l l  coat ings  a r e  f r e e  of growth d e f e c t s ,  
f ine-gra ined,  f r e e  of  segregat ion ,  and we l l  bonded t o  t h e i r  s u b s t r a t e s .  
Tes t ing ,scheduled  and i n  progress  on t h e s e  coa t ings  wi th  both  coal-derived. , .  .. 

l i q u i d  r u e l s  and'pezroleum i'uels ' i s  expected t o  i d e n t i f y  coa t ing  designs 
w i t h  promise f o r  inc reas ing-durab i l i ty  of  engine hot  s e c t i o n s  operated 
on aggress ive  f u e l s .  , . . .  

. , 

Spec ia l  thanks a r e  due t o  R.F. S t r a t t o n  f o r  s p u t t e r  deposi t ion .  
R.  H. Beauchamp f o r  o p t i c a l  ke ta l lography,  and H.E. Kjarmo f o r  x ~ r a y  
f luorescence  ana lys i s .  
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TABLE I. CoCrAlY Sput ter  Oeposi t t o n  Experiments , . . . ,. . . . I . . . 
. . . . .  0 Samples P t  San~ples CoCrAl Y . . 

Substrate A1 l o y /  h j P t  Thlckness w / o P t  Thickness ~ e t a ' l i o ~ r a i h j  :' .' 

( m i l s )  Underlayer ( m i l s )  Thermal Treatmint  o f  P ins.  Samples, . c  :0ep;s!t ~ o ~ ~ ~ p o s t t i o n ( ~ )  
0.2 - - 3 Vac Ht 4 h rs  @ ~ 0 8 r  3 .  r 23 8 252 

70' 800V 1 h r  a t r  @ 1050 C A l :  12.8-13.5% . . . . . 
11{792/Pi ns 50' @ 500. 600. 700V 2 0.2 2 - 4.6 Vac H t  4 h r s  @ 1 0 8 0 ~ ~   one . Cr: 25-30% (est imated)  ' .' 

5 '  @ 800 V 

Run 
110 . - 

4 

IN792/Pt ns 551 @ 500, 600, 700, 2 0.2 2 - 5 . 5  V a c H t 4 h r s @ 1 0 8 0 ~ ~ .  ' None . Cr: 25 -30 f ' (es t im ted)  
,800 V 

Vac H t  4 h rs  @ 1 0 8 0 ~ ~ .  
Vac H t  4 h rs  g 1 0 8 0 ~ ~  
+ 1 h r  @ 1080 C A i r  

Vac H t  4 h rs  @ 1 0 8 0 ~ ~  
Vac H t  4 h rs  8 1 0 8 0 ~ ~  
+ 1 h r  @ 1080 C A i r  

Cr: 24.1-32.6 
A l :  9.8- 8.4 

Cr: 25.3-31.02 ' 

Cr: 25-35s (est lmated)  M A ~ - ~ - 5 0 9 / ~ i n s  60' 0 600. 700. 800 -- - - 4 - 7.0 
X-LO/Pi ns 300, 1 OOOV 

IH792/Pins 1 OOOV - - - - 3 6.5 

None None 

2 Vac H t  4 h rs  @ i080°c Cr: 32.6% 
A l :  9.42 

Cr: 30.02 
Al :  9.55. 

Cr: 22.5% (estlnlated) 

Vac H t  4 h r s  @ ~ C B O ~ C  

Spu t te r  etched a f t e r  n i -  
t r i d i n g  '@ 900 C dur tng  HT 

Sput ter  etched a f t e r  n i -  
t r i d i n g  @ 900 C d u r i n g  HT 
As n i t r i d e d  . 

Cr: 32-33.5% 
A l :  9.3- 9.2% 

:IN738C/RR Blades 60' @ 600. 700. 800, 
. SOOV; 30' @ lOOOV 

" .  Cr: 43-48 (est lmated)  
A l :  8- 7 (est imated) 

Sou t te r  etched a f t e r  n i -  
t;tdbng @ 9 0 0 ~ ~  + 1 h r  P 
1080 C I n  a i r  

Vac H t  4 h rs  @.1080°c Ii4738C/RR Blades €0 '  @ 600. 700. 800 
SOOV; 30" @ 1 OOOV 

Cr: 43-48 
A l :  8- 7 Vac H t  4 h ra  @ .l08b0c + 

1 h r  @ l 0 8 0 C .  . 

' (1)~mn1posi t ion from subs t ra te  t o  o u t e r  surface. 
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TABLE I I. Pla t i num s p u t t e r  Depos i t ion  Experiments 
. . 

. . 

Run No. Samples Coated 
1 1 8  GE Vanes 

P t  Thickness ( m i l s )  . 
. . 0.2 - 

. . 
2 8 IN792 P ins  0.2 

, 8  MAR-M-509 P ins  
1 N i c k e l  P i n  . . 

3 8 IN792 P ins  
8 MAR-M-509 P ins  

' 1  N i c k e l  P i n  

10 1 8  X-40 P ins  

11 1 8  X-40 P ins  . . 
. . 

1.2 : 9MAR-fd-509Pins 
9 IN792 P ins  

16 6 R o l l s  Royce Blades 



TABLE 111. 118" D i a x t e r  Pins f o r  Burner i7ig Test ing a t  the Naval Ship RBO Ceriter, Annapolis, MO 

P t  Underlayer CoCrAlY 
Thickness Thickness Thermal Treatment Metallography 

I 1  \ Run 
No. - 

5 

Sample P in  
' No. . A l l o y  

2001 ' I N  792 
2018 I, 

C r  Target Voltage Depos i t 
Composi t i o n  (2)  

Cr: 25-302 ( e s t )  
I, 0 0  I1 

Ramp (mi 1 s) (m i l s )  o f  Pins ~ a n ~ p l e \ "  . 

50' @ 500, 600, 700 V ,  5'  @ 800 V 0.2 - 4.6 Vac HT 4 hrs  @ 1 0 8 0 ~ ~  None 
,I. I, I, ,I I, I, ,I I, I, I, 0 ,I I, 11 11 I, I, u . I 0  

Cr: 25-30% ( e s t )  
I ,I Il 

55' @ 500, 600, 700, 800 V 0.2' - 5.-5 Vac HT 4 hrs  @ 1 0 8 0 ~ ~  None 
I, , I  I, I, I, 11 I 1  0 I, 10 11 11 11 I, 10 ' 11 

C r :  I, 25-352 ,I ( e s t )  
I, 

60' @ 600, 700. 800, 900. 1000 V 0 - 7.0 None (as-deposi ted)'. .' None 
I, I 1  I ,  0 0  I 1  II 11 I 1  I, ,I ,I I, 

' .  

1 OOOV 0 6.5 Vac HT 4 hks @ 1 0 3 0 ~ ~  . . . 20268 C r :  32.6% 
A l : 9 . 4 2  . 

800 V 0 6 Vac HT 4 hrs  @ 1 0 8 0 ~ ~  20308 Cr: 30% 
A l :  9.5% 

Cr: 22.5% ( e s t )  60' @ 600 V. 5 '  @ 700 V 0.2 1.4 Sput ter  etched a f t e r .  . 2 0 3 4 ~ ~ '  
n i t r l d i n g  @, 900 C dur ing 
.HT , , .  

I t  I t  I1 I, I 8  II I 1  ,I 0 I, D i t t o  ,,. 
. '  .ll II I 1  I t  

C r :  32-33.5% 
A l :  9.3-9.2% .. 

60' @ 600. 700. 800, 900, 1000 V ' 0.2 7' Sput ter  etched a f t e r  2055NE 
n i  t r i d i n g  @ 900 C dur ing 
HT 

1 Metal lography sample has same thermal h i s t ~ r y  as pins. ' 
. -. 

(2 )  CcnCrAlY composit ion from substrate t o  outer  surface. . 
(3 )  PYD coated w i t h  CoZrAlY by Airco-Temescal . Berkeley, CA. 

. . 

. - _ .  I . .  ., .., 
, .. . . . . 
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FIGURE 1 
G~aded CoCrA1 Y. coat f ng sputter de- 
posl te4 mer. sputter .c!aposi ted. .PL.> , ,, . 

. coating. (a )  - as-swttered - CoCrAIY.: 
(left:: irrcht), Pt (cente~:a~rm) ,- '--* ' 
lll-f92 p l n  sGtvZtrate (right arrow) ; , 
(b) . heqt treatad fwr hours .at IlOU? 
i n  vdc&uq; fc) heat treated .fours : 

h6uB at ;M180°C i n  vacuum then Q ~ B *  
hour . a t  . 1080°C - .  i n  air, etched, %Ox. 



. . ' . .  - . !  -.... . 
. . .  

FIGURE 2 
Constant composition (32.6% Cr) CoCrA1 Y sputter deposited coating on 
IN-792 p in  substrate - (a) Heat treated four hours at 1080°C i n  
vacuum; (b)  heat treated four hours at 1080°C in vacuum then one hour 
at 1080°C i n  air, arrow indicates coating-pin interface, etched, 500x. 



FIGURE 3 
Sputtered graded c~mposition CoCrAlY t Pt coating (right arrow) on tip - 
shield of a Rol ly Royce turbine blade (.bottom ijrrow). Note non-metallic 
residue at the coating-blade interface (center arrow), as-polished, 500x. 



. - . .  . , , ., , . . . . , . I . . .  . < .  
% .  . . , 

FIGURE 4 
CoCrAlY + Pt sputtered coating on GE vanes. (a) Note non-metallic con- 
tamination at coating-vane interface (arrow) as-pol ished, 2 5 0 ~ ;  (b) 
CoCrAlY coating (left arrow), Pt layer (center arrow), vane (right 
arrow), as-pol i shed, 1000x. 
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