
IMPROVEMINT OF SPUTTERED OXIDE COATING ADHERENCE 
AND INTEGRITY FOR TURBINE AIRFOUl APPLICATIONS* 

M,A+ Bayne, R. Busch 
Pacific Northwest Laboratorp* 
~ i c h i a n b ,  Washington 99352 

J . W .  Fairbanks 
US Department of Energy 

Division of Fossi l  Fuel Ut i l iza t ion  
Washington, DC 20545 . 

and 

J.W. Patten 
Pacific Northwest Labora toe*  
Richland, Washington 99352 

c1-,< - 

DISCLAIMER 

Two aspects of t h e  durabili ty of modified ZrOa ceramic thermal barr ier  
coatings fo r  gas turbine a i r f o i l s  are being investigated i n  t h i s  program. 
F i r s t ,  adherence of coatings of these materials ' has h i s to r i ca l ly  been 
d i f f i cu l t  t o  achieve due t o  mismatch i n  thermal expansion coeff icients  and 
other properties between ceramic coatings and metallic substrates.  Second, 
i f  the  ceramic coatings are  discontinuous, a s  fo r  many plasma sprayed 
coatings, then condensate from the  combustion environment may permeate the  
coating and volume changes i n  t h i s  condensate during subsequent service 
cycles may produce coating spa-llation, The adherence problem is approached 
i n  t h i s  work bJt seeking t o  sputter  deposit ceramic coatings over e i ther  
sputter-etched, closely spaced, high aspect r a t i o  substrate surface cones 
o r  'by sput ter  depositing ceramic coatings over sputtered CoCrAlY coatings 
containing a very high density of columnar voids (leaders).  The obdective 
i n  both instances is t o  provide a compliant fibrous metal attachment 
between metal substrate  and ceramic coating t o  absorb property mfsmatches. 
Progress i n  providing the  fibrous layers and preliminazy evaluation of 
adherence a re  discussed. The permeability problem %s approached both by . 

prodding a continuous and impervious ceramic.overlayer, and by coating 
t h e  ceraulfc ltyrer with a contiauous and impervious m e t a l  sealing layer  
thati i s  not required t o  provide s t ruc tura l  strength or  insulation. The 
merits of. both of these approaches and p r e l h i n a r y  exper5mentd resu l t s  
a re  discussed. 
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INTRODUCTION 

The d u r a b i l i t y  o f  d i r e c t l y  f i r e d  heat  engines opera t ing on minimally . 
processed coal-derived l i q u i d  f u e l s  i s  depen'dent . on t h e  hdt-corrosion/erosion 
r e s i s t a n c e  of combustion zone components. The' inherent  super io r  r e s i s t a n c e  
of some ceramic m a t e r i a l s  t o  very ,aggressive hot-corrosion and e r o s i o n '  
environments suggests  t h e i r  c o n ~ i d e ' r a t i o n  f o r  a s  t u r b i n e  and d i e s e l  . . 

engine combustion zone component applicat ions.f l-3)  Although t h e  use of 
monolithic ceramics i n  i n d u s t r i a l / u t i l i l y  gas t u r b i n e .  n i n e  hot  sec t ions  

727 does not appear t o  be  a 'near-term o r  mid-'term so lu t ion  it i s  P e l t  t h a t  
many of  t h e  advantages of  ceramics f o r  engine d u r a b i l i t y  can be achieved 
by applying t h e  ceramics as coat ings  on metal s u b s t r a t e s  and re ly ing  on 
t h e  metal  s u b s t r a t e s  t o  accommodate t h e  mechanical loading. 

The . p r i n c i p a l  problems ' t o  be solved m a y  be c l a s s i f i e d  as r e l a t i n g  
e i t h e r  t o  corrosion/erosion/thermal pro tec t ion  o r  t o  coat ing adherence. 
The p r o t e c t i v e  na tu re  o f  s e v e r a l  ceramic coatings has been es tab l i shed ,  (1-12) 

bu t  adherence remains a c r i t i c a l  t echn ica l  problem t h a t  must be solved 
before  ceramic coat ings  become use fu l  i n  very aggressive environments.(13y14) . . 

Therefore, t h e  research discussed here  i s  d i rec ted  p r imar i ly  at t h e  adherence 
problem, wi th  r e l a t e d  implica'tions f o r  corrosion protec t ion.  . .. . . . 

The adherence problem may f u r t h e r  be divided i n t o  ques t ions  regarding 
a )  deposi t -subst ra te  bond s t reng th ,  b )  bond a rea  between coat ing and 
s u b s t r a t e ,  c )  t h e  i n a b i l i t y  of b r i t t l e  ceramic mate r i a l s  ( p a r t i c u l a r l y  
continuous c o a t i n g s ) . t o  accour~lodate modulus and thermal expansion mismatches 
with metal s u b s t r a t e s ,  o r  d )  entrainment of corrosion products  o r  condensates 
i n  coating p o r o s i t y  followed by thermal expansion induced s t r e s s i n g  and 
s p a l l i n g  of  t h e  surroundirig ceramic coating on thermal cycl ing.  ( 3 )  

Routine s p u t t e r  deposi t ion  techniques include ion bombardment 
e tching of t h e  s u b s t r a t e  immediately p r i o r  t o  s p u t t e r  deposi t ion  which 
normally produces extremely good deposit-substrate bond s t r e n g t h s ,  ( l 5 )  
Figure 1. However, even i f  bond s t reng th  i s  high, t h e  fo rce  required  t o  
separa te  a coat ing f r o m . i t s  s u b s t r a t e  i s  l imi ted  by t h e  product of t h e  
t o t a l  c ross-sect ional  a r e a ' o f  th'e bond and t h e  s t r e n g t h ' o f  t h e  s u b s t r a t e  or.. 
t h e  depos i t ,  whichever i s  weaker. Therefore,  if a coating i s  bonded t o  a 

, f i b r o u s  s u r f a c e , . t h e  f i b e r  a r e a  must be maximized, i . e .  f i b e r s  must be as 
numerous and a s . c l o s e l y  packed a s  p o s s i b l e ; .  The research descr ibed i n  t h i s  
paper, t h e r e f o r e ,  i s ' concerned ,  f i r s t ,  with accommodation of expansion and 

.modulus mismatches at t h e  coating-substrate i n t e r f a c e  and, second, w i t h .  . 
:preventing coa t ing  pene t ra t ion  and impregnation b y c o r r o s i o n  products .or - 

condensates. Solut ions  t o  t h e s e  problems a r e  being sought wi th  coat ing 
designs having a h i g h ' f r a c t i o n  of  t h e  s u b s t r a t e  su r face  a rea  bonded t o  t h e  
coat ing.  - 

APPROACH 

A t  Paci f ic 'Nor thwest  Laboratory (PNL) accommodation of i n t e r f a c i a l ;  
mismatches i s  being attempted withqtwo coating designs.. ,  The f i r s t  design,  
i l l u s t r a t e d  i n  Figure  2, involves prfid~~ci.ne; densely packed, high.  a3pec.t. 
r a t i o  cones'on t h e  s u b s t r a t e  surfaces  by ion etching and s e l e c t i v e  "seedi,ng,ll 
o r  in t roduc t ion  o f  low y i e l d  o r  h i g h m e l t i n g  point  elements t o  t h e  s u b s t r a t e  

'. ., 



surface .  (16-22) Subsequent s p u t t e r  ,deposi t ion  of  a ceramic coati,ng on such 
a f i b r o u s  s u b s t r a t e  would produce a columnar ceramic s t r u c t u r e ,  with individ-  
u a l  growth columns beipg separa ted  from each o the r  l ike .  densely packed 
f i b e r s .  

The second des,ign, i l l u s t r a t e d  i n  Figure  3, involves s p u t t e r  depos,iti,ng 
a metal  l a y e r  such as a C O C ~ A ~ Y '  a l l o y  d i r e c t l y  on t h e  metal  s u b s t r a t e  t o  . . 
produce a f i b r o u s  .bond coa t  with'  a  very high d e n s i t y  of  columnar voids o r  
l eader s .  A ceramic l a y e r  spu t t e red  over t h i s  type  o f ' l a ~ e r  i s  expected t o  . . 

b e  s i m i l a r  t o  t h e  ceramic l a y e r  discussed f o r  t h e  f i r s t  coat ing  design. 

Prevention of  coa t ing  pene t ra t ion  o r  impregnation would be  requi red  . 

with  both coa t ing  des igns ,  and a continuous ' 'closeout"' l a y e r  i s  planned 
f o r  t h i s  purpose. Th i s  l a y e r  may e i t h e r  b e  m e t a l l i c  o r  ceramic. Here a 
continuous ceramic l a y e r  may be p r a c t i c a l  because of e l imina t ion  of i n t e r -  
f a c i a l  mismatches.. However, requirements f o r  r e s i s t a n c e  t o  fo re ign  p a r t i c l e  
damage may d i c t a t e  t h a t  a  m e t a l l i c  l a y e r  be  used. 

SUBSTRATE SURFACE STRUCTURE MODIFICATION BY I O N  ETCHING 

Apparatus and Procedure. 

An ex i s t i -ng  PNL t r i o d e  s p u t t e r i n g  apparatus w a s  modified t o  accept  an 
8-specimen a r r a y ,  F igure  4 ,  f o r  s u b s t r a t e  su r face  s t r u c t u r e  modif ica t ion  
exper iments . '  Th i s  appara tus  permits  two o f  t h e  primary v a r i a b l e s  f o r  cone 
formation, i . e .  s u b s t r a t e  temperature and vo l t age ,  t o  be examined a t  
s e v e r a l  l e v e l s ,  e  . g . four  temperatures and two vo l t ages  i n  each experiment. 
The remaining v a r i a b l e s  ( cu r ren t  dens i ty ,  . e t ch ing  t ime,  s p u t t e r i n g  atmo- 
sphere,  d e l i b e r a t e  s u r f a c e  contaminants, and s u b s t r a t e  m a t e r i a l )  a r e  
examined i n  subsequent experiments. Each of  t h e  two a r r a y s  supports  four 
specimens and i s  equipped with a hea te r  a t  t h e  f r e e  end and a i r  cooling a t  
t h e  f ixed  end. Each specimen l o c a t i o n  i s  provided w i t h ' a  thermocouple 
t h a t  i s  i n s e r t e d  i n t o  a small  h o l e  i n  t h e  1 .91  cm diameter specimen, which 
i s ' a t t a c h e d  t o  ' t h e  arm wi th  a b o l t .  Only t h e  f aces  of t h e  specimens a r e  
emersed i n  t h e .  plasma,. wi th  t h e  support  arms and associated.  hardware. be ing,  . ?-.'. 

pro tec ted  by a f i a t  p l a t e  plasma sh ie ld .  

Typic.al experiplental procedures were as fol lows:  , 

. . 

1. p;epare specimens by lapping on #600 g r i t  . . sand paper. . . . .  _ _ 
. . . -. . . .. . 

-4 ' 

. . 
2. A f t e r  evacua t ion  t O  < 3 x 1 0  Pa ( 2  x t o r r ) ,  check.  t h e  : . 

outgass ing r a t e  by valv ing.  o f f  t h e  pumping . s ta t ion . ' . .  : .  . . 

3.  9 f  AF'/At < < - 3  x ~ a / m i n  f o r  f i v e  minutes, b a c k f i l l  t h e  system 
w i t h  = 0.40 Pa ( 3  x 10-3 t o r r )  krypton gas .  . 

4. . Apply power t o  heaters .  

5 .  S e t  plasma vo l t age  a t  40 V and i g n i t e  plasma with, thermionic 
e m i t t e r .  



6: Raise  plasma cur ren t  t o  t h e  predetermined opera t ing  l e v e l  C40-'80 
amps) by increasi ,ng e l e c t r o n  emission from t h e  hot tungsten 
f i lament .  - 

7. Add oxygen i f  required.  

8. Apply vo l t age  t o  s e e d ' m a t e r i a l  e l ec t rode  i f ,  requi red .  

9. Apply b i a s  vol tage  t o  e t c h  t h e  s u b s t r a t e  f o r  t h e  s p e c i f i e d  time. 

10. A t  t h e  end of  t h e  e t ch ,  shu t  of f  t h e  system and al low t h e  specimens 
t o  cool  t o  room temperature p r i o r  t o  opening t h e  vacuum system. 

Analysis  cons i s t ed  of an i n i t i a l  v i s u a l  examination, weight and 
thicknes's l o s s  measurements, and scanning e l e c t r o n  microscoiy t o  determine 
t h e  s i z e  and d e n s i t y  d i s t r i b u t i o n  of  any, growth f e a t u r e s .  

Resu.Sts and 'Discussion. 

I n  genera l ,  sample temperature had t h e  g r e a t e s t  in f luence  on'. the 
etched s u r f a c e  s t r u c t u r e .  The e f f e c t s  of specimen temperature on surface  
s t r u c t u r e  r eve r se  of IN718 a r e  shown i n  Figures  5, 6 and 7 f o r  t h r e e  e t ch  
vo l t ages  without  fo re ign  element seeding. A t y p i c a l  su r face  p r i o r  t o  ion 
e tch ing  i s  shown i n  Figure 5c,d. The dens i ty  and height  of t h e  conica l  

0 growth f e a t u r e s  inc rease  with temperature inc reases  i n t o  t h e  300-350 C 
range and remain r e l a t i v e l y  cons tant  wi th  f u r t h e r  temperature increases .  
Temperatures above 350'~ produced small-scale roughening of two types-- 
s tepped p l a n a r  l a y e r s  and r i d g e s  o r i e n t e d  perpendicular  t o  t h e  subs t ra t e .  . 

0 su r faces .  However, wi th  temperatures up t o  600 C ,  no con ica l  f e a t u r e s  
wi th  t h e  d e s i r e d  dens i ty .and aspect  r a t i o  were observed. This  was taken 
a s  an i n d i c a t i o n  t h a t  up t o  about 600 '~  t h e  approximate 6% r e f r a c t o r y  
meta l  content  i n  t h e  1 ~ 7 1 8  a l l o y  i s  not  e f f e c t i v e  i n  producing nuclea t ion  
s i t e s  f o r  cone growth. Higher-temperatures have not y e t  been inves t iga ted  

. . because o f  - l i m i t a t i o n s  i n  t h e  equipment; However, higher temperatures may 
. . produce s u f f i c i e n t  increases  i n  su r face  mobi l i ty  of  t h e s e  r e f r a c t o r y .  . -  

m e t a l ~  t o  s t i m u l a t e  C V I I ~  growth. 
' 

Foreign atom seeding from an e x t e r n a l  source was u t i l i z e d  i n  an . 
attempt t o  in t roduce  nuclea t ion  s i t e s  f o r  cone growth. Foreign atoms 
included tantalum, molybdenum, oxygen, carbon, and var ious  combinations of 
t h e s e .  

1 4  2 
TarlLalum vaS added with. a  f lux .  between 6 x 10: a n d  2 x 1015 atoms/cm / 

0 
sec  wi th  obl ique  inc idence  i n  t h e  temperature range of '400 t o  585 C t  The 
IN718 s a u u v a l  r a t e  was about 6 x 1016 atdms/cm~/sec so  t h a t  up t o  2% 
seeding,was achieved. Surface s t r u c t u r e s  were similar t o  those  o b t a i n e d .  
a t  comparable .temperatures without seeding,  ' Figure  8. ., 

When molybdenum was added wi th  oxygen, e i t h e r  obl iquely  o r  w ' th  h 
f a i r l y  normal inc idence ,  a  small  number of c o n e s  ( l e s s  than 'b0/cm 1 with  
aspec t  r a t i o s  l e s s  than oiie were obtained, .  h' igure.9. Mol bdenum f l u x  was B 2 x 1015 atoms/cm2/sec and 1 ~ 7 1 8  removal r a t e  was 3 x lo1 ~atoms/cm2/sec. 
The h ighes t .  temperature a t t a i n e d  w a s  525'~. ' 



oxygen a d d i t i o n s  t o  t h e  sput ter i ,ng  gas f o r  seed m a t e r i a l  influenced 
t h e  .supface topography and produced cones ,of  t h e  des i red  number dens i ty  i n  
some cases ,  F igure  10c-. Perhaps because. of  t h e '  r e a c t i v e  na tu re  of t h e  
seed m a t e r i a l ,  e t c h  b i a s  vo l t age  had a l a r g e r ,  a f f e c t  on cone formation 
than  previous ly  observed. ~ t '  '500 vol ts , . ' cone  dens i ty  was < '20 cm2, a t  . 

1060 eV d e n s i t  was about i'00/cm2, and a t  1'500 eV b i a s ,  dens i ty  was grGater . 5 t han  '50,0'00/cm wi th  a high dens i ty  of  small  cones superimposed on'.a small  
number of very l a r g e  c o n e s .  This  observation may be r e l a t e d  t o  t h e  decrease 
i n  s p u t t e r i n g  y i e l d  o f  IN718 wi th  inc reas ing  0 p a r t i a l  p ressu re  a t  tem- 2 0 
p e r a t u r e s  nea r  4'00°c, Figure.  11. ~ e m ~ e r a t u r e s  g r e a t e r  than  '560 C produced . 

var ied  s u r f a c e  topographies, some of  which inc'luded cones of t h e  des i red  
aspect  r a t i o  and dens i ty ,  F igure  12c. Reproducibi l i ty  however, was 
extremely poor i n d i c a t i n g  t'hat a  f a c t o r  o t h e r  than oxygen seeding may have 
been respons ib le  f o r  t h e  cone s t r u c t u r e s .  

Residual  gas  a n a l y s i s  revealed  an unusually high CO concentra t ion  f o r  
some o f  t h e  experiments wi th  O2 s e e d i n g , . i n d i c a t i n g  t h e  p o s s i b i l i t y  of 
carbon contamination on t h e  s u b s t r a t e  su r face  p r i o r  t o  o r  during etchi.ng. 
Therefore,  an  experiment was per.formed i n  which s t a r r e t t m  o i l  thinned wi th  
to luene  was placed on t h e  su r face  of  t h e  s u b s t r a t e s . j u s t  p r i o r  to, e t c h  
experiments. The 500 eV b i a s  r e s u l t s  were similar t o  previous nohexternal ly  
seeded e t c h  r e s u l t s ,  F igure  13. Large cones formed wi th  1000 eV b i a s  had 
an  appearance suggest ing t h a t  they  were formed e a r l y  i n  t h e  e t ch  and then 
s p u t t e r e d  away, Figure  14: The temperature dependence of t h e  cone dens i ty  
waso< 200/c$ a t  3 6 0 ~ ~  , > 300/cm2 a t  430°c, and > 600/cm2 a t  460'~. A t  
515 C t h e  s u b s t r a t e  su r face  was nea r ly  covered wi th  cones, with t h e i r  
dens i ty  es t imated  a t  > 3000/cm2. Because t h e  seeding'  was not continuous, 
and s p u t t e r . e t c h i n g  of  t h e  cones had occurred,  it i s  only p o s s i b l e  t o  
e s t ima te  t h e i r  o r i g i n a l  he igh t ,  but  some appear t o  have approached 25 p 
i n  he ight .  . 

Future  Work. 

Because o f  t h e  unexpected d i f f i c u l t y  enc0untered.i .n ob ta in ing  repro- 
duc ib le  m e t a l l i c  cone su r face  s t r u c t u r e s ,  i n v e s t i g a t i o n  of  ceramic over layers  : .  
has  no t  yg t  been i n i t i a t e d .  ~ x ~ e r i m e n t s w i t h  s u b s t r a t e  su r face  temperatures, '  . ' 

up t o  800 C ,  w i l l  b e  conducted next  i n  an at tempt t o  produce t h e  des i red  
s u r f a c e  s t r u c t u r e .  Also, means o f  continuously deposi t ing  dense f luxes  of 
carbon, molybdenum and tantalum a s  seed m a t e r i a l s  w i l l .  be sought. I f  . 

s u i t a b l e  su r face  s t r u c t u r e s  a r e  obtained,  then  deposi t ion  of ceramic 
. . .overlayers and c loseout .  l a y e r s  w i l l  follow. ..- . % . . 

. . . . I .  

0 
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DEVELOPMENT OF METALLIC BOND COATS WITH LARGE NUMBERS OF COLUMNAR VOIDS OR 
LEADERS 

. . 

Sput ter ing Apparatus and Procedures 

Ear ly  PNL research d i rec ted  towards producing high. i n t e g r i t y  spu t t e r -  
deposited CoCrAlY coatings on ma'rine gas  turbine '  f i r s t  s t age  a i r f o i l s  ' . 

ind ica ted  t h a t  most l ine-of-sight  deposi t ion  techniques r e s u l t e d  i n  columnar 
growth s t r u c t u r e s  i n  t h e  coat'ings, wi th  voids between adjacent  growth ' 

columns t h a t  o r ten  extend e n t i r e l y  through t h e  coating th ickness .  These 
voids 'are cominonly re fe r red  t o  as l eaders ,  and have recen t ly  been assoc ia ted  . . .  
w i t h  a geometrical  shadowing mechanism. (23 ) Sput ter ing parameters conducive 
t o  t h e  formation of coatings with a very l a r g e  number of l eaders  o r i en ted  
perpendicular  t o  t h e  s u b s t r a t e  su r face  were.used t o  produce t h e  i n i t i a l  
f ib rous  bond coa t s  i t t e r i n g  equipment similar t o  t h a t  discussed i n  
d e t a i l  previously.  (2e-zn A modified s p u t t e r i n g  chamber capable of coat ing 

.seven s u b s t r a t e s  simultaneously was used t o  deposi t  about 50 p of CoCrAlY ' 

as a f ib rous  bond coat  onto heavy-walled s t a i n l e s s  s t e e l  t u b i ~ g ,  Figure 15. 

A high-rate p lanar  magnetron spu t t e r ing  apparatus (28) was designed and 
b u i l t  s p e c i f i c a l l y  t o  allow deposi t ion  of t h e  s to ichiometr ic  oxides required  
f o r  t h i s  research a t  deposi t ion  r a t e s  of approximately 0.0025 cm/hr. A 
schematic of  t h i s  apparatus i s  shown i n  Figure 16. Typical  spu t t e r ing  
performance i s  ind ica ted  i n  Figure 17. 

Resul ts  and Discussion. 

As-deposited CoCrAlY sur face  topography i s  shown i n  t h e  SEM photographs, 
Figure 18. Some of t h e  specimens were ion  etched t o  determine i f  t h e  
columnar s t r u c t u r e  could be enhanced t o  produce'high aspect  r a t i o  cones. 
The SEM photograph i n  Figure 19 i n d i c a t e s  t h a t  growth columns were rounded 
by i o n  e tching r a t h e r  than being accentuated o r  developing high aspect  
r a t i o  cones . .  Several  etched and unetched specimens were then s p u t t e r  . . 
coated wi th  - 18 pm of s t a b i l i z e d  z i rconia .  SEM photographs of  t h i s  
coat ing over  an unetched CoCrAlY-bond coat  i n d i c a t e  t h a t  t h e  d e s i r e d ,  : . .  .. ._  

. . 
f i b r o u s  cei.ruuic was achieve'd, Figure 20. 

Severa l  o f  these  f ib rous  bond coated tube  specimens were subjected t o  . . 
0 

. . thermal shock'screening t e s t s  involving r a d i a n t ' h e a t i n g  t o  950 C i n  70 ' : 
seconds followed by e i t h e r  water quenching o r  forced a i r  cooling t o  150 C .  . . .  , -, - : 
The most severe  t e s t  included four  thermal cycles ,  two with a i r  cooling .. . . .  

. . and two wi.th water .  quench. No evidence of  coating f r a c t u r e  o r ,  s p a l l i n g  . ..: . . , 
. . . . 

was 'observed a f t e r  ' t h i s  t e s t , .  Figure 20. ' 
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Future  Work 

I f  the"se coa t ings  can be .  reproduced; t h e  next e f f o r t s  w i l l  b e  d i r e c t e d  
a t  producing adhei-knt o u t e r  s e a l i n g  of  "closeout" l a y e r s ,  thermal shock 
t e s t i n g  o f  t h e  complete coa t ing  system, and de l ive ry  of  coated specimens 
f o r  pre l iminary  burner r i g  te.sti.ng. 

CONCLUSIONS 

A.var ie ty  o f  cone s t r u c t u r e s  have been produced by i o n  e tching s u b s t r a t e  
surfaces .   o ow ever, none of .  t h c s e  s t r u c t u r e s  have been both  repro.ducible 
and d isplayed s u f f i c i e n t l y  c l o s e l y  packed high aspect  r a t i o  cones t o  be  
promising as accommodation l a y e r s .  Ion e t c h i ~ g  su r face  temperatures and 
surfac; seedi,ng have no t  y e t  been completely explored, however. 

CoCrAlY bond c o a t s  wi th  l a r g e  numbers of columnar voids o r  l e a d e r s ,  
however, were r e a d i l y  bbtained 'and prel iminary evaluat ion  of  s t r u c t u r e s  
i n d i c a t e  t h a t  t h e  des i red  accommodation geometry has been achieved. Fur the r ,  
ceramic coa t ings  were app l i ed  over t h e s e  f ibrous  o r  segmented bond coats  
and were adherent  dur ing  moderately severe  cyc1i.c thermal shock te .s t ing.  
Ceramic o r  m e t a l l i c  s e a l i n g  on c loseout  l a y e r s  s t i l l  must be app l i ed  t o  t h e  
o u t e r  su r face  of  t h e s e  systems before  they a r e  ready f o r  hot  corros ion 
t e s t i n g .  

We g r a t e f u l l y  acknowledge t h e  valuable  con t r ibu t ions  of Sputter i 'ng 
Technologist ,  J . W .  Johnston;  and Scanning Elec t ron Microscopt is t ,  
H.E. Kjarmo. I n  a d d i t i o n ,  t h e . p r e p a r a t i o n  of t h i s  manuscript would not be  
p o s s i b l e  without  t h e  e x p e r t i s e  of  A.M. Dyken and D . J .  Benson. 
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FIGURE2 . *  

Model of a conical substrate (or bond coat) surfacelceramic coating sys- , 
ten, t o  improve adherence. In t h i s  concept, conical growth features are 1 
formed on the surface of the bond coat o r  substrate t o  provide mechanical 1 
keying and to  promote columnar ,growth o f  the ceramic. deposi t for  improved I , . 
adherence. To enhance the corrosi on/errosion properties of the coating ] 
system, an impervious closeout layer is required.+- T h i s  may be eJtherme- 
t a l l  i c  o r  ceramic. 
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FIGURE 3 

Model of bond coat with cot limnar defects/ceramic coating system. to im- 
prove adherence. In this concept, a metallic bond coat is deposited with 
a high incidence of leader type defects to promote columnar growth o f  the 
ceramic deposit and to provide a compliant inner layer to improve adher- 
ence. To enhance the corrosion/errosion properties of the coating sys- 
tem, an impervious closeout layer is required. This may be either metal- 
lic or ceramic. . ' 
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I FIGURE 4 
# ; A $ . , : '  ' . e r n  . . Apparatus for tpultiple specimen etch experiments. * Top --' Back- side of . .:.I . - - 

substrate support arms. Four specimens are mechanically attached .to each . :. c .i; 
yay: f::=: - -  .. . . arm w i t h  bolts,. . .The temperature of. each. specimen .j.s- mo.nitored w%th- $ep- 

arate themcoup1 es while a temperature gradient ' l s  maintained: w i  t h  A!.*:. . 
heater placed a t  one end and forced-air cooling a t  the other.. . Etching 
i s  limited to  the faces of the substrates by a plasma shield, shown here ' 
as a f l a t  plate w i t h  the support arms resting on it and the circular sub- 
strates centered i n  holes t h r u  it. Bott~m -- Sputtering chamber w i t h  

PNL lower base u n i t .  
arms for etch experiments installed. Plasm is provided w i t h  a standard I 

. , 1 



FIGURE 20 
Surface features of stabilized zirconia sputter-deposited onto an un- 
etched CoCrAlY bond coat. (a) Substrate surface features were similiar 
to Figure 19(d), Zr02 was rf biased during the deposition. (b) Sub- 
strate surface features were similiar to Figure 18, Zr02 was not rf 
biased during the deposition. 1200x. The thermal shock testing described 
in the text had no effect on the as-deposited surface features. 



'  FIGURE'.^ 
Surface features of IN718 formed by krypton-ion etching at  1000eV bias:: 
(a) 490°C,. 6.3 mamp/cm2, 1200x; (b) 600°C, 6 .3  mamp/cm2, 1200x; (c) 
ini t ia l  substrate surface, 1200x; (d) init ial  substrate surface, 150~.  I 



FIGURE 6 
Surface features of IN718 formed by krypton-ion etching at 5 W e ~  bias: 
(a4 35O0CS 5.4 mamp/cm2; ( b j  430°C, 8.9 mamp/cm2; (c) 485OC. 8.9 mamp/ 
cm ; (d) 510°C, 8.9 mamp/cm . All 1200x. 



FIGURE 7 
Surface features on IN718 formed by krypton-ion etchin a t  2 0 0 e ~  bias: 
(a2 200°C, 7.2 marnp/cm2; ( b i  350°C, 5.1 mamp/cin2 ; (cy 400°C, 1.7 .amp/ 
cm ; (d) 440°C, 7.9 mamp/cm . A1 1 1200x. 
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FIGURE 9 
Cone growth on IN718 a t  525°C wi th  Mo and O2 seeding. The Molydebum 
f l u x  o f  about 2x1015 atorns/cm2/sec a r r ived  a t  about 20° angle of in -  
cidence, oxygen input was 2 cm3/rnin (STP) . L e f t  150x, r i g h t  1 2 0 0 ~ .  



FIGURE 10 
Surface features o f  1 ~ 7 1 8  seeded w i t h  oxygen. (a) 500eV. , 4 7 0 ~ ~ .  5.0 

min (STP) 02; (c,d) 1500eV, 485OC, 8.2 mamp/cm2, 1 cm3/min (STP) 02; 
mamp/cm2, 2 cm31min (STP) 02; (b) 1000eV, 525OC. 5.4 mamp/cG. 1 cm3/ 1 

a,b,c = 1200x; d = 150x. 
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- FIGURE 11  
Sputtering yield of IN718 with krypton ions. , The solid line i s  with 
water cooling,' $ i s  with 2 cm3/min (STP) 02 and temperatures above 400°C. 
B i s  with 3 cm3/min (STP) O2 and temperatures above 360°C. Krypton flow 
i s  0.7 cm3/mi n (STP) , 

. . 

1 



FIGURE 12 
Surface features o f  IN718 seeded with oxygen and with suspected carbon *C 

surface contamination. Etched with lOOOeV Kr+, 5.3 mamp/cm2, 2 cm3/min 
(STP) 02. (a) 530°C; (b,d) 590°C; (c)  610°C; a,b,c are 1200x; d i s  
1 50x. 
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- FIGURE 13' : 

- .  

Surface features of IN718 seeded with Starrett oil i n  toluene. Etched - 
with 500eY Kr+,- 5.4 mamp/c&. (a) 360°C; (b) 430°C; (c) 460°C; (d)  A - , .A 

51 5OC ;- 120Qk- . 
,. 



FIGURE 14 
' Surface feature; of IN718 seeded with Starrett oil i n  toluene. ~tched 

i i  t h  1000eV. KR+, 6.4 mamp/cm2;:,: (a). ,,36Q°C; (b) 430°C; (c) 460°C; (d)  
I 

515OCi '  1200x;*~~~ 1 



FIGURE 15 
Substrates i n s t a l l e d  on ro ta t ing  holders i n  sputter-deposition apparatus. 
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FIGURE 16 
Modified planar magnetron sputtering apparatus f o r  high-rate compound o r  reac t ive  
sputtering. Target ion  current densit ies i n  excess o f  80 mamp/cm2 wi th  a D C fJoat ing 
potent ia l  up t o  2400 vo l ts  can be achieved. 
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FIGURE 17 
Achievable target removal rate for zirconia with krypton/oxygen mixtures 
in the modified planar magnetron. Both the sputtering yield and the tar- 
get current density depend on the oxygen partial pressure in the modified 
planar magnetron sputtering apparatus. 



FIGURE 18 
Topography o f  CoCrAlY de osited onto rotating tubular stainless steel sub-. 
strates. (a) 1200~; (by 1 5 0 ~ .  



FIGURE 19 I 
Surface features o f  CoCrAlY without foreign atom seedin 9 . (a) 100eV Kr+, 1 
6OO0C, 6.6 mamp/c&; (b) 200eV Kr+. 620°C. 4.8 mmplcm ; (c)  300eY Kr+. 
830°C, 7.4 mamp/c6; (d) 500eV Kr+, 76!j°C, 5.4 mamp/cm2; 1200x. 




