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SUMMARY 

Demanding t r i b o l o g i c a l  p r o p e r t i e s  a r e  r e q u i r e d  o f  t h e  m a t e r i a l s  used for  
t h e  s l i d i n g  seal  between t h e  s i d e w a l l s  and the  lower  w a l l  o f  t h e  v a r i a b l e  a rea  
hyperson ic  eng ine .  
o p e r a t i n g  temperatures o f  1000 "C i n  an env i ronment  o f  a i r ,  hydrogen, and water  
vapor .  Candidate s e a l i n g  m a t e r i a l s  f o r  t h i s  a p p l i c a t i o n  a r e  an a lumina-bor ia -  
s i l i c a t e ,  ceramic,  f a b r i c  rope  s l i d i n g  a g a i n s t  t h e  eng ine  w a l l s  which may be 
made from copper- or n icke l -based  a l l o y s .  Us ing  a p in -on-d isk  t r i b o m e t e r ,  t h e  
f r i c t i o n  and wear p r o p e r t l e s  o f  some of these p o t e n t i a l  m a t e r i a l s  and p o s s i b l e  
l u b r i c a t i o n  methods a r e  eva lua ted .  
unacceptab ly  h i g h  f r i c t i o n  c o e f f i c i e n t s  (0 .6  t o  1.3)  and, t hus ,  r e q u i r e s  
l u b r i c a t i o n .  Spu t te red  t h i n  f i l m s  o f  g o l d ,  s i l v e r ,  and CaF2 reduced t h e  
f r i c t i o n  by a f a c t o r  of two. 
e f f e c t i v e l y  l u b r i c a t e  the  f a b r i c .  S t a t i c  hea t  t rea tmen t  t e s t s  a t  950 " C  
i n d i c a t e  t h a t  t he  f a b r i c  i s  c h e m i c a l l y  a t t a c k e d  by l a r g e  q u a n t i t i e s  of s i l v e r ,  
CaF2, and boron n i t r i d e .  Spu t te red  f i l m s  or powder impregna t ion  o f  t h e  f a b r i c  
w i t h  g o l d  may p r o v i d e  adequate l u b r i c a t i o n  up t o  1000 "C w i t h o u t  showing any 
chemical  a t t a c k .  

Temperatures range from room tempera ture  and below t o  

The ceramic f a b r i c  rope d i s p l a y e d  

Sprayed c o a t i n g s  of boron n i t r i d e  d i d  n o t  

INTRODUCTION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A c r i t i c a l  aspect  i n  t h e  development o f  t h e  v a r i a b l e  c ross  s e c t i o n  a rea  

hyperson ic  engine i s  t he  s l i d i n g  sea l  between t h e  eng ine  s i d e w a l l s  and t h e  
movable lower  engine w a l l .  F i g u r e  1 i s  an i l l u s t r a t i o n  o f  a proposed s l i d i n g  
sea l  c o n f i g u r a t i o n  for t h i s  i n t e r f a c e .  P a r t i c u l a r l y  i m p o r t a n t  t o  t h e  success 
o f  t h e  seal  i s  the  m a t e r i a l  s e l e c t i o n  and c h a r a c t e r i z a t i o n  o f  t h e  s l i d i n g  
components, namely t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAseal rope f a b r i c  and i t s  coun te r face ,  t h e  engine 
w a l l s .  These components must have s u i t a b l e  mechanical p r o p e r t i e s  such as 
s t r e n g t h ,  c reep r e s i s t a n c e ,  and d u c t i l i t y .  They must a l s o  e x h i b i t  e x c e l l e n t  
thermal  s t a b i  1 i t y ,  chemical s t a b i  1 i t y ,  and t r i b o l o g i c a l  p r o p e r t i e s  o v e r  a v e r y  
wide tempera ture  range which i n c l u d e s  c o l d  eng ine  check o u t  and h o t  eng ine  
a r t i c u l a t i o n  a t  app rox ima te l y  1000 "C.  

Severa l  cand ida te  s l i d i n g  sea l  and counter face  eng ine  m a t e r i a l s  w e r e  
s e l e c t e d  on the  b a s i s  o f  t h e i r  mechanical p r o p e r t i e s  and s u i t a b i l i t y  as 
p o t e n t i a l  h i g h  tempera ture  eng ine  sea l  m a t e r i a l s .  The cand ida te  sea l  rope 
f a b r i c  m a t e r i a l  i s  made from a lumina -bo r ia  s i l i c a t e  f i b e r s .  I t  i s  commerc ia l l y  
a v a i l a b l e  under t h e  t r a d e  name Nex te l  312. I t  e x h i b i t s  e x c e l l e n t  mechanica l  
p r o p e r t i e s  and i s ,  under most c o n d i t i o n s ,  t h e r m a l l y  and c h e m i c a l l y  s t a b l e  i n  
a i r  t o  over  1000 "C. P o t e n t i a l  engine w a l l  m a t e r i a l s ,  which w i l l  be t h e  sea l  
f a b r i c ' s  s l i d i n g  coun te r face ,  a r e  some n i c k e l  base s u p e r a l l o y s  such as 
I n c o n e l  X750, copper ( r e f .  1 )  and a new Ti3Al-Nb a l l o y .  Copper i s  n o t  a h i g h  
tempera ture  a l l o y  b u t  i s  a m a t e r i a l  under c o n s i d e r a t i o n  by t h e  eng ine  
manufac turers  fo r  t h i s  a p p l i c a t i o n .  



The f o l l o w i n g  s tudy  de termines  t h e  f r i c t i o n  and wear p r o p e r t i e s  o f  some o f  
these p o t e n t i a l  sea l  and engine w a l l  m a t e r i a l s .  The t e s t s  a r e  done u s i n g  a 
p in -on-d isk  t r i b o m e t e r .  The p i n  i s  wrapped w i t h  a sample o f  t h e  sea l  f a b r i c  
and s l i d  a g a i n s t  a d i s k  made from one o f  t h e  cand ida te  engine w a l l  m a t e r i a l s .  
The f r i c t i o n  and wear p r o p e r t i e s  a s c e r t a i n e d  a r e  needed t o  h e l p  de termine 
engine w a l l  a r t i c u l a t i o n  power requ i remen ts ,  l o n g  te rm s t a b i l l t y ,  and f e a s i -  
b i l i t y  of hav ing  a s l i d i n g  seal  i n  t h e  h o t  env i ronment  o f  t h e  eng ine .  
t o  l u b r i c a t e  t h e  m a t e r i a l s  i n  t h e  engine env i ronment  a r e  a l s o  developed and 
eva l  uated.  

Methods 
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EXPERIMENTAL MATERIALS 

Seal F a b r i c  

A f a b r i c  woven from A l u m i n a - B o r i a - S i l i c a t e  f i b e r  was t e s t e d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin t h i s  
program. The compos i t i on  o f  t h e  f i b e r s ,  des igna ted  AF-40, by we igh t  i s ,  
62 percen t  Al2O3, 14 p e r c e n t  8203, and 24 p e r c e n t  S i02 .  Th is  f a b r i c  has 
e x c e l l e n t  s t r e n g t h  and f l e x i b i l i t y  t o  temperatures ove r  1000 "C. 
made from f i b e r s  10 pm i n  d iamete r .  The weave i s  a c ross  weave t y p e .  Each 
weave bundle c o n t a i n s  390 f i b e r s .  The f a b r i c  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  t i g h t l y  woven and has the  
genera l  cons i s tency  o f  heavy b u r l a p .  F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 i s  a photograph of t h e  t e s t  
f a b r i c .  

The f a b r i c  i s  

F a b r i c  L u b r i c a t i o n  Treatment zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
<-0.i mm) BN 

The f o l  
t h i s  s tudy :  

2 

Spu t te red  or sprayed t h i n  f i l m s  o f  d i f f e r e n t  s o l i d  l u b r i c a n t s  were a p p l i e d  
ove r  t h e  bare  f a b r i c  s u r f a c e  p r i o r  t o  s l i d i n g .  The s p u t t e r e d  l u b r i c a n t s  were 
s i l v e r ,  g o l d ,  and c a l c i u m  f l u o r i d e .  S i l v e r  and g o l d  a r e  p o t e n t i a l l y  good low 
temperature l u b r i c a n t s  because of t h e i r  low shear s t r e n g t h  and c a l c i u m  f l u o r i d e  
i s  a good h i g h  tempera ture  l u b r i c a n t  because i t  d i s p l a y s  d u c t i l e  behav io r  above 
about  500 "C ( r e f .  2 ) .  The f a b r i c  was s p u t t e r e d  c l e a n  p r i o r  t o  l u b r i c a t i o n  
d e p o s i t i o n .  The s p u t t e r i n g  parameters a r e  g i v e n  i n  Table 1 .  Boron n i t r i d e  
(BN)  was a l s o  t e s t e d  as a p o t e n t i a l  f a b r i c  l u b r i c a n t .  Th is  c o a t i n g  was a p p l i e d  
by sp ray ing  BN i n  a methy lene c h l o r i d e  s l u r r y  o n t o  t h e  f a b r i c  then a l l o w i n g  t h e  
methylene ch o r i d e  to  evapora te .  T h i s  procedure produced a r e l a t i v e l y  t h i c k  

c o a t i n g  on t h e  f a b r i c .  

owing l u b r i c a n t  t r e a t e d  f a b r i c  specimens were prepared f o r  use i n  

F a b r i  c Desi gnat  i on L u b r i c a n t  Coa t ing  

AF-40 
AF-40 
AF-40 
AF-40 
AF-40 

1000 A Ag 
500 A CaF2 

1000 A Ag + 500 A CaF2 
1500 A Au 

boron n i t r i d e  



A l l  t h r e e  o f  the  s p u t t e r e d  l u b r i c a n t s  a r e  t h e r m a l l y  and c h e m i c a l l y  s t a b l e  t o  
a t  l e a s t  950 "C i n  a i r  or hydrogen, t h e  a n t i c i p a t e d  eng ine  env i ronment .  A t  
e l e v a t e d  temperatures,  BN o x i d i z e s  i n  a i r  to  form b o r i c  o x i d e  which may 
p r o v i d e  a l u b r i c a t i n g  e f f e c t .  

Seal Counter face  M a t e r i a l - T e s t  Disks 

The coun te r face  m a t e r i a l s  t e s t e d  i n  t h i s  s tudy  were Incone l  X-750 and 
h i g h  p u r i t y  copper.  I ncone l  X-750 i s  a n icke l -chromium based s u p e r a l l o y  
hardened t o  Rockwel l  C-39. I t  has a nominal  we igh t  p e r c e n t  compos i t i on  o f  
70Ni ,  16 C r ,  7.5 Fe, 2.5 T i ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 Co, 1 Mn and 0.1 C. The s u r f a c e  f i n i s h  o f  t h e  
Incone l  and copper d i s k  specimens i s  0.12 and 0.14 pm r e s p e c t i v e l y .  The d i s k s  
a r e  6.35 c m  i n  d iameter  and 1.27 cm t h i c k .  

APPARATUS AND PROCEDURES 

Test  Apparatus 

A p in-on-d isk  appara tus  was used i n  t h i s  s tudy  t o  e v a l u a t e  the  cand ida te  
sea l  m a t e r i a l s  and t h e  l u b r i c a t i o n  methods proposed. F i g u r e  3 i s  an 
i l l u s t r a t i o n  o f  the  t e s t  r i g .  W i th  t h i s  appara tus ,  a meta l  p i n  was covered 
w i t h  t h e  f a b r i c  to  be t e s t e d  and loaded a g a i n s t  a r o t a t i n g  I n c o n e l  or copper 
d i s k  by means of deadweights.  
l o o p  clamp which r e s t e d  i n  a machined groove i n  t h e  o u t s i d e  d iameter  o f  t h e  
p i n  ( f i g .  4 ) .  The end o f  t h e  p i n  has a 1 i n .  r a d i u s  and a 1 / 8  i n .  f l a t  spo t  
on i t s  t i p .  For e l e v a t e d  tempera ture  t e s t s ,  t h e  specimens were heated  by a 
low f requency  i n d u c t i o n  h e a t i n g  c o i l  l o c a t e d  c i r c u m f e r e n t i a l l y  around the  
d i s k .  The su r face  tempera ture  o f  t h e  d i s k  was mon i to red  w i t h  an i n f r a r e d  
pyrometer .  

The f a b r i c  was fastened to  t h e  p i n  w i t h  a w i r e  

The p i n  generates a 51 mm d iameter  wear t r a c k  on t h e  d i s k .  

Tes t  C o n d i t i o n s  

The s l i d i n g  v e l o c i t y  f o r  these t e s t s  was 0.27 m / s  (100 rpm).  The a p p l i e d  
l o a d  t o  t h e  p i n  was 270 g wh ich  gave a c o n t a c t  p r e s s u r e  between t h e  f a b r i c  and 
t h e  d i s k  o f  about  338 kPa. 
a i r  w i t h  a r e l a t i v e  h u m i d i t y  o f  35 p e r c e n t  a t  25 "C.  

The t e s t  atmosphere d u r i n g  these t e s t s  was moist 

Tes t  Procedure 

Prior t o  each t e s t ,  t h e  p o l i s h e d  d i s k s  were c leaned w i t h  e t h y l  a l c o h o l ,  
l i g h t l y  scrubbed w i t h  l e v i g a t e d  a lumina,  r i n s e d  w i t h  d e i o n i z e d  water ,  and 
d r i e d .  The specimens were loaded i n t o  t h e  t e s t  chamber and t h e  t e s t  gas was 
a l l owed  t o  purge the  chamber f o r  10 min b e f o r e  t e s t i n g  began. 

The t o t a l  t e s t  d u r a t i o n  was 1 h r .  The specimens were s l i d  for t h e  f i r s t  
20 min a t  room tempera ture  then s l i d  d u r i n g  a 10 min h e a t i n g  p e r i o d  to  850 "C 
(700 "C f o r  t h e  copper d i s k s ) .  They were then s l i d  for 10 min a t  850 "C 
(700 "C f o r  t h e  copper d i s k s )  and then  s l i d  f o r  the  f i n a l  20 min d u r i n g  c o o l i n g  
t o  25 "C.  Se lec ted  specimens were t e s t e d  t w i c e  t o  a s c e r t a i n  t r i b o l o g i c a l  
behav io r  d u r i n g  repeated  t e s t  tempera ture  c y c l e s .  

3 



TEST RESULTS 

The t e s t  r e s u l t s  a r e  g i v e n  i n  t a b l e  1 and graphed i n  f i g u r e s  5,  6, and 7 .  
G e n e r a l l y ,  specimen wear was l i m i t e d  t o  f a b r i c  f i b e r  breakage. The d i s k  
su r face  d i d  n o t  s i g n i f i c a n t l y  wear i n  any t e s t .  S ince  f i b e r  breakage, compared 
t o  an ab ras i ve  t ype  o f  f i b e r  wear, d r a m a t i c a l l y  changes t h e  o v e r a l l  s t r u c t u r e  
of t h e  f a b r i c  s u r f a c e  r e s u l t i n g  i n  h i g h e r  seal  leakage r a t e s ,  i t  c o n s t i t u t e s  a 
c a t a s t r o p h i c  m a t e r i a l  f a i l u r e  l i m i t i n g  the  u s e f u l  l i f e  o f  t h e  s e a l .  Thus a 
measure o f  a t e s t s  success i s  based upon t h e  e x t e n t  o f  f i b e r  breakage and t h e  
f r i c t i o n  c o e f f i c i e n t .  

The f r i c t i o n  c o e f f i c i e n t  f o r  t he  bare  AF-40 f a b r i c  s l i d i n g  a g a i n s t  t h e  
p o l i s h e d  Incone l  d i s k  was 0.42=0.02 d u r i n g  i n i t i a l  t e s t i n g  a t  room tempera ture .  
Upon hea t ing ,  the  d i s k  began t o  o x i d i z e  and t h e  f r i c t i o n  i nc reased .  A t  850 "C 
t he  f r i c t i o n  c o e f f i c i e n t  was v e r y  h i g h ,  1.2520.06. A s  t h e  specimens were 
coo led ,  t he  f r i c t i o n  c o e f f i c i e n t  decreased g r a d u a l l y  t o  about  0.6020.03 a t  
room temperature.  Subsequent h e a t i n g  and c o o l i n g  c y c l e s  produced f r i c t i o n  
c o e f f i c i e n t s  o f  0.60=0.03 a t  room tempera ture ,  which inc reased,  once aga in ,  t o  
1.320.1 a t  850 "C .  Moderate f i b e r  breakage occu r red  d u r i n g  these t e s t s  
( f i g .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8). 

The f r i c t i o n  c o e f f i c i e n t  f o r  t he  AF-40 f a b r i c  was decreased b y  
approx ima te l y  a f a c t o r  o f  two when a s o l i d  l u b r i c a n t  f i l m  had been a p p l i e d .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
F a b r i c  upon which 1000 A Ag and 500 A CaF2 had been s p u t t e r e d  d i s p l a y e d  
f r i c t i o n  c o e f f i c i e n t s  which ranged from 0.3020.02, a t  room tempera ture ,  t o  
0.60e0.03 a t  850 "C. No f i b e r  breakage was observed a f t e r  these t e s t s .  

When g o l d  was used as t h e  f a b r i c  l u b r i c a n t ,  t h e  f r i c t i o n  behav io r  was 
s i m i l a r  t o  t h e  t e s t s  w i t h  s i l v e r  and CaF2. 
0.30+0.02, a t  room tempera ture ,  t o  0.6020.03 a t  850 " C .  No f i b e r  breakage 
occu r red  when g o l d  was used as t h e  l u b r i c a n t .  

F r i c t i o n  c o e f f i c i e n t s  ranged from 

When the  bare AF-40 was s l i d  a g a i n s t  a pure  copper d i s k  t h e  f r i c t i o n  
c o e f f i c i e n t s  ranged from 0.2520.02, a t  room tempera ture ,  t o  0.50e0.03 a t  
700 " C .  When heated i n  a i r ,  however, t he  copper d i s k  su r face  s e v e r e l y  o x i d i z e d  
a t  temperatures above 450 "C ( r e f .  4 ) .  The o x i d e  f i l m  s p a l l e d  and was the re -  
fo re  n o t  p a s s i v a t i n g .  Thus, w i t h o u t  a p r o t e c t i v e  c o a t i n g ,  copper i s  p r o b a b l y  
n o t  a s u i t a b l e  coun te r face  m a t e r i a l .  
t e s t s .  

No f i b e r  breakage was observed for  these 

Boron n i t r i d e  (BN) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  not a gdod l u b r i c a n t  for t h i s  f a b r i c .  When s l i d  i n  
a i r  t he  f r i c t i o n  c o e f f i c i e n t  was 0.65 20.03, a t  room tempera ture ,  wh ich  
i nc reased  t o  1.4 20.1 a t  850 "C.  The f a b r i c  was a l s o  c h e m i c a l l y  a t t a c k e d  by  
the  BN a t  e l e v a t e d  temperatures becoming ve ry  weak and b r i t t l e .  T h i s  was 
p robab ly  because BN a t  tempera tures  above 500 "C,  o x i d i z e s  to  B2O3 which can 
a c t  as a f l u x i n g  agent  t o  t h e  f a b r i c .  

DISCUSSION 

When t h e  AF-40, a l u m i n a - b o r i a - s i l i c a t e ,  f a b r i c  was s l i d  a g a i n s t  I n c o n e l  
X750 w i t h o u t  any l u b r i c a t i o n ,  t h e  f r i c t i o n  was unacceptab ly  h i g h .  
f o r c e s  a r i s i n g  from the  h i g h  f r i c t i o n  c o e f f i c i e n t s  l e a d  t o  excess i ve  s t r e s s e s  
i n  the  f a b r i c  f i b e r s  and u l t i m a t e l y  f i b e r  f r a c t u r e .  By s p u t t e r i n g  l u b r i c a n t s  
o n t o  the  f a b r i c  s u r f a c e  t h e  f r i c t i o n  was reduced by p r o v i d i n g  a low shear 

The f r i c t i o n  
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s t r e n g t h  f i l m  between t h e  ceramic f a b r i c  and t h e  meta l  coun te r face .  Th is  
lowered t h e  s t r e s s e s  on t h e  f i b e r s  and f r a c t u r e  was l e s s  l i k e l y  t o  o c c u r .  

A t  e l e v a t e d  tempera tures ,  t h e  f r i c t i o n  c o e f f i c i e n t s  were t w i c e  as h i g h  as 
a t  room tempera ture .  One f a c t o r  may be t h a t  t h e  meta l  o x i d e s  which formed a t  
e l e v a t e d  temperatures were  n o t  v e r y  l u b r i c i o u s  a t  room tempera ture .  
c o n t r i b u t i n g  f a c t o r  may be t h a t  t h e  t h i n  s p u t t e r e d  l u b r i c a n t  f i l m s  d i f f u s e d  
i n t o  t h e  f a b r i c  away from t h e  s l i d i n g  c o n t a c t  upon h e a t i n g .  
l u b r i c a n t s  p r e s e n t  i n  t h e  c o n t a c t  a rea  may have f u r t h e r  reduced f r i c t i o n .  
t e s t  t h i s  hypo thes i s ,  a second l u b r i c a t i o n  method was i n v e s t i g a t e d .  

Another  

C l e a r l y ,  more 
To 

With  t h i s  method, the  f a b r i c  was impregnated w i t h  f i n e  l u b r i c a n t  powder 
by p l a c i n g  a f a b r i c  t e s t  sample i n  a j a r  f i l l e d  w i t h  Ag and CaF2 powder. 
j a r  was r o l l e d  t o  t h o r o u g h l y  impregnate the  f a b r i c  w i t h  l u b r i c a n t s .  The 
impregnated f a b r i c  sample was then removed from t h e  j a r  and heated i n  a fu rnace  
a t  950 "C, i n  a i r ,  to  p a r t i a l l y  s i n t e r  t he  l u b r i c a n t s  t o  ach ieve  some bonding 
between the  l u b r i c a n t s  and t h e  f a b r i c  f i b e r s  p r i o r  t o  s l i d i n g .  The r e s u l t i n g  
f a b r i c ,  however, was s e v e r e l y  weakened by t h i s  t rea tmen t .  

The 

Subsequent v i s u a l  examinat ion  o f  the  specimens i n d i c a t e d  t h a t  a chemical  
r e a c t i o n  between the  l u b r i c a n t  powders and t h e  f a b r i c  f i b e r s  had occu r red .  A t  
950 "C two r e a c t i o n s  between b o r i a  and Ag and CaF2 a re  p o s s i b l e  ( r e f .  3 ) .  
They a re  g i v e n  below: 

CaF2 + B2O3 ----- B203-CaF2 

Since these r e a c t i o n s  weaken the  f a b r i c ,  t h i s  l u b r i c a t i o n  method, a t  l e a s t  
w i t h  these l u b r i c a n t s ,  i s  u n s a t i s f a c t o r y .  

Nonetheless,  no s i g n i f i c a n t  f i b e r  weakening was observed f o r  t h e  f a b r i c  
t h a t  has been s p u t t e r e d  w i t h  Ag and CaF2 even a f t e r  a 16 h r  hea t  t r e a t m e n t  a t  
950 "C.  Th is  was p robab ly  because t h e  t h i n  s p u t t e r e d  f i l m s  c o n s t i t u t e  a much 
s m a l l e r  volume than t h e  impregnated l u b r i c a n t  powders. There fo re  much l e s s  o f  
t h e  f a b r i c ' s  b o r i a  con ten t  r e a c t e d .  Under these c o n d i t i o n s  t h i s  may be a 
s a t i s f a c t o r y  l u b r i c a t i o n  method. 

Gold does n o t  r e a c t  w i t h  t h e  f a b r i c  y e t  l u b r i c a t e d  as w e l l  as s i l v e r .  
Thus g o l d  may p r o v i d e  s u i t a b l e  f a b r i c  l u b r i c a t i o n  t o  a t  l e a s t  1000 "C even 
a f t e r  f o l l o w i n g  t h e  powder l u b r i c a t i o n  method. ,These t e s t  have n o t  been done. 

An zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASEM a n a l y s i s  o f  t h e  f a b r i c  and t h e  d i s k s  a f t e r  t e s t i n g  i n d i c a t e d  t h a t  
t he  mode o f  f a i l u r e  f o r  t h e  f a b r i c  i s  f i b e r  f r a c t u r e .  No f i b e r  a b r a s i o n  was 
de tec ted .  EDS e lementa l  a n a l y s i s  shows t h a t  no l u b r i c a n t s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAor f i b e r s  
t r a n s f e r r e d  t o  t h e  d i s k  s u r f a c e  b u t  t h e r e  was a t r a n s f e r  o f  n i c k e l  and 
chromium, o r  copper depending upon t h e  t e s t ,  t o  t he  f a b r i c  s u r f a c e  p r o b a b l y  i n  
the  form o f  o x i d e s .  These m a t e r i a l s  may have p r o v i d e d  a l i m i t e d  l u b r i c a t i n g  
e f f e c t  by s e p a r a t i n g  t h e  f a b r i c  from t h e  meta l  counter face  ( r e f .  5 ) .  

C l e a r l y ,  t h e  l u b r i c a t i o n  o f  t h e  f a b r i c  i s  necessary t o  p r e v e n t  f i b e r  
breakage and to  reduce f r i c t i o n  t o  accep tab le  l e v e l s .  The chosen l u b r i c a t i o n  
method must n o t  o n l y  p r o v i d e  an adequate l u b r i c a n t  supp ly  t o  t h e  s l i d i n g  
c o n t a c t s  f o r  t h e  l i f e  o f  t h e  sea l  b u t  must a l s o  employ l u b r i c a n t s  which do n o t  
a d v e r s e l y  r e a c t  w i t h  t h e  seal  f a b r i c  and cause i t s  degrada t ion .  
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACONCLUSIONS 

1 .  The tribological propertles of the AF-40 fabric were ascertained. 
The friction Coefficient and the extent of fiber fracture are the significant 
parameters upon which to measure the success of a test. 
was too small to measure. 

Counterface disk wear 

2 .  The friction coefficient was reduced by a factor of two and fiber 
I 
I breakage was prevented by applying a thin sputtered film of Ag and CaF2 or 

gold on the fabric surface prior to sliding. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 .  Boron nitride did not effectively lubricate the fabric 

temperatures, the BN apparently oxidized and seemed to act as a 
ceramic fabric causing severe fabric degradation. 

4. When present in large quantities, such as a powdered f 

At elevated 
flux for the 

lm, silver, 
ures. This CaF2, and BN chemically attacked the fabric at elevated tempera 

effect may be avoided by applying small quantities of the lubricants such as 
by using a sputtered film. 

5. Gold shows promise as being a suitable solid lubricant for the AF-40 
fabric. When used as a sputtered film it lowered friction by a factor of two 
and did not react with the fabric. Powdered lubrication with gold may further 
reduce the friction coefficient. 
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TABLE I. - SPUTTERING PARAMETERS USED TO APPLY SOLID LUBRICANT 

FILMS TO THE FABRIC SURFACE 

Coat ing  
mater i  a1 

CaF2 

Thickness S p u t t e r i n g  Power Argon Chamber zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A t ime,  kW F1 owrate, p ressure ,  

m i  n cc/mi n mTo r r 

500 17 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA12 10 

Ag 

Au 

TABLE 11. - FRICTION AND WEAR DATA SUMMARY FROM FABRIC TRIBOTESS 

1000 0 .5  0.5 12 10 

1500 10.0 0.05 210 50 

F a b r i c  c o a t i n g  o r  
l u b r i c a n t  t reatment  

none 
I I 

Disk  F r i c t i o n  c o e f f i c i e n t  F a b r i c  f i b e r  

mater i  a1 breakage 

Incone l  X750 0.60?0.03 1.30r0.05 Moderate 

850 "C  25 "C  

none 

1000 A Ag 

500 A CaF2 

Copper 0.30+0.02 0.50t0.03 None 

Incone l  X750 0.30+0.02 --------- None 

Incone l  X750 --------- 0.60t0.03 None zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 20.1 mm BN I Incone l  X750 I 0.05?0.03 I 1.3OkO.05 I Moderate I 

1000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8, Ag + 500 A CaF2 

1500 A Au 

7 

Incone l  X750 0.30+0.02 0.60;t0.03 None 

Incone l  X750 0.30i-0.02 0.60t0.03 None 



ORIGINAL PAGE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
OF POOR QUALITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

j-ENGINE WALL 
SEAL ROPE7 I 

I 

HOT GAS FLOW 
\ 

'- INCONEL TELESCOPING - SEGMENT 

EXTERNAL SUPPORT 

UNCLASSIFIED 

FIGURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1. - CROSS-SECTION OF ENGINE SEAL. 

FIGURE 2. - VIRGIN FABRIC BUNDLE 50X. 
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ORIGINAL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPAGE IS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
OF POOR Q U A L I ~  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

LCOAXIAL ELECTRICAL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA--.-..-/ 
FEED-THROUGH 

FRICTION \> 
,-FABRIC 

\ WRAPPED 

\ RIDER 
WEAR \ 

FRICTION 

SPECIMENS 

CD-7935-15 

FIGURE 3. - H I G H - W E R A T U R E  FRICTION APPARATUS. 
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-1/8-IN, DIAMETER 
/ 

,/ FLAT SPOT 

SEAL FABRIC SAMPLE 

WIRE CLAMP 

.CHANNEL FOR 

WIRE CLAMP 

FIGURE 4. - THE P I N  TEST SPECIMEN. 

la6 r SUBSEQUENT 

HEAT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI NG 
COOLING - 

1.2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr 1.2 r 

FIRST HEAT I NG 

25 2 25 425 625 825 1025 

TEST TEMPERATURE, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOC 

~ - H R  SLIDING, 630 IN./MIN 

INCONEL X750 WITH NO LUBRICANT COATINGS. 

0 

FIGURE 5. - FRICTION COEFFICIENT FOR FABRIC SLIDING AGAINSl 

SUBSEQUENT SUBSEQUENT 

HEAT I NG 
COOL I NG .8 

LL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
z .- I  

HEATING 

CqoLlNG zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
L---rL, 

E: .4 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
E (f 
e LL 

I 1 I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I 
- v  

425 625 825 1025 25 225 425 625 825 1025 
0 '  0 

25 225 

TEST TEMPERATURE, OC 

1-HR SLIDING. 630 IN./MIN 

AND CaF2 LUBRICANT COATING SLIDING AGAINST INCONEL 

X750. 

FIGURE 6. - FRICTION COEFFICIENT FOR THE FABRIC WITH Ag 

TEST TEMPERATURE, OC 

~ - H R  SLIDING, 630 IN./MIN 

FIGURE 7. - FRICTION COEFFICIENT FOR THE FABRIC WITH GOLD 

COATING SLIDING AGAINST INCONEL X750. 

I 1 0  



ORIGINAL PAGE rs zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
OF zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPOOR (2T -J '  'TY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

FIGURE 8. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- FABRIC FRACTURE AFTER SLIDING AGAINST INCONEL X750. NO LUBRICANT COATINGS 

APPLIED. (TOP PHOTO 1OX. LOWER PHOTO SOX.) 
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