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©  Improved  durability  metallic-ceramic  turbine  air  seals. 
  An  improved  durability  turbine  air  seal  comprises  a 
metallic  substrate,  a  metallic  bond  coat  on  the  substrate,  a 
continuously  graded  metal-ceramic  layer  on  the  bond  coat 
and  an  outer  layer  of  pure  ceramic.  The  continuously  graded 
metal-ceramic  layer  consists  of  a  ceramic  material  having  a 
reduced  oxygen  permeability  compared  to  the  zirconia 
material  used  in  the  prior  art  and  a  metallic  material  having  a 
high  resistance  to  oxidation.  The  seal  is  fabricated  by  plasma 
spraying  with  controlled  subtrate  temperatures  to  induce  in 
the  sample  a  controlled  strain  distribution  so  as  to  make  the 
seal  resistant  to  failure  in  service.  Other  concepts  for 
reducing  the  liability  of  the  seal  to  failure  by  oxidation  are 
described. 





T e c h n i c a l   F i e l d  

The  f i e l d   of  t he   i n v e n t i o n   is  t h a t   of  g a s  
t u r b i n e   e n g i n e   a i r   s e a l s   and  a l s o   t he   f i e l d   o f  

p l a s m a   s p r a y i n g   of  m i x e d   m e t a l - c e r a m i c  

m a t e r i a l s .  

B a c k g r o u n d   A r t  

In  m o d e r n   gas   t u r b i n e   e n g i n e s   w o r k i n g  

medium  g a s e s   h a v i n g   t e m p e r a t u r e s   in  e x c e s s   o f  

2 , 0 0 0 ° F   a r e   e x p a n d e d   a c r o s s   rows  of  t u r b i n e  

b l a d i n g   f o r   e x t r a c t i o n   of  p o w e r   t h e r e f r o m .   A 

s h r o u d ,   t e r m e d   an  o u t e r   a i r   s e a l ,   c i r c u m s c r i b e s  

e a c h   row  of  t u r b i n e   b l a d i n g   to  i n h i b i t   t h e  

l e a k a g e   of  w o r k i n g   medium  g a s e s   o v e r   the   b l a d e  

t i p s .   The  l i m i t a t i o n   of  t he   l e a k a g e   of  t h e  

w o r k i n g   medium  g a s e s   is  c r u c i a l   to  t h e  

a c h i e v e m e n t   of  h i g h   e f f i c i e n c i e s   in  s u c h  

e n g i n e s .   The  g r a d e d   c e r a m i c   s e a l s   d e s c r i b e d  

h e r e i n   w e r e   d e v e l o p e d   f o r   s p e c i f i c   a p p l i c a t i o n  

in  g a s   t u r b i n e   o u t e r   a i r   s e a l s ,   a l t h o u g h   o t h e r  

a p p l i c a t i o n s   a r e   c l e a r l y   p o s s i b l e .   D u r a b l e  

s e a l s   c a p a b l e   of  l o n g - t e r m ,   r e l i a b l e   s e r v i c e   i n  

t he   h o s t i l e   t u r b i n e   e n v i r o n m e n t   were  r e q u i r e d .  

S p e c i f i c a l l y   s o u g h t   we re   h i g h   t e m p e r a t u r e  

c a p a b i l i t y   and  good  r e s i s t a n c e   to  t h e r m a l   s h o c k .  

In  a d d i t i o n ,   the   s e a l   m a t e r i a l   mus t   h a v e  



a d e q u a t e   s u r f a c e   a b r a d a b i l i t y   to  p r e v e n t  
d e s t r u c t i v e   i n t e r f e r e n c e   upon  o c c u r r e n c e   o f  

r u b b i n g   c o n t a c t   of  t he   s e a l s   by  t h e  

c i r c u m s c r i b e d   t u r b i n e   b l a d i n g .  

U.S .   P a t e n t   Nos.  3 , 0 9 1 , 5 4 8   to  D i l l i o n  

e n t i t l e d   "High   T e m p e r a t u r e   C o a t i n g s " ;   3 , 8 7 9 , 8 3 1  

to  R i g n e y   e t   al   e n t i t l e d   " N i c k e l   Base  H i g h  

T e m p e r a t u r e   A b r a d a b l e   M a t e r i a l " ;   3 , 9 1 1 , 8 9 1   t o  

D o w e l l   e n t i t l e d   " C o a t i n g   f o r   M e t a l   S u r f a c e s   a n d  

Method   f o r   A p p l i c a t i o n " ;   3 , 9 1 8 , 9 2 5   to  McComas  

e n t i t l e d   " A b r a d a b l e   S e a l " ;   3 , 9 7 5 , 1 6 5   to  E l b e r t  

e t   a l   e n t i t l e d   " G r a d e d   M e t a l - t o - C e r a m i c  

S t r u c t u r e   f o r   High  T e m p e r a t u r e   A b r a d a b l e   S e a l  

A p p l i c a t i o n s   and  a  Method   of  P r o d u c i n g   Same"  a n d  

4 , 1 0 9 , 0 3 1   to  M a r s c h e r   e n t i t l e d   " S t r e s s   R e l i e f   o f  

M e t a l - C e r a m i c   Gas  T u r b i n e   S e a l s "   a r e  

r e p r e s e n t a t i v e   of  the   known  c o n c e p t s   a p p l i c a b l e  

to  c e r a m i c   f a c e d   s e a l s .  

As  is  d i s c u s s e d   in  some  of  the   a b o v e  

r e f e r e n c e s   and  in  p a r t i c u l a r   d e t a i l   in  U . S .  

P a t e n t   No.  4 , 1 6 3 , 0 7 1   to  W e a t h e r l y   e t   al   e n t i t l e d  

"Me thod   f o r   F o r m i n g   Hard  W e a r - R e s i s t a n t  

C o a t i n g s " ,   the   t e m p e r a t u r e   of  t he   m e t a l l i c  

s u b s t r a t e   to  w h i c h   t he   c e r a m i c   c o a t i n g   i s  

a p p l i e d   may  be  p r e h e a t e d   to  c o n t r o l   e i t h e r  

r e s i d u a l   s t r e s s   or  c o a t i n g   d e n s i t y .   G e n e r a l l y ,  

such   h e a t i n g   has  been   to  a  u n i f o r m   t e m p e r a t u r e .  

U.S.   P a t e n t   No.  4 , 4 8 1 , 2 3 7   of  common  a s s i g n e e  

w i t h   t he   p r e s e n t   a p p l i c a t i o n ,   d e s c r i e s   t h e  

p r o d u c t i o n   of  d i s c r e t e   l a y e r e d   t u r b i n e   s e a l s  

w h e r e i n   t he   s e a l   is  p r o d u c e d   by  p l a s m a   s p r a y i n g  



d i s c r e t e   l a y e r s   of  e s s e n t i a l l y   f i x e d   c o m p o s i t i o n  

on  a  m e t a l l i c   s u b s t r a t e   w h i l e   s i m u l t a n e o u s l y  

v a r y i n g   the   s u b s t r a t e   t e m p e r a t u r e .   U.S.   P a t e n t  

A p p l i c a t i o n   S e r i a l   No.  675  806  f i l e d   on  e v e n  

d a t e   h e r e w i t h ,   b r o a d e n s   the   c o n c e p t   a n d  

d e s c r i b e s   m e t h o d s   of  c o n t i n u o u s   g r a d i n g   of  m i x e d  

m e t a l - c e r a m i c   m a t e r i a l s .  

A l t h o u g h   many  of  t he   m a t e r i a l s   and  m e t h o d s  

d e s c r i b e d   in  t h e   a b o v e   p a t e n t s   a r e   known  to  b e  

h i g h l y   d e s i r a b l e ,   t he   s t r u c t u r e s   r e s u l t i n g  

t h e r e f r o m   have   y e t   to  a c h i e v e   f u l l   p o t e n t i a l ,  

p a r t i c u l a r l y   in  h o s t i l e   e n v i r o n m e n t   a p p l i c a -  

t i o n s .   S i g n i f i c a n t   r e s e a r c h   i n t o   y e t   i m p r o v e d  

m a t e r i a l s   and  m e t h o d s   c o n t i n u e s .  

D i s c l o s u r e   of  I n v e n t i o n  

A c c o r d i n g   to  t he   p r e s e n t   i n v e n t i o n ,  

d i s c r e t e   g r a d e d   l a y e r   s e a l s   of  t he   t y p e  

d e s c r i b e d   in  U.S .   P a t e n t   No.  4 , 4 8 1 , 2 3 7   o r  

c o n t i n u o u s l y   g r a d e d   m e t a l - c e r a m i c   s e a l s   of  t h e  

t y p e   d e s c r i b e d   in  c o p e n d i n g   U.S .   A p p l i c a t i o n  

S e r i a l   No.  675  806  " M e t h o d   f o r   P r o d u c i n g  

C o n t i n u o u s l y   G r a d e d   A i r   S e a l s " ,   f i l e d   on  e v e n  

d a t e   h e r e w i t h ,   a r e   a f f o r d e d   s u b s t a n t i a l l y  

e n h a n c e d   p e r f o r m a n c e   by  e m p l o y i n g   as  a  c e r a m i c  

m a t e r i a l   in  t h e   g r a d e d   p o r t i o n ,   a  m a t e r i a l  

h a v i n g   a  low  o x y g e n   p e r m e a b i l i t y   a t   e l e v a t e d  

t e m p e r a t u r e s   s u c h   as  a l u m i n a ,   m u l l i t e ,   or  t h e  

M g 0 ' A 1 2 0 3   s p i n e l .  

A d d i t i o n a l l y ,   o x i d a t i o n   r e s i s t a n t  

m e t a l l i c   m a t e r i a l s   a r e   e m p l o y e d ,   p a r t i c u l a r l y  



t h o s e   of  t he   MCrAlY  t y p e   ( w h e r e   M  is   Fe,  Ni  o r  

Co)  and  r e l a t e d   m a t e r i a l s .  

O t h e r   c o n c e p t s   a re   d e s c r i b e d   f o r   e n h a n c i n g  
the   d u r a b i l i t y   of  m ixed   m e t a l - c e r a m i c   s e a l  

s y s t e m s .   One  such   m e t h o d   i n v o l v e s   r e d u c i n g   t h e  

s u r f a c e   a r e a   of  t he   m e t a l l i c   c o n s t i t u e n t   b y  
e i t h e r   l i m i t i n g   the   p o w d e r   s i z e   to  be  r e l a t i v e l y  

c o a r s e   and  u n i f o r m   ( i . e . ,   r e d u c i n g   t h e   h i g h  
s u r f a c e   a r e a   f i n e   p a r t i c l e   c o n t e n t )   a n d / o r  

e m p l o y i n g   p l a s m a   d e p o s i t i o n   p a r a m e t e r s   u n d e r  

w h i c h   t he   m e t a l l i c   c o n s t i t u e n t   d o e s   n o t   m e l t  

c o m p l e t e l y   so  t h a t   upon  i m p a c t   i t   r e m a i n s   in  a  

r o u n d e d   fo rm  r a t h e r   t h a n   a s s u m i n g   a  h i g h   s u r f a c e  

a r e a   s p l a t   c o n f i g u r a t i o n .   A n o t h e r   a p p r o a c h   i s  

to  p r e o x i d i z e   t he   m e t a l l i c   c o n s t i t u e n t .  

The  f i n a l   c o n c e p t   r e l a t e s   to  m i n i m i z i n g   t h e  

s w e l l i n g   r e s u l t i n g   f rom  o x i d a t i o n   of  t h e  

m e t a l l i c   c o n s t i t u e n t   by  d e l i b e r a t e l y   i n d u c i n g  

p o r o s i t y   i n t o   t he   m a t e r i a l   by  c o s p r a y i n g   a  

f u g i t i v e   m a t e r i a l   a l o n g   w i t h   t h e  

m e t a l l i c - c e r a m i c   m a t e r i a l .  

In  a d d i t i o n   to  t he   s p e c i f i c   d e t a i l s  

r e l a t i n g   to  t h e   mixed   m e t a l - c e r a m i c   l a y e r ,   t h e  

i n v e n t i o n   a l s o   t e a c h e s   t h e   use   of  a  t h i n   100% 

a l u m i n a   l a y e r   on  the   m i x e d   l a y e r   f o r   p u r p o s e s   o f  

a f f o r d i n g   t o t a l   r e s i s t a n c e   to  o x y g e n   p e n e t r a t i o n  

and  the   use   of  a  a b r a d a b l e   c e r a m i c   l a y e r   such   a s  

z i r c o n i a   as  t he   o u t e r   s e a l   c o n s t i t u e n t   to  p r o -  
v i d e   a b r a d a b l e   r u b b i n g   c o n t a c t   upon  i n t e r a c t i o n  

w i t h   t he   m o v i n g   t u r b i n e   b l a d i n g   and  to  p r o v i d e  

i m p r o v e d   t e m p e r a t u r e   c a p a b i l i t i e s .  



The  f o r e g o i n g   f e a t u r e s   and  a d v a n t a g e s   o f  

the   p r e s e n t   i n v e n t i o n   w i l l   be  made  more  e v i d e n t  

in  l i g h t   of  t h e   f o l l o w i n g   d e s c r i p t i o n   of  t h e  

b e s t   mode  f o r   c a r r y i n g   o u t   the   i n v e n t i o n   and  t h e  

a c c o m p a n y i n g   d r a w i n g s .  

B r i e f   D e s c r i p t i o n   of  D r a w i n g s  

F i g u r e   1  shows  the   c o m p o s i t i o n   p r o f i l e   f o r  

a  s e a l   a c c o r d i n g   to  t he   i n v e n t i o n ;  

F i g u r e   2  is  a  p h o t o m i c r o g r a p h   (25X)  of  a  

t u r b i n e   a i r   s e a l ;  

F i g u r e   3  shows   a  s c h e m a t i c   i l l u s t r a t i o n   o f  

a  t u r b i n e   a i r   s e a l ;  

F i g u r e   4  shows  the   v a r i a t i o n   in  s u b s t r a t e  

t e m p e r a t u r e   d u r i n g   d e p o s i t i o n   of  t he   s e a l  

a c c o r d i n g   to  F i g u r e   1;  a n d  

F i g u r e   5  shows  the   o x y g e n   p e r m e a b i l i t y   o f  

z i r c o n i a   and  a l u m i n a .  

B e s t   Mode  f o r   C a r r y i n g   Out  the   I n v e n t i o n  

The  r e q u i r e m e n t s   f o r   p r o d u c i n g   a  s u c c e s s f u l  

g r a d e d   m e t a l - c e r a m i c   s e a l   may  be  o r g a n i z e d   i n  

two  c a t e g o r i e s .   The  f i r s t   is  t he   p h y s i c a l  

r e q u i r e m e n t s   of  t he   s e a l ,   p a r t i c u l a r l y   c o m p o -  
s i t i o n .   The  s e c o n d   r e l a t e s   to  t he   r e s i d u a l  

s t r a i n   w h i c h   may  be  b u i l t   i n t o   t he   s y s t e m  

t h r o u g h   c o n t r o l   of  s u b s t r a t e   t e m p e r a t u r e   d u r i n g  

p l a s m a   d e p o s i t i o n .   T h i s   i n v e n t i o n   is  d i r e c t e d  

a t   t h e   f i r s t   c a t e g o r y ,   n a m e l y ,   t he   p h y s i c a l  

p r o p e r t i e s   of  t he   g r a d e d   m e t a l - c e r a m i c   l a y e r .  

A s p e c t s   of  t h e   s e c o n d   c a t e g o r y ,   n a m e l y   t h e  



c o n t r o l   of  r e s i d u a l   s t r a i n   w i l l   be  d e s c r i b e d   a s  

n e c e s s a r y   to  p e r m i t   an  u n d e r s t a n d i n g   of  t he   b e s t  

mode  of  p r a c t i c i n g   t he   i n v e n t i o n .   T h e s e   s t r a i n  

c o n t r o l   a s p e c t s   a r e   d e s c r i b e d   in  U .S .   P a t e n t   N o .  

4 , 4 8 1 , 2 3 7   ( w h i c h   is  i n c o r p o r a t e d   h e r e i n   b y  

r e f e r e n c e )   f o r   t he   d i s c r e t e   l a y e r   c a s e   and  i n  

U .S .   P a t e n t   A p p l i c a t i o n   S e r i a l   N o .  6 7 5   8 0 6  

f i l e d   on  e v e n   d a t e   h e r e w i t h   ( w h i c h   is   i n c o r -  

p o r a t e d   h e r e i n   by  r e f e r e n c e )   f o r   t he   c a s e   o f  

c o n t i n u o u s   g r a d i n g .  

F i g u r e   1  i l l u s t r a t e s   t he   c o m p o s i t i o n   v e r s u s  
t h i c k n e s s   of  t he   b e s t   s e a l   known  to  t h e  

i n v e n t o r s   a t   t he   t i m e   of  the   f i l i n g   of  t h i s  

a p p l i c a t i o n .   S t a r t i n g   f rom  the   s u b s t r a t e   a n d  

g o i n g   o u t w a r d s ,   t he   X  a x i s   shows   s e a l   t h i c k n e s s  

in  m i l s   and  t he   t o t a l   s e a l   t h i c k n e s s   is   a p p r o x -  

i m a t e l y   150  m i l s .   S i n c e   the   s e a l   is  d e p o s i t e d  

by  a  p l a s m a   d e p o s i t i o n ,   t he   s e a l   t h i c k n e s s   w i l l  

a c t u a l l y   v a r y   in  a  s t e p w i s e   f a s h i o n   f rom  o n e  

l a y e r   to  t he   n e x t ,   h o w e v e r ,   s i n c e   e a c h   l a y e r   i s  

in  t he   o r d e r   of  1  mi l   t h i c k   t he   c o n t i n u o u s   c u r v e  

of  F i g u r e   1  is  a  more  t h a n   a d e q u a t e   d e s c r i p t i o n  

of  t he   s e a l   c o m p o s i t i o n .  

S t a r t i n g   f rom  the   s u b s t r a t e   t h e r e   is   a n  

i n i t i a l   m e t a l l i c   bond  c o a t   of  a  c o m p o s i t i o n  

known  as  M e t c o   443  w h i c h   is  a  c o m m e r c i a l l y  

a v a i l a b l e   m a t e r i a l   f o r m e d   f rom  an  a g g l o m e r a t i o n  

of  n i c k e l   c h r o m i u m   p o w d e r   and  a l u m i n u m   p o w d e r  

w h i c h   upon   p l a s m a   s p r a y i n g   u n d e r g o e s   a n  

e x o t h e r m i c   r e a c t i o n   wh ich   is  b e l i e v e d   to  a id   i n  

t h e   a d h e r e n c e   of  the   bond  c o a t   to  t he   s u b s t r a t e .  



F o l l o w i n g   t he   d e p o s i t i o n   of  the   bond  c o a t   t h e  

n e x t   20  m i l s   a r e   of  a  c o n s t a n t   c o m p o s i t i o n   o f  

60%  CoCrAlY  ( n o m i n a l   c o m p o s i t i o n   o f  

C o - 2 3 C r - 1 3 A l - 0 . 6 5 Y )   h a v i n g   a  p a r t i c l e   s i z e   o f  

- 1 0 0 + 3 2 5   U .S .   S t a n d a r d   S i e v e   and  40%  a l u m i n a .  

F o l l o w i n g   the   d e p o s i t i o n   of  t h i s   c o n s t a n t  

c o m p o s i t i o n   l a y e r ,   c o n t i n u o u s   g r a d i n g   o c c u r s  

o v e r   t he   n e x t   25  m i l s   or   so  u n t i l   a  c o m p o s i t i o n  

of  20%  CoCrAlY  and  80%  a l u m i n a   is  r e a c h e d .   T h i s  

c o m p o s i t i o n   is  m a i n t a i n e d   c o n s t a n t   f o r   a b o u t   10 

m i l s   t h e n   the   g r a d i n g   p r o c e s s   c o n t i n u e s   u n t i l   a  

c o m p o s i t i o n   of  100%  a l u m i n a   is   a c h i e v e d .   One  

l a y e r   ( 1 + . 5   m i l )   of  100%  a l u m i n a   is  t h e n  

d e p o s i t e d ,   i t   has   been   f o u n d   t h a t   t he   a b s e n c e   o f  

a l l   a l u m i n a   l a y e r   d e t r a c t s   f rom  o x i d a t i o n  

p e r f o r m a n c e   b u t   t h a t   m u l t i p l e   l a y e r s   a r e  

d e t r i m e n t a l   to  m e c h a n i c a l   b e h a v i o r .   F i n a l l y   a n  

o u t e r   l a y e r   of  z i r c o n i a   is  a p p l i e d   to  p r o v i d e  

a b r a d a b i l i t y   and  t e m p e r a t u r e   c a p a b i l i t y   ( A 1 2 0 3  
m e l t s   a t   ~ 2 0 0 0 ° C   w h i l e   ZrO2  m e l t s   at  - 2 7 0 0 0 C ) .  

A l u m i n a   is   a  h a r d e r ,   s t r o n g e r   m a t e r i a l   t h a n  

z i r c o n i a   and  a l u m i n a   as  the   o u t e r   l a y e r   w o u l d  

no t   have   the   d e s i r e d   a b r a d a b l e   q u a l i t i e s .   To 

f u r t h e r   i n c r e a s e   t h e   a b r a d a b i l i t y   of  t h e  

z i r c o n i a   d e l i b e r a t e   p o r o s i t y   is  i n d u c e d   in  t h e  

z i r c o n i a   in  t h e   o u t e r   p o r t i o n   t h e r e o f ,   p o r o s i t y  

on  t he   o r d e r   of  a b o u t   19%.  T h i s   is  a c c o m p l i s h e d  

by  a d d i n g   a  f u g i t i v e   m a t e r i a l   ( s u c h   as  Metco   6 0 0  

p o l y e s t e r   or  D u P o n t ' s   L u c i t e ® ) ,   to  t he   c e r a m i c  

m a t e r i a l   and  s u b s e q u e n t l y   r e m o v i n g   the   f u g i t i v e  

by  b a k i n g   a t   a  h i g h   t e m p e r a t u r e   to  v a p o r i z e   t h e  



f u g i t i v e   m a t e r i a l .   A c c o r d i n g l y ,   F i g u r e   1 

d e s c r i b e s   in  some  d e t a i l   t he   a p p a r e n t   p h y s i c a l  

c h a r a c t e r i s t i c s   of  a  p r e f e r r e d   e m b o d i m e n t   of  t h e  

p r e s e n t   i n v e n t i o n .   I t   s h o u l d   a l s o   be  a p p a r e n t  
t h a t   t he   v a r i o u s   d e t a i l s   of  t h e   p r e s e n t  

i n v e n t i o n   c o u l d   be  r e a d i l y   a p p l i e d   to  t h e  

d i s c r e t e   l a y e r e d   s y s t e m   d e s c r i b e d   in  U.S .   P a t e n t  

No.  4 , 4 8 1 , 2 3 7 .  

F i g u r e   2  is   a  p h o t o m i c r o g r a p h   of  t h e  

r e s u l t a n t   s t r u c t u r e .   The  m e t a l l i c   c o n s t i t u e n t  

i s   l i g h t   in  c o l o r ,   t h e   a l u m i n a   i s   d a r k   g r a y ,   t h e  

z i r c o n i a   is  l i g h t   g r a y   and  t he   p o r o s i t y   i s  

b l a c k .  

F i g u r e   3  is  a  s c h e m a t i c   of  a  t u r b i n e   a i r  

s e a l   s h o w i n g   t h e   a r r a n g e m e n t   or   l a y e r s ,   t h e  

p l a s m a   t o r c h   and  t h e   s u b s t r a t e   h e a t i n g .  

F i g u r e   4  i l l u s t r a t e s   t h e   t e m p e r a t u r e  
c o n t r o l   of  t he   s u b s t r a t e   w h i c h   is   e m p l o y e d  

d u r i n g   p l a s m a   s p r a y i n g   to  a t t a i n   t h e   d e s i r e d   a n d  

n e c e s s a r y   s u b s t r a t e   p r e s t r a i n   c o n d i t i o n s .   T h e  

s u b s t r a t e   t e m p e r a t u r e   is   m a i n t a i n e d   a t   a  

r e l a t i v e l y   h i g h   l e v e l   d u r i n g   d e p o s i t i o n   of  t h e  

bond  c o a t   and  i s   t h e n   r e d u c e d .   T h e r e a f t e r   t h e  

s u b s t r a t e   t e m p e r a t u r e   is  i n c r e a s e d   g e n e r a l l y   i n  

p a r a l l e l   w i t h   t he   c e r a m i c   c o n t e n t   and  e v e n t u a l l y  

r e a c h e s   a  l e v e l   a b o v e   t h a t   e m p l o y e d   d u r i n g   d e p o -  

s i t i o n   of  the   bond  c o a t   and  t h e n   t a p e r s   o f f  

d u r i n g   t he   d e p o s i t i o n   of  t he   o u t e r   a b r a d a b l e  

c e r a m i c   m a t e r i a l .  

A  p r i m a r y   a s p e c t   of  t h i s   i n v e n t i o n   is  t h e  

s u b s t i t u t i o n   of  a  m a t e r i a l   w h i c h   is   r e s i s t a n t   t o  



t h e   d i f f u s i o n   of  o x y g e n   a t   e l e v a t e d   t e m p e r a -  

t u r e s .   T h r e e   such   m a t e r i a l s   have   been   i d e n t i -  

f i e d   f o r   s e a l   a p p l i c a t i o n .   These   a r e   a l u m i n a ,  

m u l l i t e   and  the   MgO'Al2O3  s p i n e l .  

F i g u r e   5  shows  the   p e r m e a b i l i t y   o f  

s t a b i l i z e d   z i r c o n i a   and  a l u m i n a   o v e r   a  t e m p e r -  

a t u r e   r a n g e   a t   50  T o r r   p a r t i a l   p r e s s u r e   o f  

o x y g e n .   I t   can  be  s e e n   t h a t   a t   1600°C  t h e  

p e r m e a b i l i t y   of  o x y g e n   in  a l u m i n a   is  l e s s   t h a n  

a b o u t   10  a n d   i t   is   a b o u t   3  o r d e r s   o f  

m a g n i t u d e   l e s s   t h a n   t he   p e r m e a b i l i t y   of  o x y g e n  
in  z i r c o n i a   a t   the   same  t e m p e r a t u r e .   The  o t h e r  

s u g g e s t e d   m a t e r i a l s ,   m u l l i t e   and  the   s p i n e l l ,  

b o t h   have   o x y g e n   p e r m e a b i l i t y   wh ich   a r e   l e s s  

t h a n   10%  of  t h a t   of  z i r c o n i a   a t   e l e v a t e d  

t e m p e r a t u r e s .  

A d d i t i o n a l l y ,   o x i d a t i o n   r e s i s t a n t  

m a t e r i a l s s e l e c t e d   f rom  the   g r o u p   c o n s i s t i n g   o f  

t he   MCr  m a t e r i a l s   w h e r e   c h r o m i u m   r a n g e s   f r o m  

a b o u t   20  to  a b o u t   40%;  t he   MCrAl  m a t e r i a l s   w h e r e  

c h r o m i u m   r a n g e s   f rom  a b o u t   15  to  a b o u t   45%  a n d  

a l u m i n u m   r a n g e s   f rom  a b o u t   7  to  a b o u t   15%;  t h e  

MCrAlY  m a t e r i a l s   w h e r e   c h r o m i u m   r a n g e s   f r o m  

a b o u t   15  to  a b o u t   45%,  a l u m i n u m   r a n g e s   f r o m  

a b o u t   6  to  a b o u t   20%  and  y t t r i u m   r a n g e s   f r o m  

a b o u t   0 .1   to  a b o u t   5%;  and  the   MCrAlHf  m a t e r i a l s  

w h e r e   c h r o m i u m   r a n g e s   f rom  a b o u t   15  to  a b o u t  

45%,  a l u m i n u m   r a n g e s   f r o m   a b o u t   7  to  a b o u t   15% 

and  h a f n i u m   r a n g e s   f rom  a b o u t   0 .5   to  a b o u t   7% 

In  a l l   of  t h e s e   m a t e r i a l s   "M"  is  s e l e c t e d   f r o m  

the   g r o u p   c o n s i s t i n g   of  n i c k e l ,   c o b a l t , i r o n   a n d  



m i x t u r e s   t h e r e o f   w i t h   m i x t u r e s   of  n i c k e l   a n d  

c o b a l t   b e i n g   p a r t i c u l a r l y   f a v o r e d ,   t he   y t t r i u m  

(when  p r e s e n t )   may  be  p a r t l y   or  w h o l l y   r e p l a c e d  

by  l a n t h a n u m ,   c e r i u m ,   Misch   m e t a l   and  m i x t u r e s  

t h e r e o f ,   a d d i t i o n a l l y ,   up  to  10%  of  a  m a t e r i a l  

s e l e c t e d   f rom  t h e   g r o u p   c o n s i s t i n g   of  p l a t i n u m ,  

t u n g s t e n ,   r h e n i u m ,   s i l i c o n ,   t a n t a l u m   a n d  

m a n g a n e s e   may  be  a d d e d   to  any  of  t h e s e   m a t e r i a l s  

a r e   u t i l i z e d .  

T a b l e   I  p r e s e n t s   o x i d a t i o n   d a t a   f o r   t w o  

c o m p o s i t i o n s   b a s e d   on  c e r a m i c - C o C r A l Y   m a t e r i a l s .  

In  one  c o m p o s i t i o n   the   c e r a m i c   i s   z i r c o n i a   a n d  

the   o t h e r   t he   c e r a m i c   is  a l u m i n a ,   in  b o t h  

c o m p o s i t i o n s   t he   CoCrAlY  c o n t e n t   was  t he   s a m e  

v o l u m e   p e r c e n t .   These   m a t e r i a l s   we re   t e s t e d   a t  

1 9 0 0 ° F   f o r   150  h o u r s .   The  r e s u l t s   a r e   p r e s e n t e d  

in  t he   t a b l e .   I t   can   be  s e e n   t h a t   t h e   z i r c o n i a  

b a s e   m a t e r i a l   g a i n e d   3.3%  in  w e i g h t   due  t o  

o x i d a t i o n   of  t h e   m e t a l l i c   c o n s t i t u e n t   a n d  

u n d e r w e n t   a  l o n g i t u d i n a l   e x p a n s i o n   of  3.4%  d u e  

to  s w e l l i n g   of  t he   m a t e r i a l   c a u s e d   by  t h e  

o x i d a t i o n   of  t h e   m e t a l l i c   c o n s t i t u e n t .   U n d e r  

t he   same  c o n d i t i o n   t he   a l u m i n a   b a s e d   m a t e r i a l  

g a i n e d   2.1%  in  w e i g h t ,   (a  r e d u c t i o n   of  37% 

c o m p a r e d   to  t h e   z i r c o n i a   b a s e d   m a t e r i a l ) ,   a n d  

s h r a n k   0.5%  in  l e n g t h .   The  i n f o r m a t i o n   in  T a b l e  

I  s u p p o r t s   t he   b a s i c   p r e m i s e   of  t h e   i n v e n t i o n  

w h i c h   t h a t   t he   s u b s t i t u t i o n   of  a l u m i n a   f o r   t h e  

commonly   u s e d   z i r c o n i a   m a t e r i a l   in  m i x e d  

m e t a l - c e r a m i c   s y s t e m s   p r o v i d e s   s u b s t a n t i a l   s e a l  

p e r f o r m a n c e   b e n e f i t s .  



T a b l e   II   shows  the   b e n e f i t   o b t a i n e d   t h r o u g h  

m i n i m i z i n g   the   s u r f a c e   a r e a   of  t he   m e t a l l i c  

c o n s t i t u e n t   by  s i e v i n g   o u t   t he   f i n e   p a r t i c l e s .  

In  T a b l e   II   b o t h   c o m p o s i t i o n s   were   b a s e d   on  t h e  

z i r c o n i a   c e r a m i c   w h i c h   s e r v e s   as  a  v a l i d  

b a s e l i n e   f o r   d e m o n s t r a t i n g   the   b e n e f i t s   o b t a i n e d  

by  e m p l o y i n g   c o a r s e   p a r t i c l e s .   T a b l e   II   s h o w s  

t he   w e i g h t   c h a n g e   r e s u l t s   of  two  m a t e r i a l s   b o t h  

of  w h i c h   had  t he   same  c o m p o s i t i o n   of  85% 

z i r c o n i a ,   15%  CoCrAlY,   the   d i f f e r e n c e   b e t w e e n  

t he   two  s a m p l e s   b e i n g   t h a t   one  was  p r o d u c e d   f r o m  

a  wide   s i z e   r a n g e   m e t a l l i c   p o w d e r   c o m p o s i t i o n   o f  

- 1 0 0 + 3 2 5   mesh  w h i l e   t h e   o t h e r   was  p r o d u c e d   f r o m  

m e t a l l i c   m a t e r i a l   h a v i n g   - 1 0 0 + 2 0 0   mesh  ( t h e   m e s h  

s i z e s   r e f e r r e d   to  a r e   t h o s e   d e s c r i b e d   in  t h e  

U .S .   S t a n d a r d   S i e v e   S e r i e s ;   - 100   d e s c r i b e s   a l l  

t h o s e   p a r t i c l e s   w h i c h   w i l l   p a s s   t h r o u g h   a  w i r e  

mesh  h a v i n g   s q u a r e   o p e n i n g s   .149   m i l l i m e t e r s   o n  

a  s i d e ,   +325  mesh  means   t h a t   t he   m a t e r i a l   w i l l  

be  r e t a i n e d   on  a  w i r e   mesh  h a v i n g   a v e r a g e  



o p e n i n g s   of  .044  m i l l i m e t e r s   and  +200  mesh  m e a n s  
t h e   m a t e r i a l   w i l l   be  r e t a i n e d   on  a  mesh  h a v i n g  

an  a v e r a g e   o p e n i n g   of   . 074   m i l l i m e t e r s   on  a  

s i d e ) .   Thus  t h e   e s s e n t i a l   d i f f e r e n c e   b e t w e e n  

t h e   two  c o m p o s i t i o n s   is   t h a t   t he   p a r t i c l e s   w h i c h  

w o u l d   p a s s   t h r o u g h   t h e   200  mesh  s c r e e n   w e r e  

r e j e c t e d   in  t he   s e c o n d   c o m p o s i t i o n   b u t   w e r e  

r e t a i n e d   in  t he   f i r s t   c o m p o s i t i o n .   From  T a b l e  

I I   i t   is  c l e a r   t h a t   t he   e l i m i n a t i o n   of   f i n e  

p a r t i c l e s   p l a y s   a  s i g n i f i c a n t   r o l e   in  r e d u c i n g  

w e i g h t   c h a n g e   due  to  o x i d a t i o n .   In  t h i s  

e x p e r i m e n t   the   d i m e n s i o n a l   c h a n g e s   were   n o t  

e v a l u a t e d .  

Very   p r e l i m i n a r y   e x p e r i m e n t s   we re   p e r f o r m e d  

u s i n g   CoCrAlY  m a t e r i a l   w h i c h   had  b e e n   d e l i b -  

e r a t e l y   p r e o x i d i z e d   f o r   a b o u t   6  h o u r s   a t   a b o u t  

400°F   to  p r o d u c e   an  a l u m i n a   l a y e r   on  t h e   s u r f a c e  

of  t he   p o w d e r   w h i c h   w o u l d   s e r v e   to  r e t a r d  

f u r t h e r   o x i d a t i o n .   I t   a p p e a r s   f rom  t he   v e r y  

p r e l i m i n a r y   work  done   t h a t   a  r e d u c t i o n   i n  



o x i d a t i o n   of  a b o u t   20%  can  be  a c h i e v e d   t h r o u g h  

t h i s   t e c h n i q u e .  

T a b l e   I I I   p r e s e n t s   b a s i c   i n f o r m a t i o n   on  t h e  

e f f e c t   of  i n c l u d i n g   d e l i b e r a t e   p o r o s i t y   on  t h e  

p e r f o r m a n c e   of  a l u m i n a - C o C r A l Y   c o m p o s i t e s  

p r o d u c e d   by  p l a s m a   s p r a y i n g .   From  T a b l e   I I I   i t  

is  e v i d e n t   t h a t   m a t e r i a l   w h i c h   c o n t a i n e d   4% 

p o l y e s t e r   and  t h e r e f o r e   c o n t a i n s   some  a m o u n t   o f  

p o r o s i t y   ( a b o u t   2%)  e x h i b i t e d   s l i g h t l y   i n c r e a s e d  

w e i g h t   c h a n g e   due  to  o x i d a t i o n   b u t   r a t h e r  

s i g n i f i c a n t l y   d e c r e a s e d   d i m e n s i o n a l   c h a n g e s .  

T h u s ,   t h e   d e l i b e r a t e   i n c l u s i o n   of  p o r o s i t y   is  a n  

a r e a   w h i c h   w i l l   r e q u i r e   c a r e f u l   a t t e n t i o n   by  t h e  

s k i l l e d   a r t i s a n .  

The  f i n a l   s u g g e s t e d   t e c h n i q u e   f o r   r e d u c i n g  

o x i d a t i o n   and  r e s u l t a n t   s w e l l i n g   is  to  p e r f o r m  

the   p l a s m a   s p r a y i n g   u n d e r   c o n d i t i o n s   w h i c h   d o  

no t   e n t i r e l y   m e l t   the   m e t a l l i c   c o n s t i t u e n t   s o  

t h a t   t h e   m e t a l l i c   c o n s t i t u e n t   w i l l   r e t a i n   a  m o r e  

n e a r l y   s p h e r o i d a l   c o n f i g u r a t i o n   w i t h i n   t h e  



g r a d e d   c o a t i n g   r a t h e r   t h a n   a s s u m i n g   a  c o m p l e t e l y  

f l a t t e n e d   s p l a t   c o n f i g u r a t i o n   w h i c h   w i l l   r e s u l t  

i f   t o t a l   m e l t i n g   o c c u r s .   O b s e r v e d   a s p e c t   r a t i o s  

( l e n g t h : t h i c k n e s s )   in  t o t a l l y   m e l t e d   m a t e r i a l s  

a r e   f rom  a b o u t   5 :1   to  a b o u t   1 0 : 1 ,   r e d u c e d  

s u r f a c e   a r e a s   r e s u l t   when  a s p e c t   r a t i o s   of  a b o u t  

3:1  or  l e s s   a r e   p r o d u c e d .   T h i s   r e s u l t   may  b e  

a c c o m p l i s h e d   by  a d j u s t i n g   t he   p o s i t i o n   w i t h i n  

the   p l a s m a   t o r c h   w h e r e   t he   m e t a l l i c   c o n s t i t u e n t  

is  i n j e c t e d   so  t h a t   t he   m e t a l l i c   c o n s t i t u e n t   h a s  

a  s h o r t   r e s i d e n c e   t i m e   w i t h i n   t h e   p l a s m a   z o n e  

and  d o e s   n o t   m e l t   c o m p l e t e l y .   The  use   of  c o a r s e  

p a r t i c l e s   a l s o   a s s i s t s   in  c o n t r o l l i n g   a s p e c t  

r a t i o .  

The  e f f e c t i v e   c o m m e r c i a l   p r o d u c t i o n   of  t h e  

g r a d e d   s e a l   d e s c r i b e d   in  F i g u r e s   1  a n d   2  a t   t h e  

b e g i n n i n g   of  t h i s   s e c t i o n   r e q u i r e s   some  r e f i n e d  

p l a s m a   s p r a y i n g   t e c h n i q u e s   w h i c h   a r e   n o t   k n o w n  

in  t h e   a r t   and  w h i c h   a r e   t h e   s u b j e c t   of  c o m m o n l y  

a s s i g n e d   U .S .   P a t e n t   A p p l i c a t i o n s   S e r i a l   N o s .  

675  801  and  675  806  f i l e d   on  even   d a t e  

h e r e w i t h   w h i c h   a r e   a l l   i n c o r p o r a t e d   b y  

r e f e r e n c e .   U .S .   P a t e n t   A p p l i c a t i o n   S e r i a l   N o .  

675  806  d e s c r i b e s   t h e   t e m p e r a t u r e   m a n a g e m e n t  

s c h e m e s ,   f o r   c o n t i n u o u s l y   g r a d e d   c o a t i n g s ,   w h i c h  

were   p r e v i o u s l y   m e n t i o n e d   w i t h   r e s p e c t   to  F i g u r e  

1  and  w h i c h   p r o d u c e   t he   n e c e s s a r y   p r e s t r a i n   i n  

the   c o a t i n g   w h i c h   p e r m i t   t he   c o a t i n g   t o  

w i t h s t a n d   s e v e r e   c o n d i t i o n s   a t   e l e v a t e d  

t e m p e r a t u r e s   w i t h o u t   s p a l l a t i o n .   U.S .   P a t e n t  

A p p l i c a t i o n   S e r i a l   No.  675  807  d e a l s   w i t h   a  



p l a s m a   s p r a y   p o w d e r   m a n a g e m e n t   s y s t e m   wh ich   h a s  

been   e m p l o y e d   to  p r o d u c e   the   mixed   p o w d e r  

c o m b i n a t i o n s   in  a  h i g h l y   c o n t r o l l a b l e   a n d  

r e p r o d u c i b l e   f a s h i o n .   The  e s s e n t i a l s   of  t h e  

s y s t e m   a r e   a c c u r a t e   m e a s u r e m e n t s   of  c a r r i e r   g a s  
f l o w   and  p r e s s u r e   c o u p l e d   w i t h   x - r a y  
m e a s u r e m e n t s   of  t he   gas   p l u s   p o w d e r   s t r e a m ,  

t h e s e   m e a s u r e m e n t s   a r e   s u p p l i e d   to  a  c o n t r o l l i n g  

m i c r o c o m p u t e r   w h i c h   g e n e r a t e s   s i g n a l s   n e c e s s a r y  
to  c o n t r o l   the   f l o w   of  gas   and  the   f l o w   of  t h e  

v a r i o u s   p o w d e r s .   U.S .   P a t e n t   A p p l i c a t i o n   S e r i a l  

No .  675   801  d e a l s   w i t h   the   p o w d e r   f l o w   g a u g i n g  

t e c h n i q u e s   w h i c h   a r e   used   to  m e a s u r e   t he   a c t u a l  

p o w d e r   s t r e a m s   and  to  c o n t r o l   t h e i r   f l o w  

B r i e f l y ,   t he   x - r a y   g a u g i n g   s y s t e m   u s e s   f l ow  a n d  

p r e s s u r e   s e n s o r s   to   p r o v i d e   a c c u r a t e   m e a s u r e -  

m e n t s   of  c a r r i e r   gas   f l ow  and  u s e s   a  t r a n s -  

m i s s i o n   x - r a y   a p p a r a t u s   to  g i v e   an  i n d i c a t i o n   o f  

the   t o t a l   mass   f l o w   of  p o w d e r   p l u s   c a r r i e r   g a s .  
From  t h e s e   m e a s u r e m e n t s   the   mass  f l o w   r a t e   c a n  

be  a c c u r a t e l y   c a l c u l a t e d .   Knowing  the   a c t u a l  

p o w d e r   mass   f l o w   r a t e   one  can  e m p l o y   c o n t r o l  

c i r c u i t r y   to  c o n t r o l   and  c o n s t r a i n   t he   p o w d e r  

f l o w   r a t e   to  f o l l o w   a  p r e d e t e r m i n e d   s c h e d u l e .  

A l t h o u g h   t h i s   i n v e n t i o n   has   been   shown  a n d  

d e s c r i b e d   w i t h   r e s p e c t   to  p r e f e r r e d   e m b o d i m e n t s ,  

i t   w i l l   be  u n d e r s t o o d   by  t h o s e   s k i l l e d   in  t h i s  

a r t   t h a t   v a r i o u s   c h a n g e s   in  form  and  d e t a i l  

t h e r e o f   may  be  made  w i t h o u t   d e p a r t i n g   f rom  t h e  

s p i r i t   and  s c o p e   of  t he   i n v e n t i o n .  



1.  In  a  g r a d e d   m e t a l - c e r a m i c   s t r u c t u r e   of  t h e  

t y p e   in  w h i c h   the   c o m p o s i t i o n   v a r i e s   f r o m  

e s s e n t i a l l y   100%  m e t a l   a t   one  i n t e r f a c e   t o  

e s s e n t i a l l y   100%  c e r a m i c  a t   a  s e c o n d   i n t e r f a c e ,  

and  in  w h i c h   the   s t r e s s   s t a t e   of  t he   g r a d e d  

l a y e r   v a r i e s   t h r o u g h   i t s   t h i c k n e s s ,   t h e  

i m p r o v e m e n t   w h i c h   c o m p r i s e s :  

e m p l o y i n g   a  c e r a m i c   m a t e r i a l   h a v i n g   a n  
e l e v a t e d   t e m p e r a t u r e   o x y g e n   p e r m e a b i l i t y  

c o n s t a n t   w h i c h   is  l e s s   t h a n   a b o u t   10%  of  t h a t   o f  

ZrO2  as  t he   c e r a m i c   c o n s t i t u e n t   so  t h a t   t h e  

m e t a l l i c   c o n s t i t u e n t   is   i s o l a t e d   and  p r o t e c t e d  

f rom  o x y g e n   and  is  t h e r e b y   r e n d e r e d   more  d u r a b l e  

a t   e l e v a t e d   t e m p e r a t u r e   u n d e r   o x i d i z i n g  

c o n d i t i o n s .  

2.  A  s t r u c t u r e   as  in  C la im   1  in  w h i c h   t h e  

c e r a m i c   is   s e l e c t e d   f rom  the   g r o u p   c o n s i s t i n g   o f  

a l u m i n a   ( A l 2 O 3 ) ,   m u l l i t e   ( 3 A 1 2 0 3 ' 2 S i 0 2 )   a n d  

MgO'Al2O3  s p i n e l   and  m i x t u r e s   t h e r e o f .  

3.  A  s t r u c t u r e   as  in  C l a i m   1  in  w h i c h   t h e  

m e t a l l i c   c o n s t i t u e n t   is  s e l e c t e d   f rom  t he   g r o u p  

c o n s i s t i n g   of  the   MCr  m a t e r i a l s   w h e r e   c h r o m i u m  

r a n g e s   f rom  a b o u t   20  to  a b o u t   40%;  the   MCrAl  

m a t e r i a l s   whe re   c h r o m i u m   r a n g e s   f rom  a b o u t   15  t o  

a b o u t   45%  and  a l u m i n u m   r a n g e s   f rom  a b o u t   7  t o  

a b o u t   15%;  the   MCrAlY  m a t e r i a l s   w h e r e   c h r o m i u m  



r a n g e s   f rom  a b o u t   15  to  a b o u t   45%,  a l u m i n u m  

r a n g e s   f rom  a b o u t   7  to  a b o u t   20%  and  y t t r i u m  

r a n g e s   f rom  a b o u t   0 .1   to  a b o u t   5%;  and  t h e  

MCrAlHf  m a t e r i a l s   w h e r e   c h r o m i u m   r a n g e s   f r o m  

a b o u t   15  to  a b o u t   45%,  a l u m i n u m   r a n g e s   f r o m  

a b o u t   7  to  a b o u t   15%  and  h a f n i u m   r a n g e s   f r o m  

a b o u t   0 .5   to  a b o u t   7%  in  a l l   of  t h e s e   m a t e r i a l s  

"M"  is   s e l e c t e d   f rom  t he   g r o u p   c o n s i s t i n g   o f  

n i c k e l ,   c o b a l t , i r o n   and  m i x t u r e s   t h e r e o f   w i t h  

m i x t u r e s   of  n i c k e l   and  c o b a l t   b e i n g   p a r t i c u l a r l y  

f a v o r e d ,   the   y t t r i u m   (when  p r e s e n t )   may  b e  

p a r t l y   or   w h o l l y   r e p l a c e d   by  l a n t h a n u m ,   c e r i u m ,  

Misch   m e t a l   and  m i x t u r e s   t h e r e o f ,   a d d i t i o n a l l y ,  

up  to  10%  of  a  m a t e r i a l   s e l e c t e d   from  the   g r o u p  

c o n s i s t i n g   of  p l a t i n u m ,   t u n g s t e n ,   r h e n i u m ,  

s i l i c o n ,   t a n t a l u m   and  m a n g a n e s e   may  be  a d d e d .  

4.  A  s t r u c t u r e   as  in  C l a i m   1  h a v i n g   a n  

a d h e r e n t   m e t a l l i c   bond  c o a t   b e t w e e n   t h e  

s u b s t r a t e   and  the   c o n t i n u o u s l y   g r a d e d   l a y e r .  

5.  A  s t r u c t u r e   as  in  C l a i m   1  wh ich   c o n t a i n s   u p  
to  a b o u t   20%,  by  v o l u m e ,   of  p o r o s i t y   so  as  t o  

a c c o m m o d a t e   s w e l l i n g   r e s u l t i n g   f rom  o x i d a t i o n   o f  

the   m e t a l l i c   c o n s t i t u e n t .  

6.  A  s t r u c t u r e   as  in  c l a i m   1  in  w h i c h   t h e  

g r a d e d   l a y e r   is  p r e s e n t   in  t he   form  of  d i s c r e t e  

l a y e r s   of  e s s e n t i a l l y   c o n s t a n t   c o m p o i s i t i o n .  



7.  A  s t r u c t u r e   as  in  c l a i m   1  in  w h i c h   t h e  

d e p o s i t e d   m e t a l l i c   p a r t i c l e s   have   an  a s p e c t  
r a t i o   of  l e s s   t h a n   a b o u t   3 : 1 .  

8.  A  s t r u c t u r e   as  in  c l a i m   1  in  w h i c h   t h e  

g r a d e d   l a y e r   v a r i e s   in  e s s e n t i a l l y   a  c o n t i n u o u s  

f a s h i o n   f rom  m e t a l l i c   to  c e r a m i c .  

9.  In  a  gas   t u r b i n e   e n g i n e   a i r   s e a l   t he   t y p e  

h a v i n g   a  l a y e r   in  w h i c h   the   c o m p o s i t i o n   v a r i e s  

f rom  e s s e n t i a l l y   100%  m e t a l   a t   one  i n t e r f a c e   t o  

e s s e n t i a l l y   100%  c e r a m i c   a t   a  s e c o n d   i n t e r f a c e ,  

and  in  w h i c h   t he   s t r e s s   s t a t e   v a r i e s   t h r o u g h   t h e  

t h i c k n e s s ,   t he   i m p r o v e m e n t   w h i c h   c o m p r i s e s :  

e m p l o y i n g   a  c e r a m i c   m a t e r i a l   h a v i n g   a n  

o x y g e n   p e r m e a b i l i t y   c o n s t a n t   wh ich   is  l e s s   t h a n  

a b o u t   10-8gm  cm-1  s e c - 1   a t   1600°C  and  50  T o r r  

o x y g e n   p a r t i a l   p r e s s u r e   as  the   c e r a m i c  

c o n s t i t u e n t   so  t h a t   t he   m e t a l l i c   c o n s t i t u e n t   i s  

i s o l a t e d   and  p r o t e c t e d   from  o x y g e n   and  i s  

t h e r e b y   r e n d e r e d   more  d u r a b l e   a t   e l e v a t e d  

t e m p e r a t u r e   u n d e r   o x i d i z i n g   c o n d i t i o n s .  

10.  A  s e a l   as  in  C l a i m   9  in  w h i c h   the   c e r a m i c  

is  s e l e c t e d   f rom  the   g r o u p   c o n s i s t i n g   o f  

a l u m i n a ,   m u l l i t e   and  MgO'Al2O3  s p i n e l   a n d  

m i x t u r e s   t h e r e o f   t he   m e t a l l i c   c o n s t i t u e n t   i s  

s e l e c t e d   f rom  the   g r o u p   c o n s i s t i n g   of  t he   MCr 

m a t e r i a l s   w h e r e   c h r o m i u m   r a n g e s   f rom  a b o u t   20  t o  

a b o u t   40%;  t he   MCrAl  m a t e r i a l s   whe re   c h r o m i u m  



r a n g e s   f rom  a b o u t   15  to  a b o u t   45%  and  a l u m i n u m  

r a n g e s   f rom  a b o u t   7  to  a b o u t   15%;  t h e   MCrAlY 

m a t e r i a l s   w h e r e   c h r o m i u m   r a n g e s   f rom  a b o u t   15  t o  

a b o u t   45%,  a l u m i n u m   r a n g e s   f rom  a b o u t   7  to  a b o u t  

20%  and  y t t r i u m   r a n g e s   f rom  a b o u t   0 .1   to   a b o u t  

5%;  and  t h e   MCrAlHf  m a t e r i a l s   w h e r e   c h r o m i u m  

r a n g e s   f rom  a b o u t   15  to  a b o u t   45%,  a l u m i n u m  

r a n g e s   f rom  a b o u t   7  to  a b o u t   15%  and  h a f n i u m  

r a n g e s   f rom  a b o u t   0 .5   to  a b o u t   7%  in  a l l   o f  

t h e s e   m a t e r i a l s   "M"  is  s e l e c t e d   f rom  t h e   g r o u p  

c o n s i s t i n g   of  n i c k e l ,   c o b a l t , i r o n   and  m i x t u r e s  

t h e r e o f   w i t h   m i x t u r e s   of  n i c k e l   and  c o b a l t   b e i n g  

p a r t i c u l a r l y   f a v o r e d ,   t he   y t t r i u m   (when  p r e s e n t )  

may  be  p a r t l y   or   w h o l l y   r e p l a c e d   by  l a n t h a n u m ,  

c e r i u m ,   M i s c h   m e t a l   and  m i x t u r e s   t h e r e o f ,  

a d d i t i o n a l l y ,   up  to  10%  of  a  m a t e r i a l   s e l e c t e d  

f rom  the   g r o u p   c o n s i s t i n g   of  p l a t i n u m ,   t u n g s t e n ,  

r h e n i u m ,   s i l i c o n ,   t a n t a l u m   and  m a n g a n e s e   may  b e  

a d d e d .  

11.  A  s e a l   as  in  C l a i m   9  h a v i n g   an  a d h e r e n t  

m e t a l l i c   bond  c o a t   b e t w e e n   the   s u b s t r a t e   and  t h e  

c o n t i n u o u s l y   g r a d e d   l a y e r .  

12.  A  s e a l   as  in  C la im   9  h a v i n g   a  l a y e r   o f  

s t a b l i z e d   z i r c o n i a   on  t h e   f r e e ,   c e r a m i c ,   s u r f a c e  

of  t he   g r a d e d   l a y e r .  



13.  A  s e a l   as  in  C l a i m   9  in  w h i c h   the   g r a d e d  

l a y e r   c o n t a i n s   up  to  a b o u t   20%,  by  v o l u m e ,   o f  

p o r o s i t y   so  as  to  a c c o m m o d a t e   s w e l l i n g   r e s u l t i n g  

f rom  o x i d a t i o n   of  the   m e t a l l i c   c o n s t i t u e n t .  

14.  A  s e a l   as  in  C l a i m   9  in  w h i c h   t he   c e r a m i c  

m a t e r i a l   is  a l u m i n a   and  the   m e t a l l i c   m a t e r i a l   i s  

M C r A l Y .  

15.  A  s e a l   as  in  C l a i m   9  in  w h i c h   t he   c e r a m i c  

m a t e r i a l   is   a l u m i n a ,   t he   m e t a l l i c   m a t e r i a l   is   a n  

MCrAlY  and  in  w h i c h   t h e r e   is  a  l a y e r   of  p o r o u s ,  
s t a b i l i z e d   z i r c o n i a   on  t he   f r e e ,   c e r a m i c ,  

s u r f a c e   of  the   g r a d e d   l a y e r .  

16.  A  s t r u c t u r e   as  in  c l a i m   9  in  w h i c h   t h e  

d e p o s i t e d   m e t a l l i c   p a r t i c l e s   have   an  a s p e c t  

r a t i o   of  l e s s   t h a n   a b o u t   3 : 1 .  
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