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ABSTRACT 

T h i s  r e p o r t  c o n t a i n s  t h e  r e s u l t s  of  a t e s t  p r o g r a m  s e t  u p  to  d e t e r -  
m i n e  t h e  o p e r a t i o n a l  c h a r a c t e r i s t i c s  of  d r y  c o m p o s i t e  l u b r i c a t e d  g e a r s .  
T w o  d i a m e t r a l  p i t c h  s i z e s ,  7 a n d  12, a n d  t w o  g e a r  m a t e r i a l s ,  n i t r a l l o y  
s t e e l  a n d  n o d u l a r  i r o n ,  w e r e  t e s t e d .  T h r e e  d r y  c o m p o s i t e  l u b r i c a n t s  
a nd  o n e  l o w  v a p o r  p r e s s u r e  g r e a s e  w e r e  t e s t e d .  A l l  t h r e e  d r y  c o m -  
p o s i t e  l u b r i c a n t s  p r o v i d e d  a d e q u a t e  l u b r i c a t i o n  f o r  p e r i o d s  of  u p  t o  
300 h r  at  100 r p m  w i t h  v e r y  l i t t l e  w e a r  of  e i t h e r  l o a d  g e a r s  o r  l u b r i c a t -  
i ng  i d l e r s .  T h e  M o S 2 - f o r t i f i e d ,  g r e a s e - l u b r i c a t e d  g e a r s  f a i l e d  a f t e r  
40 h r  of o p e r a t i o n .  

i i i  
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INTRODUCT ION 
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E x p e r i e n c e  has  s h o w n  tha t  convent . iona l  f lu id  l u b r i c a n t s  in g e a r s  a r e  
not s a t i s f a c t o r y  f o r  e x t e n d e d  p e r i o d s  of o p e r a t i o n  in v a c u u m  c h a m b e r s  
at  p r e s s u r e s  of 10 -4 t o r r  and l o w e r .  T h i s  is b e c a u s e  of (1) e x c e s s i v e  
e v a p o r a t i o n  and s u b l i m a t i o n  which  c a u s e s  an e x c e s s i v e  load  on the c h a m -  
b e r  v a c u u m  p u m p i n g  s y s t e m ,  (2) p o s s i b l e  s u r f a c e  c o n t a m i n a t i o n  of 
t e s t  suppor t  e q u i p m e n t  as  wel l  as t e s t  v e h i c l e s ,  and (3) l o s s  of l u b r i c a n t  
c a u s i n g  m a r g i n a l  l u b r i c a t i o n  with  p o s s i b l e  cold  w e l d i n g  of c l e a n  s u r f a c e s .  
D e v e l o p m e n t  w o r k  to da t e  us ing  d ry  c o m p o s i t e  l u b r i c a t i n g  m a t e r i a l s  has  
d e m o n s t r a t e d  tha t  the  u s e  of t h e s e  l u b r i c a n t s  is  p r a c t i c a l  and tha t  t hey  
can  be adap ted  to  v a r i o u s  a p p l i c a t i o n s  in a e r o s p a c e  t e s t  c h a m b e r  s u p p o r t  
s y s t e m s .  H o w e v e r ,  b e f o r e  s p e c i f i c  d r y  l u b r i c a t e d  g e a r s  a r e  p r o d u c e d  
and i n s t a l l e d  in a p a r t i c u l a r  t e s t i n g  f a c i l i t y ,  it is  n e c e s s a r y  to conduc t  
func t i ona l  t e s t s  of p r o t o t y p e s .  T h e s e  t e s t s  d e t e r m i n e  w h e t h e r  the  load  
l i fe  c h a r a c t e r i s t i c s  m e e t  the  r e q u i r e m e n t s  of s a t i s f a c t o r y  o p e r a t i o n  in 
the  p a r t i c u l a r  a p p l i c a t i o n .  

The  v e h i c l e  h a n d l i n g  s y s t e m  of the  M a r k  I A e r o s p a c e  E n v i r o n m e n t a l  
C h a m b e r  (Fig.  1) is  d e s i g n e d  to be c a p a b l e  of s u p p o r t i n g  and m a n e u v e r i n g  
a 40 ,000-1b  t e s t  v e h i c l e  with a 3 -g  l o a d  f a c t o r .  T h e  o p e r a t i o n a l  e n v i r o n -  
m e n t  wil l  have  a p r e s s u r e  r a n g e  of f r o m  one a t m o s p h e r e  to 1 x 10-8 t o r r ,  
and a t e m p e r a t u r e  r a n g e  of f r o m  -193 t o + 1 0 0 ° C .  M a t e r i a l s  u s e d  in th i s  
s y s t e m  a re  c o r r o s i o n  r e s i s t a n t  s t e e l s  wi th  m i n i m u m  o u t g a s s i n g  r a t e s .  
A m i n i m u m  g e a r  l i f e  of one y e a r  of c o n t i n u o u s  o p e r a t i o n  is d e s i r e d  w i th -  
out m a n u a l  r e l u b r i c a t i o n .  

The  work  r e p o r t e d  h e r e i n  c o n c e r n s  the  e v a l u a t i o n  of s e l f - l u b r i c a t i n g  
c o m p o s i t e  m a t e r i a l s  and d r y  l u b r i c a t i o n  t e c h n i q u e s  f o r  two d i a m e t r a l  
p i tch  s i z e s  of s p u r  g e a r s  wh ich  could  be u s e d  in the  M a r k  I s y s t e m s .  

SECTION II 
LUBRICAHTS 

2.1 THEORY OF DRY LUBRICATION 

The t h e o r y  b e h i n d  d r y  f i lm l u b r i c a t i o n  is s i m p l y  i n d i c a t e d  in F ig .  2. 
F r i c t i o n  and w e a r  a r e  the  r e s u l t s  of the  w e l d i n g  t o g e t h e r  of s u r f a c e s  at 
t h e i r  points  of c o n t a c t  and the s u b s e q u e n t  t e a r i n g  at  t h e  w e l d e d  j u n c t i o n s  
when  the s u r f a c e s  s l i d e  o r  r o l l  o v e r  one  a n o t h e r .  T h e  f r i c t i o n a l  f o r c e ,  
F ( see  Fig.  2), e q u a l s  the  p r o d u c t  of the  a r e a  of r e a l  con t ac t ,  A, and  the  
s h e a r  s t r e n g t h  of t he  j u n c t i o n ,  S. W h e n  a h a r d  m e t a l  r i d e s  o v e r  a soft  
one,  the h a r d  body  p r e s s e s  or  p lows  in to  the  soft  one  so that  the  a r e a  of 
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r e a l  c o n t a c t  is  l a r g e .  E v e n  though  the  s h e a r  s t r e n g t h  of the  j u n c t i o n  m a y  
be r e l a t i v e l y  low,  the  f r i c t i o n a l  f o r c e  is  l a r g e  b e c a u s e  of the  l a r g e  a r e a  
of r e a l  con t ac t .  T h e  f r i c t i o n a l  f o r c e  is a l s o  l a r g e  when  both b o d i e s  a r e  
h a r d  s i n c e  the  s h e a r  s t r e n g t h  of the j u n c t i o n s  is l a r g e  even  t h o u g h  the  
a r e a  of r e a l  c o n t a c t  i s  s m a l l .  The  idea l  s o l u t i o n  to the  p r o b l e m  of f r i c -  
t ion  is  to d e p o s i t  and m a i n t a i n  a th in  f i l m  of m a t e r i a l  with l o w  s h e a r  
s t r e n g t h  b e t w e e n  two  h a r d  bod i e s  so tha t  t h e  h a r d  s u b s t r a t e  s u p p o r t s  the 
l oad  and k e e p s  the  a r e a  of r e a l  con tac t  at  a m i n i m u m  whi l e  the  f i l m  r e d u c e s  
the  s h e a r  s t r e n g t h  of the  j u n c t i o n s .  T o g e t h e r ,  t h e s e  two f a c t o r s  r e d u c e  the 

f r i c t i o n a l  f o r c e .  

2.2 TYPES OF DRY LUBRICATION SYSTEMS 

T e c h n i q u e s  f o r  the  d e p o s i t i o n  and m a i n t e n a n c e  of the  d r y  f i l m  onto 
g e a r  too th  s u r f a c e s  a r e  d i v i d e d  into  two t y p e s  of s y s t e m s .  

2.2.1 Nonreplenishable Systems 

T h i n  d ry  l u b r i c a t i n g  f i l m s  m a y  be a p p l i e d  and bonded  d i r e c t l y  to g e a r  
too th  s u r f a c e s  by s e v e r a l  m e t h o d s ,  s u c h  a s  s p r a y i n g ,  b r u s h i n g ,  v a c u u m  
d e p o s i t i o n ,  or  e l e c t r o p l a t i n g .  U s u a l l y  a f a i r  d e g r e e  of u n i f o r m i t y  is m a i n -  
t a i n e d  in f i lm t h i c k n e s s e s .  T h e s e  d e p o s i t e d  f i l m s  a r e  e x p e c t e d  to  l u b r i -  
c a t e  the  s u r f a c e s  on w h i c h  they  a r e  a p p l i e d  fo r  a c e r t a i n  l e n g t h  of duty 
l i f e .  Upon c o m p l e t i o n  of the  p r e s c r i b e d  d u t y  l i fe ,  s u r f a c e s  m a y  o r  m a y  
not be i n s p e c t e d ,  c l e a n e d ,  and the f i lm  r e a p p l i e d .  H o w e v e r ,  d u r i n g  the 
duty l i f e  of the  p a r t i c u l a r  g e a r ,  t h e r e  is  n o  p r o v i s i o n  fo r  m a i n t a i n i n g  the  
f i l m  at i t s  d e s i r e d  t h i c k n e s s .  Such a s y s t e m  is  s a id  to be n o n r e p l e n i s h -  

ab le  (Ref.  l ) .  

2.2.2 Replenishable Systems 

D r y  l u b r i c a t i n g  f i l m s  m a y  be t r a n s f e r r e d  f r o m  a r e s e r v o i r  to  the  
g e a r  too th  s u r f a c e s  w h i c h  a r e  to be l u b r i c a t e d .  Th i s  r e s e r v o i r  c a n  be 
a q u a n t i t y  of d r y  l u b r i c a t i n g  p o w d e r  p a c k e d  and  s e a l e d  into  a g e a r  box. 
An i d l e r  g e a r  can  p r o v i d e  the  l u b r i c a n t  r e s e r v o i r  if it is  c o m p o s e d  of a 
d r y  l u b r i c a n t  s u c h  as  m o l y b d e n u m  d i s u l f i d e  (MoS2) o r  t u n g s t e n  d i s e l e n i d e  
(WSe 2) s i n t e r e d  wi th  a p o w d e r e d  m e t a l  s u c h  as  s i l v e r  o r  c o p p e r ,  w h i c h  
a c t s  a s  a m a t r i x .  In s u c h  s y s t e m s ,  the  l o a d - c a r r y i n g  g e a r s  a r e  m e s h e d  
wi th  d r y  c o m p o s i t e  l u b r i c a t i n g  i d l e r s  w h i c h  t r a n s f e r  the  d r y  f i l m  to the  
g e a r  t e e t h  and m a i n t a i n  the  f i lm  at the  d e s i r e d  t h i c k n e s s .  T h i s  r e p o r t  
is  c o n c e r n e d  wi th  s u c h  a r e p l e n i s h a b l e  l u b r i c a t i o n  s y s t e m .  

2 
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2.3 FUNCTIONS OF THE MAJOR CONSTITUENTS OF THE SOLID COMPOSITE 
LUBRICANTS TESTED 

S e v e r a l  m a t e r i a l s  w e r e  u s e d  in  e a c h  of  t h e  i d l e r  g e a r s :  a p o w d e r e d  
m e t a l  ( c o p p e r ,  s i l v e r ,  o r  a s p e c i a l  a l l o y ) ;  a p l a s t i c  ( P T F E ,  T e f l o n ® ) ;  
and  a m e t a l l i c  s a l t  (WSe 2, t u n g s t e n  d i s e l e n i d e ) .  T h e  m e t a l  f o r m e d  a 
m a t r i x  u n d e r  m o d e r a t e  h e a t  a n d  h i g h  s i n t e r i n g  p r e s s u r e ,  t h e  p l a s t i c  
s e r v e d  a s  a f i l m  f o r m i n g  a g e n t ,  a n d  t h e  m e t a l l i c  s a l t  c a r r i e d  t h e  n o r m a l  
l o a d s  and  a c t e d  a s  t h e  l u b r i c a t i n g  e l e m e n t  a l o n g  w i t h  t h e  p l a s t i c .  T h e  
r a t i o  of  m e t a l ,  P T F E ,  a n d  m e t a l l i c  s a l t  w a s  a b o u t  6 :3 :1  by  w e i g h t .  

2.4 LOW VAPOR PRESSURE GREASE TESTED 

On o n e  p a i r  o f  n o d u l a r  i r o n  g e a r s ,  A p i e z o n  m " L " ,  a s p e c i a l l y  d e v e l o p e =  
l o w  v a p o r  p r e s s u r e  ( 1 0 - 1 0  to  1 0 - 1 1  t o r r  a t  r o o m  t e m p e r a t u r e )  p e t r o l e u m  
d i s t i l l a t e  g r e a s e  w i t h  MoS 2 a d d i t i v e ,  w a s  t e s t e d .  T h i s  t e s t  w a s  r u n  so  
t h a t  s o m e  c o m p a r i s o n  b e t w e e n  t h e  g r e a s e  a n d  t h e  s o l i d  c o m p o s i t e  l u b r i -  
c a n t s  c o u l d  be  m a d e .  

SECTION III 
APPARATUS 

3.1 FOUR-SQUARE GEAR TESTER 

T h e  t e s t e r  u s e d  t o  s u p p o r t  a n d  a p p l y  p r e s e t  l o a d s  on  t h e  t e s t  g e a r s  
i s  s h o w n  in  F i g s .  3 a n d  4. It  c o n s i s t e d  of  t w o  p a r a l l e l  s h a f t s ,  t h e  d r i v e  
s h a f t  a n d  t h e  t o r s i o n  s h a f t ,  r i g i d l y  s u p p o r t e d  on a s t a i n l e s s  s t e e l  b a s e  
p l a t e .  T h e  d i a m e t e r s  of  t h e  d r i v e  s h a f t  a n d  t h e  t o r s i o n  s h a f t  w e r e  2 . 0 0  
and  0 . 4 5  i n . ,  r e s p e c t i v e l y .  T h e  t o r s i o n  s h a f t  w a s  p r o v i d e d  w i t h  a t o r q u e  
c o u p l e r  w h i c h  w a s  u s e d  to  a p p l y  a n d  l o c k  t h e  d e s i r e d  t o r q u e  i n t o  t h e  s y s -  
t e m ;  t h i s  w a s  d o n e  by  t w i s t i n g  o n e  f a c e  o f  t h e  t o r q u e  c o u p l e r  w i t h  r e s p e c t  
to  t h e  o t h e r  f a c e  b y  m e a n s  of  l o a d i n g  s c r e w s .  T h i s  d e s i g n  m a d e  it  p o s s i -  
b l e  t o  m e a s u r e  t h e  t o r q u e  in  t h e  s y s t e m  w i t h  s t r a i n  g a g e s  m o u n t e d  o n  t h e  
t o r s i o n  s h a f t .  E i g h t ,  s i z e  305,  b a l l  b e a r i n g s  u s i n g  d r y  c o m p o s i t e  l u b r i -  
c a t i n g  r e t a i n e r s  w e r e  u s e d  t o  s u p p o r t  t h e  t e s t  g e a r s  m o u n t e d  on  t h e  two  
s h a f t s .  A b e a r i n g  w a s  l o c a t e d  on  e a c h  s i d e  of  t h e  f o u r  t e s t  g e a r s .  T h e  
p a r t s  of one  s u p p o r t  b e a r i n g  a s s e m b l y  a r e  s h o w n  in  F i g .  5. T h e  t w o  
s h a f t s  w e r e  t i e d  t o g e t h e r  in  t h e  f o u r - s q u a r e  c o n f i g u r a t i o n  t h r o u g h  two  
p a i r s  of  l o a d  c a r r y i n g  g e a r s .  A l l  f o u r  l o a d  g e a r s  w e r e  o f  t h e  s a m e  
d i a m e t e r ;  h o w e v e r ,  b o t h  p a i r s  w e r e  n o t  n e c e s s a r i l y  o f  t h e  s a m e  d i a m e t r a l  
p i t c h .  E a c h  l o a d  g e a r  w a s  l u b r i c a t e d  by  a m e s h i n g ,  d r y  c o m p o s i t e  l u b r i -  
c a t i n g  i d l e r  m o u n t e d  a b o v e  t h e  g e a r .  T h e s e  l u b r i c a t i n g  i d l e r s  w e r e  
c o u n t e r w e i g h t e d  s o  t h a t  t h e  d e s i r e d  f i l m  t r a n s f e r  p r e s s u r e  w a s  a t t a i n e d .  
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3.2 TEST GEARS 

3.2.1 Gears 

T h e  t e s t  g e a r s  had  a p i t ch  d i a m e t e r  of 4 in. and  a p i t ch  ang le  of 
14-112 deg.  S o m e  of the  g e a r s  had a d i a m e t r a l  p i tch  of 7 and  o t h e r s  12. 
All  g e a r s  had a t oo th  width  of 0 . 5  in. "Two  t y p e s  of g e a r  m a t e r i a l s  w e r e  
t e s t e d .  Some g e a r s  w e r e  m a d e  of N i t r a l l o y  s t e e l  and n i t r i d e d .  O t h e r  
g e a r s  w e r e  m a d e  of n o d u l a r  i r o n ,  f l a m e  h a r d e n e d  and  n i t r i d e d .  

T h e  load  on e a c h  g e a r  too th  was  c a l c u l a t e d  as  fo l lows :  

T 
L o a d  - cos  e 

P . D .  

2 

w h e r e  

T h u s ,  fo r  4 - in .  

T = T o r q u e  on s y s t e m ,  i n . - I b  

P . D .  = P i t c h  d i a m e t e r  of g e a r ,  in. 

8 = P i t c h  ang le  of g e a r s ,  deg 

P . D .  and 1 4 - 1 / 2 - d e g  p i t ch  ang le  

L o a d  = 0. 484T l b  

3.2.2 Idlers 

The  dry  c o m p o s i t e  l u b r i c a t i n g  i d l e r s  w e r e  m a d e  wi th  e i t h e r  a 
d i a m e t r a l  p i tch  of 7 o r  12. T h e  7-D.  P.  i d l e r s  had  a p i t ch  d i a m e t e r  
of 2. 429 in. and the  12-D.  P. i d l e r s  had  a p i t ch  d i a m e t e r  of 2 .50  in. All  
i d l e r s  had a t oo th  w i d t h  of 0. 625 in. T h e  t h r e e  t y p e s  of d r y  c o m p o s i t e  
l u b r i c a t i n g  m a t e r i a l s  u s e d  in the  i d l e r s  w e r e  ( i )  c o p p e r  + P T F E  (Tef lon)  
+ WSe 2 ( t ungs t en  d i s e l e n i d e ) ,  (2) s i l v e r  + P T F E  + WSe 2) and  (3) s p e c i a l  
a l loy  + P T F E  + WSe2 .  S c r e e n i n g  t e s t s  s h o w e d  tha t  o p t i m u m  f i l m  t r a n s -  
f e r  p r e s s u r e  o c c u r r e d  w h e n  i d l e r s  w e r e  c o u n t e r w e i g h t e d  to  g ive  an 
e f f e c t i v e  i d l e r  l o a d  of one pound on the  g e a r  b e i n g  l u b r i c a t e d .  

3.3 TEST CHAMBER 

T h e  A e r o s p a c e  R e s e a r c h  C h a m b e r  (7V), F ig .  6, w a s  u s e d  to p r o v i d e  
the  e n v i r o n m e n t  f o r  t h i s  t e s t  p r o g r a m .  T h e  i n s i d e  of the  c h a m b e r  is 
7 ft in d i a m e t e r  and  m e a s u r e s  12 ft f r o m  d o o r  f l a n g e  to d o o r  f l ange .  Both 
ends  a r e  p r o v i d e d  wi th  d o o r s  w h i c h  g ive  fu l l  7 - f t  a c c e s s  to the  c h a m b e r  
as  shown in F ig .  7. The  p u m p i n g  s y s t e m  fo r  t h i s  t e s t  p r o g r a m  c o n s i s t e d  
of one end c r y o p a n e l  c o o l e d  to 77°K f o r  p u m p i n g  w a t e r  v a p o r ,  and two 
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32- in .  d i f fus ion  p u m p s ,  e a c h  in s e r i e s  wi th  one of two  6 - in .  d i f fus ion  
pumps  and b a c k e d  by a s i n g l e  m e c h a n i c a l  pump.  L i q u i d - n i t r o g e n - c o o l e d  
baf f les  w e r e  e m p l o y e d  with  the  3 2 - i n .  d i f fus ion  p u m p s  to r e t a r d  d i f fus ion  
pump oil b a c k s t r e a m i n g  into  the  c h a m b e r .  

3.4 INSTRUMENTATION 

S t r a i n  g a g e s  w e r e  u s e d  to m e a s u r e  the  s y s t e m  t o r q u e  in the F o u r -  
Squa re  G e a r  T e s t e r  d u r i n g  t e s t e r  l o a d i n g  and c a l i b r a t i o n .  S y s t e m  t o r q u e  
was  not m e a s u r e d  d u r i n g  t e s t i n g  o p e r a t i o n s .  H o w e v e r ,  the  d r i v i n g  t o r q u e  
was m e a s u r e d  t h r o u g h o u t  the  d u r a t i o n  of the  t e s t  by m e a n s  of a s l ip  
r i n g / s t r a i n  gage  sha f t  coup l ing  as  s h o w n  in F ig .  8. T h i s  t o r q u e  was  
r e c o r d e d  h o u r l y .  C o p p e r - c o n s t a n t a n  t h e r m o c o u p l e s  w e r e  u s e d  as s e n s o r s  
fo r  r e p r e s e n t a t i v e  t e m p e r a t u r e s  on the  t e s t e r .  It was  n e c e s s a r y  to t r a n s -  
mi t  t h r e e  of t h e s e  t h e r m o c o u p l e  v o l t a g e  s i g n a l s  t h r o u g h  a n o t h e r  s l ip  r i ng  
a s s e m b l y  s i n c e  t h r e e  t e m p e r a t u r e s  b e i n g  m o n i t o r e d  w e r e  on r o t a t i n g  h a r d -  
w a r e .  One was  l o c a t e d  on the  s i d e  of a g e a r  tooth ,  a n o t h e r  n e a r  the hub o." 
the s a m e  g e a r ,  and the  t h i r d  at the  i n n e r  r a c e  of one  of the  s u p p o r t  b e a r -  
ings .  F i g u r e  3 s h o w s  the  t h e r m o c o u p l e  s l ip  r i n g  a s s e m b l y .  All  t e m p e r a -  
t u r e s  of both s t a t i o n a r y  and r o t a t i n g  h a r d w a r e  w e r e  r e c o r d e d  each  hour  
du r ing  the  t e s t .  S o l e n o i d s  w e r e  u s e d  to r e t r a c t  b r u s h e s  f r o m  both s l ip  
r i n g  a s s e m b l i e s  w h e n  r e a d i n g s  w e r e  not  be ing  m a d e .  C h a m b e r  p r e s s u r e  
was m e a s u r e d  wi th  two nude  i o n i z a t i o n  g a g e s .  

3.5 DRIVE SYSTEM AND ROTARY FEEDTHROUGH SEAL 

The F o u r - S q u a r e  G e a r  T e s t e r  w a s  d r i v e n  by a 1-hp,  v a r i a b l e  speed ,  
a - c  m o t o r  ( see  F ig .  7). Input  s p e e d  to the  g e a r  t e s t e r  was  100 r p m .  
S ince  it was  n e c e s s a r y  t ha t  the  d r i v e  m e c h a n i s m  be l o c a t e d  ou t s ide  the  
v a c u u m  c h a m b e r ,  a v a c u u m - t i g h t  r o t a r y  f e e d t h r o u g h  s e a l  was  e m p l o y e d .  
Th i s  s e a l  u s e d  two g u a r d  v a c u u m  c a v i t i e s  a r o u n d  the  d r i v e  shaf t ,  as  
shown in F ig .  9. T h e  c a v i t y  n e a r e s t  t h e  d r i v e  m o t o r  was  m a i n t a i n e d  at 
a p r e s s u r e  b e t w e e n  1 and  10 m i c r o n s  by u s e  of a m e c h a n i c a l  pump.  The  
cav i ty  n e a r e s t  the  t e s t e r  w a s  m a i n t a i n e d  at a p r e s s u r e  l e s s  t han  1 m i c r o n  
by use  of a 2 - in .  d i f f u s i o n  p u m p  b a c k e d  by a m e c h a n i c a l  pump.  The  p e r -  
f o r m a n c e  of th i s  r o t a r y  s e a l  w a s  e x c e l l e n t .  C h a m b e r  p r e s s u r e s  as  low as 
1.2 x 10-8 t o r r  w e r e  a t t a i n e d  and  m a i n t a i n e d  d u r i n g  t h e s e  t e s t s  wi th  the  
r o t a r y  s e a l  o p e r a t i n g  at  s p e e d s  of 100 r p m  fo r  100 h r .  

5 
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SECTION IV 
PROCEDURE 

4.1 TESTER ASSEMBLY 

T e s t  g e a r s  and  i d l e r s  w e r e  m a r k e d  f o r  i d e n t i f i c a t i o n ,  c l e a n e d ,  and  
w e i g h e d  b e f o r e  a s s e m b l y  on t h e  t e s t e r .  T h e  w e i g h i n g  was  done  on an  
a n a l y t i c a l  b a l a n c e  to  an  a c c u r a c y  of + 0 . 0 1  g in .  E a c h  i t e m  was  p h o t o -  
g r a p h e d  and w e i g h e d  a g a i n  a f t e r  t e s t i n g .  T h e  s u p p o r t  b e a r i n g s  and t e s t  
g e a r s  w e r e  p r e s s e d  o n t o  t h e  d r i v e  sha f t  and  t o r s i o n  s h a f t  in the  c o n f i g u r a -  
t i o n  s h o w n  in F ig .  3. S p a c e r s  w e r e  u s e d  b e t w e e n  b e a r i n g  r a c e s  and g e a r  
h u b s  to  e x a c t l y  a l i gn  m e s h i n g  g e a r s .  A f t e r  a s s e m b l y ,  t h e r m o c o u p l e s  w e r e  
a t t a c h e d  to  the  s i d e  of one  g e a r  t oo th ,  t he  h u b  of  t he  s a m e  g e a r ,  and  the  
i n n e r  r a c e  of one  s u p p o r t  b e a r i n g .  

4.2 CALIBRATION OF STRAIN GAGES 

S t r a i n  g a g e s  on t h e  t o r s i o n  s h a f t  w e r e  c a l i b r a t e d  by a p p l y i n g  k n o w n  
t o r q u e  l o a d s  up to 1100 in.  - l b  to  the  t o r s i o n  s h a f t  and r e c o r d i n g  the  n e e d l e  
d e f l e c t i o n  on a s t r a i n - g a g e  i n d i c a t o r .  T h e  d r i v e  t o r q u e  s t r a i n  g a g e s  w e r e  
c a l i b r a t e d  by a p p l y i n g  k n o w n  t o r q u e  l o a d s  up  to  100 in. - l b  to  t he  d r i v e  
s h a f t  a n d  r e c o r d i n g  t h e  n e e d l e  d e f l e c t i o n  on  a s t r i p  c h a r t  r e c o r d e r .  

4.3 PRELOADING GEARS 

A f t e r  t e s t e r  a s s e m b l y  w a s  c o m p l e t e d ,  t h e  z e r o  p o s i t i o n  of t he  s t r a i n -  
g a g e  i n d i c a t o r  w as  c h e c k e d  w i t h  no t o r q u e  in  t h e  s y s t e m .  T h e  g e a r s  w e r e  
c o a t e d  w i th  a s l u r r y  of  MoS2 and  a l c o h o l ,  a s m a l l  t o r q u e  l o a d  was  a p p l i e d  
to  t he  s y s t e m  t h r o u g h  t h e  t o r q u e  c o u p l i n g  ( s e e  F i g .  3), and  t h e n  t he  s y s -  
t e m  w a s  r u n  fo r  a p p r o x i m a t e l y  30 m i n u t e s  in  a i r .  A f t e r  the  r u n - i n  p e r i o d ,  
t h e  g e a r s  w e r e  a g a i n  c o a t e d  w i t h  MoS2. N e x t ,  t he  fu l l  t e s t  p r e l o a d  w a s  
a p p l i e d  t h r o u g h  t h e  l o a d i n g  s c r e w s  on t h e  t o r q u e  c o u p l i n g .  T h e  s t r a i n -  
g a g e  l e a d s  w e r e  t h e n  d i s c o n n e c t e d  f r o m  t h e  i n d i c a t o r  and  w r a p p e d  a r o u n d  
t h e  t o r s i o n  s h a f t  and  t a p e d  to  p r e v e n t  i n t e r f e r e n c e  d u r i n g  r o t a t i o n .  S y s -  
t e m  l o a d  t o r q u e  was  no t  m o n i t o r e d  d u r i n g  t h e  t e s t .  

SECTION V 
RESULTS 

T a b l e  I s h o w s  g e a r  t e s t  c o n d i t i o n s  and  t a b u l a t e d  r e s u l t s .  T h e  f o l l o w -  
i ng  i n f o r m a t i o n  c o v e r s  d e t a i l e d  r e s u l t s  o b t a i n e d .  
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5.1 TEST 1 

In t h i s  t e s t ,  t w o  7 - D .  P.  s t e e l  g e a r s  w e r e  t e s t e d  u s i n g  one  
Cu + P T F E  + W S e 2  l u b r i c a t i n g  i d l e r  g e a r  r u n n i n g  in  p o s i t i o n  1 ( s e e  
F i g .  3}. T w o  7 - D .  P .  n o d u l a r  i r o n  g e a r s  w e r e  a l s o  t e s t e d  u s i n g  
A p i e z o n  " L "  g r e a s e  f o r t i f i e d  w i t h  MoS2 a s  a l u b r i c a n t .  T h e s e  g e a r s  
w e r e  p r e l o a d e d  to  600 in .  - l b  t o r q u e :  w h i c h  g a v e  a t a n g e n t i a l  t o o t h  
l o a d  of  290 lb .  T h i s  t e s t  c o n f i g u r a t i o n  r a n  f o r  40 h r  and  a t  t h i s  p o i n t  
w a s  s u s p e n d e d  b e c a u s e  of  h i g h  t o r q u e .  F i g u r e  10 s h o w s  d r i v e  t o r q u e ,  
g e a r  t o o t h  t e m p e r a t u r e ,  and  c h a m b e r  a m b i e n t  t e m p e r a t u r e  a s  f u n c t i o n s  
of t e s t  t i m e .  I t - w a s  f o u n d  t h a t  t h e  g r e a s e - l u b r i c a t e d  7 -D .  P .  n o d u l a r  
i r o n  g e a r s  h a d  w o r n  c o n s i d e r a b l y  ( s e e  F i g .  11). T h e y  w e r e  r e p l a c e d  
w i th  t w o  1 2 - D .  P .  n o d u l a r  i r o n  g e a r s  w i t h  o n e  Ag a l l o y  - P T F E  + WSe  2 
l u b r i c a t i n g  i d l e r  g e a r  r u n n i n g  in  p o s i t i o n  I -3  {see  F i g .  3). T h e  t w o  
s t e e l  g e a r s  a n d  Cu  + P T F E  + W S e 2  i d l e r  w e r e  l e f t  in  p l a c e  a n d  t h e  t e s t  
w a s  r e s u m e d ,  bu t  t h i s  t i m e  a t  a n  i n c r e a s e d  p r e l o a d  t o r q u e  of  100 in .  - l b  
w i d c h  g a v e  a t a n g e n t i a l  t o o t h  l o a d  of  532 l b .  T h e  r e m a i n i n g  60 h r  o f  t h e  
s c h e d u l e d  1 0 0 - h r  t e s t  w e r e  c o m p l e t e d  w i t h  t h i s  c o n f i g u r a t i o n .  F i g u r e  12 
s h o w s  t h e  t w o  1 2 - D .  P .  n o d u l a r  i r o n  g e a r s  and  t h e  Ag a l l o y  + P T F E  -~ WSe'. 
l u b r i c a t i n g  i d l e r  a f t e r  60 h r  o f  t e s t i n g .  F i g u r e  13 s h o w s  t h e  t w o  7 - D .  P .  
s t e e l  g e a r s  a n d  t h e  Cu  + P T F E  + WSe2 l u b r i c a t i n g  i d l e r  a f t e r  a t o t a l  of  
100 h r  t e s t i n g .  

5.2 TEST 2 

In t h i s  t e s t ,  t w o  7 - D .  P .  n o d u l a r  i r o n  g e a r s  w e r e  t e s t e d  u s i n g  t w o  
Cu + P T F E  + W S e 2  l u b r i c a t i n g  i d l e r  g e a r s  r u n n i n g  in  p o s i t i o n s  1 a n d  2 
( s e e  F i g .  3).  T w o  1 2 - D .  P .  n o d u l a r  i r o n  g e a r s  w e r e  a l s o  t e s t e d  u s i n g  t w o  
Cu -' P T F E  + W S e 2  l u b r i c a t i n g  i d l e r  g e a r s  r u n n i n g  in  p o s i t i o n s  3 a n d  4. 
T h e s e  g e a r s  w e r e  p r e l o a d e d  t o  1100 in .  - l b  t o r q u e  w h i c h  g a v e  a t a n g e n t i a l  
t o o t h  l o a d  of  532 l b .  F i g u r e  14 s h o w s  d r i v e  t o r q u e ,  g e a r  t o o t h  t e m p e r a -  
t u r e ,  and  c h a m b e r  a m b i e n t  t e m p e r a t u r e  a s  f u n c t i o n s  of  t e s t  t i m e .  T h i s  
t e s t  c o n f i g u r a t i o n  r a n  f o r  17 h r  a t  w h i c h  p o i n t  one  of  t h e  g e a r  t e e t h  o n  t h e  
12 -D.  P.  n o d u l a r  i r o n  g e a r  in  p o s i t i o n  G - 3  s h e a r e d  a n d  j a m m e d  t h e  t e s t e r  
( s e e  F i g s .  15 a n d  16). T h e  t w o  1 2 - D .  P .  n o d u l a r  i r o n  g e a r s  w e r e  r e p l a c e d  
w i t h  two  m o r e  1 2 - D .  P .  n o d u l a r  i r o n  g e a r s  u s i n g  t h e  s a m e  t w o  C u  + P T F I ~  
+ WSe  2 l u b r i c a t i n g  i d l e r  g e a r s  a s  w e r e - u s e d  in  t he  p r e v i o u s  17 h r  of  t e s t i n g ,  
and  t h e  t e s t  w a s  r e s u m e d .  T h e  r e m a i n i n g  83 h r  of  t h e  s c h e d u l e d  1 0 0 - h r  
t e s t  w e r e  c o m p l e t e d  w i t h  t h i s  c o n f i g u r a t i o n .  F i g u r e  17 s h o w s  t h e  f i r s t  
two  1 2 - D .  P .  n o d u l a r  i r o n  r e p l a c e m e n t  g e a r s  a f t e r  83 h r  of  t e s t i n g .  F i g -  
u r e  18 s h o w s  t h e  t w o  7 - D .  P .  n o d u l a r  i r o n  g e a r s  a f t e r  100 h r  of  t e s t i n g .  
F i g u r e  19 s h o w s  t h e  l u b r i c a t i n g  i d l e r s  a f t e r  100 h r  o f  t e s t i n g .  

7 
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5.3 TEST 3 

In th i s  t e s t ,  two 7-D.  P. s t e e l  g e a r s  w e r e  t e s t e d  us ing  two Ag 
a l loy  + P T F E  + WSe2 l u b r i c a t i n g  i d l e r  g e a r s  r u n n i n g  in p o s i t i o n s  1 and 
2 ( s e e  Fig.  3). Two 1 2 - D .  P. s t e e l  g e a r s  w e r e  a l so  t e s t e d  us ing  two 
Cu + P T F E  + WSe2 l u b r i c a t i n g  i d l e r s  r u n n i n g  in  pos i t i ons  3 and 4. 
T h e s e  g e a r s  w e r e  a l s o  p r e l o a d e d  to 100 in. - l b  t o r q u e  (532-1b t a n g e n t i a l  
too th  load) .  T h i s  t e s t  c o n f i g u r a t i o n  r a n  fo r  52 h r  at which  point  t e s t i n g  
was  s u s p e n d e d  b e c a u s e  the  i d l e r  in p o s i t i o n  4 m o v e d  ax ia l ly  out of a l i gn -  
m e n t  with the g e a r  in p o s i t i o n  4. The  c h a m b e r  was  opened ,  i d l e r  I -4  
was  r e m o v e d ,  and t e s t i n g  was  r e s u m e d  u s i n g  only i d l e r  I -3  to l u b r i c a t e  
the  G - 3 / G - 4  g e a r  a s s e m b l y .  The  r e m a i n i n g  48 h r  of the  s c h e d u l e d  
1 0 0 - h r  t e s t  w e r e  c o m p l e t e d  with th i s  c o n f i g u r a t i o n .  F i g u r e  20 shows  
d r i v e  t o rque ,  g e a r  too th  t e m p e r a t u r e ,  and c h a m b e r  a m b i e n t  t e m p e r a -  
t u r e  as  func t ions  of t e s t  t i m e .  F i g u r e  21 s h o w s  the two 7-D.  P. s t e e l  
g e a r s  a f t e r  100 h r  of t e s t i n g .  F i g u r e  22 s h o w s  the two 12-D.  P. s t e e l  
g e a r s  a f t e r  100 h r  of t e s t i n g .  Note  the  a p p e a r a n c e  of g e a r  No. N124 N, 
wh ich  was the  G-4  p o s i t i o n  g e a r .  The  d i f f e r e n c e  in s h a d i n g  of one s ide  
f r o m  the o t h e r  is  the  r e s u l t  of the  i d l e r  (I-4) p a r t i a l l y  m o v i n g  ax ia l ly  
out of a l i g n m e n t  wi th  t h i s  g e a r .  Th i s  d i f f e r e n c e  in s h a d i n g  is  c a u s e d  by 
the  l u b r i c a t i n g  f i l m  be ing  t h i c k e r  on the  s i d e  wh ich  r e m a i n e d  in con tac t  
wi th  the  i d l e r  a f t e r  it p a r t i a l l y  m o v e d  out of a l i g n m e n t  w i th  the  g e a r .  
F i g u r e  23 shows  the  l u b r i c a t i n g  i d l e r s  (Ag 71, Ag 72, and Cu 123 a f t e r  
100 h r  of t e s t i n g ,  and Cu 124 a f t e r  52 h r  of t e s t i n g ) .  No te  the  s l igh t  
d i f f e r e n c e  in w e a r  of one  s ide  f r o m  the  o t h e r  on Cu 124. 

5.4 TEST 4 

In th is  t e s t ,  two 7-D.  P. s t e e l  g e a r s  w e r e  t e s t e d  u s i n g  two Ag 
a l loy  + P T F E  + WSe2 l u b r i c a t i n g  i d l e r  g e a r s  runn ing  in p o s i t i o n s  1 and 
2 ( s e e  Fig.  3). Two  7-D.  P. n o d u l a r  i r o n  g e a r s  w e r e  a l s o  t e s t e d  u s ing  
two  Ag al loy + P T F E  + WSe2 l u b r i c a t i n g  i d l e r  g e a r s  r u n n i n g  in p o s i t i o n s  
3 and  4. P r e l o a d  was  a g a i n  1100 in. - lb  t o r q u e  (532-1b t a n g e n t i a l  too th  
load) .  Th i s  t e s t  c o n f i g u r a t i o n  r a n  the  s c h e d u l e d  100 h r  wi thou t  d i f f icu l ty .  
F i g u r e  24 shows  d r i v e  t o r q u e ,  g e a r  too th  t e m p e r a t u r e ,  a n d  c h a m b e r  
a m b i e n t  t e m p e r a t u r e  as  func t ions  of t e s t  t i m e .  F i g u r e  25 .shows the  two 
7-D.  P. s t e e l  g e a r s  a f t e r  100 h r  of t e s t i n g .  F i g u r e  26 s h o w s  the two 
7-D. P. nodu la r  i r o n  g e a r s  a f t e r  100 h r  of t e s t i n g .  F i g u r e  27 shows  the  
l u b r i c a t i n g  i d l e r s  a f t e r  100 h r  of t e s t i n g .  

5.5 TESTS 5A AND B 

In t h e s e  t e s t s ,  two  7-D.  P. n o d u l a r  i r o n  g e a r s  w e r e  t e s t e d  u s ing  two 
Cu + P T F E  + WSe2 l u b r i c a t i n g  i d l e r  g e a r s  r u n n i n g  in p o s i t i o n s  1 and 2 
( s e e  F ig .  3). Two  12-D. P. n o d u l a r  i r o n  g e a r s  w e r e  a l s o  t e s t e d  u s i n g  
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two spec ia l  a l loy + WSe2 l u b r i c a t i n g  id l e r  gea r s  running in pos i t ions  
3 and 4. T h e s e  g e a r s  were p r e l o a d e d  to I I00  in. -Ib (532-Ib tangent ia l  
tooth load).  This  tes t  conf igura t ion  r an  a scheduled 100 hr  (Test  5A), 
at which point the gea r s  and i d l e r s  were  r emoved  f rom the t e s t e r ,  
photographed,  weighed, and then r e i n s t a l l e d  in the t e s t e r .  

Tes t i ng  w a s  then r e sumed  (Tes t  5B) with g e a r s  and i d l e r s  in the 
same  pos i t ion  and under the s a m e  load ing  condit ions as before .  An 
addi t ional  200 h r  of tes t ing was r e c o r d e d  on these  g e a r s  without diffi-  
culty at which point all  scheduled t e s t i n g  was complete .  F igure  28 
gives dr ive  to rque ,  gea r  tooth t e m p e r a t u r e ,  and c h a m b e r  ambient  t em-  
p e r a t u r e  as funct ions  of t es t  t ime .  F i g u r e  29 shows a 7-D. p. nodular  

zron g e a r  (pos i t ion  G-2) and l u b r i c a t i n g  id l e r  (posit ion I-2) a f t e r  the f i r s t  
i00 hr  of t e s t ing .  F igure  30 shows a 12-D. p. nodular  i ron  g e a r  (posi-  
t ion G-4) and l ub r i ca t i ng  id l e r  (pos i t ion  I-4) af ter  the f i r s t  I00 hr  of tes t -  
ing. F igu re  31 shows the two 7-D. p.  nodula r  i ron g e a r s  a f te r  200 hr  of 
tes t ing (Tes t  5B). F igure  32 shows the two 12-D. p. nodular  i ron  gea r s  
a f te r  200 h r  of t e s t ing  (Test  5B). F i g u r e  33 shows the lub r i ca t ing  id le r s  
used in T e s t s  5A and B. The high d e g r e e  of wear  on id l e r  No. 76 is 
c l e a r l y  shown. This  id le r  r an  in pos i t i on  I-2. During tes t  5B, the 
coun te rba lanc ing  weight worked i t s e l f  out beyond the equ i l ib r ium point, 
causing the i d l e r  to r ide  up and out of m e s h  with gear  G-2. The counter -  
balancing weight would then v ib ra t e  back to the other  s ide of the equi l ib-  
r i um point and the  i d l e r  would move  back down into m e s h  with gea r  G-2. 
This  up and d o w n  act ion r e su l t ed  in an a c c e l e r a t e d  wear  of the id l e r  
gear ;  however ,  l ub r i c a t i on  of the g e a r  was s t i l l  adequate.  

SECTION Vl 
SUMMARY OF RESULTS 

Gears  in th i s  test  were heav i ly  loaded  with Hertz  s t r e s s e s  up to 
199,000 psi  ( compared  with Hertz  s t r e s s e s  of 67, 700 psi  on thin f i lm 
lubr ica ted  g e a r s  p rev ious ly  tes ted ,  Bet .  6). Gears  in th is  t es t  were  
opera ted  for  as much  as 300 h r  at 100 r p m ,  COmpared with 250 hr  at 
I 1 rpm in the case  of the thin f i lm l u b r i c a t e d  gea r s  p r e v i o u s l y  tes ted .  

Both g e a r  m a t e r i a l s  tes ted  gave good r e s u l t s  as did both d i a m e t r a l  
pitch s izes .  All  t h r e e  dry compos i t e  l u b r i c a n t s  t es ted  gave good r e su l t s .  
F r o m  the s tandpoin t  of lubr ican t  wea r  (see  Table  If), the 12-D. p. 

Cu + P T F E  + WSe2 and the 12-D. p. Ag a l loy  + PTFE  + WSe2 id l e r s  
were the best .  They  provided good l u b r i c a t i o n  with the lowest  pe rcen tage  
of r e s e r v o i r  deple t ion  (wear) of any of the compos i t e s  tes ted .  

9 
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T h e  M o S 2 - f o r t i f i e d  A p i e z o n  " L "  g r e a s e  was  not a s u c c e s s f u l  l u b r i -  
can t  fo r  the  g e a r s  on which  it w a s  t e s t e d .  C o n s i d e r a b l e  w e a r  on the 
g e a r s  was  e x p e r i e n c e d .  

SECTION V!l 
CONCLUDING REMARKS 

D r y  c o m p o s i t e  l u b r i c a t i o n  wi l l  have  m a n y  v a r i e d  a p p l i c a t i o n s  in 
s p a c e  e n v i r o n m e n t a l  c h a m b e r s .  T h e  ab i l i t y  of t h e s e  c o m p o s i t e  m a t e r i a l s  
to l u b r i c a t e  v a r i o u s  g e a r  m a t e r i a l s  in v a r i o u s  g e o m e t r i c  c o n f i g u r a t i o n s  
wi th  the  g e a r s  u n d e r  h e a v y  l o a d s  and  at m o d e r a t e  s p e e d s  (100 to 300 rpm)  
has  b e e n  shown .  F u r t h e r m o r e ,  the  c a p a b i l i t y  of r e p l e n i s h m e n t  of the  
l u b r i c a t i n g  f i l m  wil l  be of g r e a t  s i g n i f i c a n c e  when  c o n s i d e r i n g  e x t e n d e d  
d u r a t i o n  t e s t i n g  and use  of i n a c c e s s i b l e  m e c h a n i s m s .  
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HARD METAL 

A LARGE 

SOFT METAL I S SMALL 

HARD METAL 

A A SMALL 

J HARD ;IETAL J S LARGE 

HARD METAL 

THIN FILM ~ A SMALL 
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