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SUMMARY 

R o l l i n g - e l e m e n t   f a t i g u e   t e s t s   w e r e   r u n   i n   r o l l i n g - c o n t a c t  (RC) r i g s   a t  
f o u r  speeds w i t h   t h r e e   t r a c t i o n   f l u i d s  and an a u t o m a t i c   t r a n s m i s s i o n   f l u i d .  
Shaft  speeds  were 5000, 10 000, 25 000, and 50 000 rpm. All t e s t s   w e r e   r u n  
a t  a  maximum H e r t z   s t r e s s   o f  4.83 GPa (700 000 p s i )  and a l u b r i c a n t   b u l k  
t e m p e r a t u r e   o f  297+3 K (75"&5" F) .  From  10 t o  29 t e s t s   w e r e   r u n   f o r  
each  speed- lubr ican t   combina t ion .  The l i f e   r e s u l t s  were  analyzed  accord ing 
t o   W e i b u l l   s t a t i s t i c s .  

R o l l i n g - e l e m e n t   f a t i g u e   l i f e   i n c r e a s e d   w i t h   i n c r e a s e d   s p e e d   f o r   a l l   f o u r  
l u b r i c a n t s   t e s t e d .   L i v e s   a t  5000 and  10 000 r p m   w e r e   n o t   s i g n i f i c a n t l y  d i f -  
f e r e n t ,   b u t   l i f e   i n c r e a s e d   g r e a t l y   a t  25 000 and 50 000 rpm f o r  each 
l u b r i c a n t .  The l i f e   d a t a  tencjed t o   f o l l o w   p u b l i s h e a   l i f e - v e r s u s - l u b r i c a n t -  
f i l m - p a r a m e t e r   c u r v e s ,   e x c e p t   t h a t   t h e   d a t a   d i d   n o t   e x t e n d   s i g n i f i c a n t l y  
i n t o   t h e   h i g h e r   l u b r i c a n t  film parameter  range,  where l i f e   t e n d s   t o   a p p r o a c h  
a  maximum value.  No s i g n i f i c a n t   d i f f e r e n c e s   i n   f a i l u r e  moae o r   r u n n i n g  
t rack  appearance  were  observed  wi th   any  o f   the  speed- lubr icant   combinat ions.  

INTRODUCTION 

T r a n s m i s s i o n s   t h a t   u s e   t r a c t i o n   t o   t r a n s m i t   p o w e r   a r e  now r e c e i v i n g   c o n -  
s i d e r a b l e   a t t e n t i o n   f o r  advanced d r i v e   s y s t e m s   ( r e f s .  1 and 2 ) .  I n   t h e s e  
s y s t e m s   t h e   t r a c t i v e  and f a t i g u e   l i f e   e f f e c t s   o f   t h e   l u b r i c a n t   l a r g e l y  
d i c t a t e   t h e   s i z e  and expected l i f e  of a t r a n s m i s s i o n .   S p e c i a l   s y n t h e t i c  
f l u i d s  have  been  developed t o  m a x i m i z e   t h e   t r a c t i v e   f o r c e s   g e n e r a t e d   i n   t h e  
c o n t a c t .   L i m i t e d   f a t i g u e   d a t a   g e n e r a t e d   w i t h   t h e s e   t r a c t i o n   f l u i d s  show 
them t o   p r o v i d e   f a t i g u e  1 i v e s   c o m p a r a b l e   t o   o r ,   i n  some cases , b e t t e r   t h a n  
t h o s e   p r o v i d e d   b y   o t h e r   c o n v e n t i o n a l   o i l s   ( r e f s .  3 t o  6 ) .  I n   r e f e r e n c e s  5 
ana 6, a c c e l e r a t e d   r o l l i n g - e l e m e n t   f a t i g u e   t e s t s  showed t h a t   t w o   s y n t h e t i c  
t r a c t i o n   f l u i d s   p r o d u c e d   f a t i g u e   l i v e s   t h a t  were s t a t i s t i c a l l y   e q u i v a l e n t   t o  
t h e   l i v e s   o b t a i n e d   w i t h   t h e   r e f e r e n c e   t e t r a e s t e r   o i l .  These t e s t s  were  con- 
duc ted  on a f i v e - b a l l   f a t i g u e   t e s t e r   a t  a  maximum H e r t z   s t r e s s   o f  5 .52  GPa 
(800 000 p s i )  and a t  a c o n s t a n t   s h a f t   s p e e d   o f  10 000 rpm, p roduc ing  a su r -  
f a c e   v e l o c i t y   o f  4.4 m/s (860 f t / m i n ) .  No a t tempt  was  made t o   v a r y   t h e  
e lastohydrodynamic (EHD) film t h i c k n e s s  and t h u s   d e t e r m i n e   i t s   p o s s i b l e  
e f f e c t  on f a t i g u e   l i f e .  

A new h i g h - s p e e d   r o l l i n g   c o n t a c t  (KC) r i g  has  been  developed  that  i s  
capab le   o f   va ry ing   speeds  up t o  50 000 rpm ( r e f .  7 ) .  Maximum opera t i ng   speed  
o f  a s tandard  R C  r i g   i s  12 500 rpm.  The h igh-speed r i g   a l l o w s   t e s t i n g   t o  
h igher   sur f   ace   speeds , up t o  25  m/s (5000 f t / m i n  j , which  are  of  more 
i n t e r e s t   f o r  a g r e a t e r   v a r i e t y   o f   t r a c t i o n   d r i v e   s y s t e m s .   F u r t h e r m o r e ,   t h e  
high-speed r i g   a l s o   a l l o w s   t e s t i n g   a t   v a r i o u s  EHD film th ickness   va lues .  
An i n c r e a s e   i n  EHD film t h i c k n e s s   c o r r e s p o n d s   t o  an i n c r e a s e   i n   t h e   l u b r i -  
can t  film parameter A ,  which i s   d e f i n e d  as t h e   r a t i o   o f   t h e  EHD film 
t h i c k n e s s   t o   t h e   c o m p o s i t e   r o u g h n e s s e s   o f   t h e   t w o   s u r f a c e s  i n  c o n t a c t .   T h i s  
parameter i s   r e l a t e d   t o   t h e  amount  of s u r f a c e - t o - s u r f a c e   i n t e r a c t i o n   i n  
r o l l i n g - e l e m e n t   c o n t a c t s   ( r e f .  8 ) .  When t h e  A r a t i o   i s   a p p r o x i m a t e l y  4 
o r   g r e a t e r ,   s u r f a c e   c o n t a c t   i s   v i r t u a l l y   z e r o .  The l u b r i c a n t  film param- 
e t e r  A was f i r s t   r e l a t e d   t o   t h e   f a t i g u e   l i f e  of r o l l i n g - e l e m e n t   b e a r i n g s  
b y   T a l l i a n   ( r e f .   9 ) .   S u b s e q u e n t l y ,   a f t e r   a d d i t i o n a l   e x p e r i m e n t a l   c o n f i r m a -  
t i o n ,   t h e   e f f e c t   o f  A on b e a r i n g   f a t i g u e   l i f e ,  as shown i n  f i g u r e  1, was 
i n c o r p o r a t e d  i n  an ASME des ign   gu ide   ( re f .   10 ) .  
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Figure 1. - Effect of lubricant  f i lm  parameter 
on  roll ing-element  fatigue  l i fe as i nco r -  
porated in ASME Design  Guide  (ref. IO). 

The new high-speed RC r i g  appeared t o  be an i d e a l   a c c e l e r a t e d   t e s t  
d e v i c e   i n   w h i c h   t o  compare r o l l i n g - e l e m e n t   f a t i g u e   l i v e s   w i t h   v a r i o u s   t r a c -  
t i o n   f l u i d s   o v e r  a r a n g e   o f  A c o n d i t i o n s   t h a t   c o u l d   b e   e x p e c t e d   i n  
t r a c t i o n   d r i v e   c o n t a c t s .   I n   a d d i t i o n ,   t h e   c o n t a c t s   i n   t h e  R C  r i g   a r e   n e a r l y  
i n   p u r e   r o l l i n g   w i t h   v i r t u a l l y  no  sp in .   Th is  i s   u n l i k e   t h e   c o n t a c t   c o n d i -  
t i o n s   i n   t h e   f i v e - b a l l   f a t i g u e   t e s t e r .  The c o n t a c t s   b e t w e e n   t h e   u p p e r   b a l l  
and t h e   f o u r   l o w e r   b a l l s   i n   t h e   f i v e - b a l l   t e s t e r   s i m u l a t e   t h e   c o n t a c t s  
b e t w e e n   b a l l s   a n d   r a c e w a y s   o f   a n g u l a r - c o n t a c t   b a l l   b e a r i n g s  and as such  have 
s i g n i f i c a n t   s p i n   ( c i r c u m f e r e n t i a l   s l i p )   v e l o c i t y .   T h i s   s p i n n i n g   i n   t h e   c o n -  
t a c t  c a u s e s   s i g n i f i c a n t   h e a t   g e n e r a t i o n ,  as  shown i n   r e f e r e n c e  11, where 
inc reased  opera t ing   tempera tures   were   measured  w i th   inc reased  contac t   ang les  
a n d   c o n s e q u e n t l y   i n c r e a s e d   s p i n   v e l o c i t y   ( s p i n   v e l o c i t y   i n c r e a s e d   w i t h   t h e  
s i n e   o f   t h e   c o n t a c t   a n g l e ) .   T h i s   s p i n   h e a t i n g  was though t  t o  c o n t r i b u t e   t o  
occas iona l   con tac t   overheat ing   and  subsequent   sur face  damage f o r   s e v e r a l  of 
t h e   t e s t s   c o n d u c t e d   w i t h   t h e   t r a c t i o n   f l u i d   t h a t   c o n t a i n e d  a z i n c   d i a l k y l  
d i t h i o p h o s p h a t e  (ZDDP) a n t i w e a r   a d d i t i v e   ( r e f s .  5 and 6) .  The combinat ion 
o f   t h e   h i g h   c o n t a c t   p r e s s u r e  and t h e   t r a c t i o n   f l u i d ' s   h i g h   s p i n   h e a t i n g  was 
b e l i e v e d   t o   h a v e   a g g r a v a t e d   t h e   o v e r r e a c t i v e   c h e m i c a l   e f f e c t   o f   t h e   a d d i -  
t i v e .  It was a n t i c i p a t e d   t h a t  an a l t e r n a t i v e   a c c e l e r a t e d   f a t i g u e   t e s t e r ,  
such as t h e  RC r i g ,   t h a t  h a s   c o n t a c t s   w i t h   e s s e n t i a l l y   n o   s p i n   m i g h t  
e l i m i n a t e   t h i s   e r r a t i c   t e s t   b e h a v i o r  i f  t h i s   h y p o t h e s i s  was c o r r e c t .  

r o l l i n g - e l e m e n t   f a t i g u e   l i f e   i n   t h e   s t a n d a r d  and high-speed RC r i g s   w i t h  
f o u r   s y n t h e t i c   l u b r i c a n t s ,   i n c l u d i n g   t h e   t w o   t r a c t i o n   f l u i d s   r e p o r t e d   i n  
r e f e r e n c e s  5 and 6, a t  speeds rang ing   f rom 5000 t o  50 000 rpm, ( 2 )  t o   e v a l u -  
a t e   t h e   e f f e c t s   o f  speed  and t h e  film parameter A o n   t h e   e x p e r i m e n t a l  
r o l l i n g - e l e m e n t   f a t i g u e  1 i f e ,  and ( 3 )  t o  obse rve   whe the r   t he   p rev ious l y  
e x p e r i e n c e d   o v e r h e a t i n g   ( r e f s .  5 and 6 )  o c c u r s   i n   t h e   n e a r l y   p u r e   r o l l i n g  
c o n t a c t s   o f   t h e  RC r i g .  

The o b j e c t i v e s  of t h e   e f f o r t   r e p o r t e d   h e r e i n   w e r e  ( 1 )  t o   d e t e r m i n e   t h e  
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TEST  LUBRICANTS AND MATERIALS 

The l u b r i c a n t s   u s e d   i n   t h i s   s t u d y   c o n s i s t e d   o f   t h r e e   t r a c t i o n   f l u i d s  and 
an a u t o m a t i c   t r a n s m i s s i o n   f l u i d .   P r o p e r t i e s   o f   t h e s e   l u b r i c a n t s   a r e   g i v e n  
i n   t a b l e  I. Two o f   t h e   t r a c t i o n   f l u i d s  were t h e  same as t h o s e   r e p o r t e d   i n  
r e f e r e n c e s  5 and 6. These  were  both  f rom  the same c y c l o a l i p h a t i c   h y d r o -  
c a r b o n   b a s e   s t o c k   b u t   c o n t a i n e d   d i f f e r e n t   a d d i t i v e s .  The l o w e r   v i s c o s i t y  
f l u i d ,   t r a c t i o n   f l u i d  1, c o n t a i n e d   o n l y  an o x i d a t i o n   i n h i b i t o r .   T r a c t i o n  
f l u i d  2 c o n t a i n e d  an o x i d a t i o n   i n h i b i t o r ,  a p o l y m e t h a c r y l a t e   v i s c o s i t y  
improver,  an a n t i w e a r   a d d i t i v e ,  and an a n t i f o a m   a d d i t i v e .  The an t iwear  
a d d i t i v e ,   z i n c   d i a l k y l   d i t h i o p h o s p h a t e ,   i s  common t o  many a u t o m o t i v e   o i l s  
and t r a n s m i s s i o n   f l u i d s .   T r a c t i o n   f l u i d  3 was a p r o p r i e t a r y   b l e n d  of 
s y n t h e t i c   h y d r o c a r b o n s   f o r m u l a t e d   w i t h  an a d a i t i v e   p a c k a g e   s i m i l a r   t o  one 
used i n   a u t o m a t i c   t r a n s m i s s i o n   f l u i d s .  The a u t o m a t i c   t r a n s m i s s i o n   f l u i d  
used i n  t h e s e   t e s t s   m e t   t h e   s p e c i f i c a t i o n s   o f   r e f e r e n c e  12. The v i s c o s i t y -  
t e m p e r a t u r e   c h a r a c t e r i s t i c s   o f   t h e s e   f l u i a s   a r e  compared i n   f i g u r e  2. 

The t e s t   b a r s   u s e d   i n   t h e  RC r i g   t e s t s  were made f r o m  a s i n g l e   h e a t   o f  
consumable-electrode,  vacuum-melted A I S I  52100 s t e e l   h a r d e n e d   t o   K o c k w e l l  C 
60 t o  62.  They  were 76.2 mm ( 3  in . )  l o n g  and  were  ground t o  a diameter  of 
9.5 mm (0.375 i n . )   w i t h  a s u r f a c e   f i n i s h   o f  0.1 t o  0.2 pm ( 4  t o  8 p i n . )  
c e n t e r l i n e   a v e r a g e   ( c l a ) .  The c o n t a c t i n g   i d l e r   r o l l e r s   w e r e  made from 
vacuum-induct ion-melted,  vacuum-arc-remelted (VIM-VAR) A I S I  M-50 hardened t o  
Rockwel l  C 62 t o  64.  The r o l l e r s  were  ground t o  a diameter  of  190 mm ( 7 . 5  
i n . )   w i t h  a c rown   rad ius  of 6.35 mm (0.25 i n . )  aria a S u r f a c e   f i n i s h  Of 0.15 
t o  0.2 p m  ( 6   t o  8 p i n . )   c l a .  

T A B L E  I. - T E S T   L U B R I C A N T   P R O P E R T I E S  

P r o p e r t y  

Kinematic  viscosity, 
cm2/s  (CS)  at - 

3 1 1  K ( 1 0 0 '  F )  
3 7 2  K ( 2 1 0 "  F )  

V i s c o s  i t y  i n dex 

F l a s h p oint, K 

F i r e   p o i n t ,  K 

Autoignition 
t e m p e r a t u r e  

P o u r  point, K 

S p e c i f i c   g r a v  
3 1 1  K (100 '  

ity  at 
F )  

T r a c t i o n  
fluid 1 

0 . 2 3 ( 2 3 )  
0 . 0 3 7 ( 3 . 7 )  

4 2 2   ( 3 0 0 )  

4 3 5 ( 3 2 5 )  

5 8 9   ( 6 0 0 )  

2 3 0 ( - 4 5 )  

0 . 8 8 6  

Lubricant 

T r a c t i o n  
fluid 2 

0 . 3 4 ( 3 4 )  
0 . 0 5 6 ( 5 . 6 )  

""""" 

4 3 5   ( 3 2 5  ) 

4 4 7   ( 3 4 5  ) 

6 0 0 ( 6 2 0 )  

2 3 6   ( - 3 5  ) 

0 . 8 8 9  

T r a c t i o n  
fluid 3 

0 . 4 1 5 ( 4 1 . 5 )  
0 . 0 5 4 ( 5 . 4 )  

5 5  

4 0 8 ( 2 7 5 )  

4 2 8 ( 3 1 0 )  

_""""" 
2 3 6 ( - 3 5 )  

0 . 8 8 8  

1 

Automatic 
t r a n s m i s s i o n  

fluid 

0 . 3 5 6 ( 3 5 . 6 )  
0 . 0 6 9 ( 6 . 9 )  

1 6 2  

4 7 8   ( 4 0 0  ) 

-""""" 
2 2 8   ( - 5 0 )  

0 . 8 6 0  
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Figure 2 - ASTM  chart  of test-lubricant  kinematic  viscosity 
as a func t i on  of temperature. 

APPARATUS AND PROCEDURE 

H igh -speed   Ro l l i ng   Con tac t   Fa t i gue   Tes t   R ig  

The high-speed r o l l i n g   c o n t a c t   f a t i g u e   t e s t   r i g  (RC r i g )   i s  shown i n  
f i g u r e  3. T h i s   r i g  was f i r s t   d e s c r i b e a   i n   r e f e r e n c e  7 and i s   t h e  same i n  
p r i n c i p l e  as t h e   s t a n d a r d   r o l l i n g - c o n t a c t   f a t i g u e   r i g .  The high-speed RC 
r i g  uses an e l e c t r i c   m o t o r   t o   d r i v e  an a i r   b e a r i n g   s p i n d l e   t h a t   s u p p o r t s   t h e  
t e s t   b a r   i n  a p r e c i s i o n   c h u c k   t o   s p e e d s   o f  50 000 rpm. As i n   t h e   s t a n d a r d  
r i g   t h e   l o a d   i s   a p p l i e d   b y   c l o s i n g   t h e   t w o   i d l e r   r o l l e r s   a g a i n s t   t h e   t e s t  
b a r   b y   u s i n g  a m ic romete r - th readeo   tu rnbuck le  and a c a l i b r a t e a   l o a a   c e l l .  
L u b r i c a t i o n   i s   s u p p l i e d  by a a r i p   f e e d   s y s t e m   b y   u s i n g  a n e e a l e   v a l v e   t o  
c o n t r o l   f l o w   r a t e .   S e v e r a l   t e s t s   c a n   b e  made on  one t e s t   b a r   b y   i n d e x i n g  
t h e   b a r   i n   t h e   a x i a l   d i r e c t i o n   r e l a t i v e   t o   t h e   i d l e r   r o l l e r s .  

was used f o r   t e s t s   a t  5000  and  10 000 rpm,  ana the  h igh-speed r i g  was used 
f o r   t e s t s   a t  25 000 ana 50 000 rpm. All t e s t s   w e r e   p e r f o r m e d   w i t h  a l u b r i -  
c a n t   b u l k   t e m p e r a t u r e   o f  297+3 K (75"+5O F)  and a t  a  maximum Her tz  
s t r e s s   o f  4.83 GPa (700 000 p s i ) .  The t e m p e r a t u r e   o f   t h e   t e s t   b a r   i n   t h e  
a r e a   o f   t h e   r o l l e r   c o n t a c t  was measured w i t h  an i n f r a r e a   p y r o m e t e r .  

I n   t h i s   t e s t   p r o g r a m   t e s t s   w e r e   r u n   a t   f o u r  speeds. The s tandard  RC r i g  

Method o f   P r e s e n t i n g   F a t i g u e   R e s u l t s  

The t o t a l   t e s t   t i m e   f o r  each  specimen was reco rded  and c o n v e r t e d   t o  
t o t a l   s t r e s s   c y c l e s .  The s t a t i s t i c a l  methods o f   r e f e r e n c e  13 f o r   a n a l y z i n g  
r o l l i n g - e l e m e n t   f a t i g u e   d a t a   w e r e   u s e d   t o   o b t a i n  a p l o t  of t h e   l o g - l o g  of 
t h e   r e c i p r o c a l   o f   t h e   p r o b a b i l i t y   o f   s u r v i v a l  as a f u n c t i o n  of t h e   l o g   o f  
s t r e s s   c y c l e s   t o   f a i l u r e   ( W e i b u l l   c o o r d i n a t e s ) .   F o r   c o n v e n i e n c e ,   t h e  
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Figure 3. - High-speed  rolling-contact  fatigue  tester (RC rig). 

ordinate is graduated in statistical percent of specimens failed. Where 
high reliability is of main importance, the interest is in early failures. 
For these comparisons, the 10-percent life  on the Weibull plot was used. 
The 10-percent life is the number of stress cycles within which 10 percent 
of the specimens can be expected to  fail. This 10-percent life is equiva- 
lent  to a 90-percent probability of survival. The  failure inaex indicates 
the number of specimens that failed out of those tested.  At least 10 tests 
were run with each lubricant at each speed. 

RESULTS AND DISCUSSION 

Fatigue Results 

Rolling-element fatigue tests were run in RC rigs at four speeds with 
each of four lubricants. The results are plotted  on  Weibull coordinates in 
figures 4 to 7 and are summarizea in table 11. Life generally increased 
with  speed for all four lubricants. 

The 10-percent lives from figures 4 to 7 are plotted in figure 8 and 
show  the continuous increase in life with  speed for all four lubricants. 
The difference in lives at 5000 and 10 000 rpm was small  ana insignificant. 
At 25 000 and 50 000 rpm, the life increase with increased speed was 
dramatic.  For traction fluids 1 and 2, life  increased continuously with 
speed. The significance of the data point at 25 000 rpm  for traction fluid 3 
is questionable and probably overestimated since only five failures were 
obtained in this test series, and the point appears to be out  of line  with 
the rest of the data. The 10-percent lives  with the automatic transmission 
fluid (ATF) rose very rapidly at 25 000 rpm but appeared to level off at 
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Figure 4. - Rolling-element  fatigue  life in rolling-contact 
r igs  wi th  t ract ion  f lu id 1. Maximum  Hertz  stress, 4.  83 
GPa (700 000 psi); lubricant  bulk  temperature, 297 K (75' F). 
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Figure 6. - Rolling-element  fatigue  life in rol l ing  contact  r igs  with  tract ion 
f lu id  3. Maximum  Hertz  stress, 4.83 GPa i700 000 psi):   lubricant  bulk 
temperature, 297 K (75' F). 
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Figure 5. - Rolling-element  fatigue  life in rol l ing-contact  r igs  with  tract ion 
f lu id  2. Maximum  Hertz  stress,  4.83 GPa (700 000 psi);   lubricant  bulk 
temperature, 297 K (75O F). 
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TABLE 11. - ROLLING-ELEMENT  FATIGUE  LIFE  WITH  FOUR  LUBRICANTS 
AT  FOUR  SPEEDS I N  ROLLING-CONTACT  RIG 

[Maximum  Hertz  stress, 4.83 GPa  (700 000 psi); lubricant b u l k  temperature, 
297 K (75O F).] 

Lubricant 

life  life 
50-Percent 10-Percent 

cycles 

Failure Weibull Rolling-element  fatigue Speed, 

Traction 5 000 8.4 17.4 2.58 14 out  of 14 
fluid 1 

7 out o f  10 1.39 328.1  84.5 50 000 
14 out of 19 1.15 140.9 27.5 25 000 
10 out of 10 2.44 23.8 11.0 10 000 

Traction 5 000 2.1 10.1 1.19 20 out of 20 
fluid 2 10 000 7.8 32.1 1.33 

4 out of 17 .89 880.1 106.3 50 000 
1 1  out of 15 2.20 120.4 51.1 25 000 
18 out of 18 

Traction 5 000 1 .8 9.2 1.15 15 out of 15 
fluid 3 10 000 7.4 23.5 1.62 20  out of 20 

25 000 255.9 462.5 3.18 
10 out of 15 1.88 343.5 126.2 50 000  
5 out of 1 1  

Automatic 5 000 6.6  22.1 1.55 14 out of 18 
transmission 10 000 4.9 18.6 I .41 1 6  out of 18 
fluid  25 000 101 - 1  301 .O 1.73 13 out  of 29 

50 000 122.9  375.1 1.69 19 out  of  23 

rPm i ndexa slope life,  millions of stress 

a Number of failures  out  of  total  number of tests. 

50 000 rpm. The c u r v e s   i n   f i g u r e  8 are  drawn t o  b e   c o n s i s t e n t   w i t h   t h o s e   o f  
f i g u r e  9, w h i c h   t a k e   i n t o   a c c o u n t   l u b r i c a n t  film t h i c k n e s s  and i t s   v a r i a t i o n  
w i t h  speed, as shown i n   t h e   f o l l o w i n g   s e c t i o n .  

L u b r i c a n t   F i l m   P a r a m e t e r   E f f e c t s  

Some i n c r e a s e   i n   l i f e   w i t h   h i g h e r  speeds was e x p e c t e d   s i n c e   t h e  film 
parameter A becomes l a r g e r   a t   h i g h e r  speeds  because  o f   the  increase i n  
EHD film t h i c k n e s s .  The i n c r e a s e  o f  film t h i c k n e s s   f o r  a g i v e n   l u b r i c a n t   i s  
a lso   dependent   on   tempera ture ,   s ince   tempera ture   a f fec ts   the   lubr ican t   v is -  
c o s i t y   a t   t h e   i n l e t   t o   t h e   b a r - r o l l e r   c o n t a c t .  The l u b r i c a n t   b u l k   t e m p e r -  
a t u r e  was m a i n t a i n e d   c o n s t a n t   f o r   a l l   t h e   t e s t s   a t  297+3 K (75"+5" F ) .  
W i t h   e a c h   o f   t h e   f o u r   l u b r i c a n t s   t h e   t e m p e r a t u r e   o f   t h e   t e s t   b a r  was 
measured wi th an i n f r a r e d   p y r o m e t e r .  The pyrometer was f o c u s e d   o n   t h e   t e s t  
b a r   r u n n i n g   t r a c k   b e t w e e n   t h e   l o a d   r o l l e r s .   T h e r e  was l i t t l e   d i f f e r e n c e  i n  
temperature  measured wi th  t h e   f o u r   l u b r i c a n t s   a t  each  speed (w i th in  22 deg K 
(3"  deg F ) ) ,  b u t   t h e r e  was a c o n s i s t e n t   i n c r e a s e  i n  tempera tu re  w i th  speed. 
Average  temperatures  a t   each  speed  were  as  fo l lows:   5000 rpm, 300 K (80" F )  ; 
10 000 rpm,  301 K (82"  F )  ; 25 000 rpm, 308 K (95" F ) ;  and 50 000 rpm,  318 K 
(113" F ) .  
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Figure 8. - Effect of bar speed on  fatigue life. Maximum 
Hertz  stress, 4. 83 GPa (700 000 psi); lubricant bulk 
temperature, 297 K (75' F). 
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Figure 9. - Effect of lubricant  film parameter  on  fatigue life. 
Maximum  Hertz  stress, 4.83 GPa (700 OW psi); lubricant 
bulk  temperature, 297 K (75' F). 

The EHD film th ickness ,   assuming   t ha t   t hese   t empera tu res   a re   t he   l ub r i -  
c a n t   t e m p e r a t u r e   a t   t h e   i n l e t   t o   t h e   b a r - r o l l e r   c o n t a c t ,  was c a l c u l a t e d   b y  
u s i n g   t h e   e q u a t i o n s   o f   r e f e r e n c e  14. The l u b r i c a n t  film parameter A was 
t h e n   c a l c u l a t e d   f o r   e a c h   l u b r i c a n t  and  speed c o n d i t i o n .  The r e s u l t s   a r e  
shown i n   t a b l e  111. The e x p e r i m e n t a l   1 0 - p e r c e n t   l i v e s   a r e  shown i n   f i g u r e  9 
as a f u n c t i o n   o f   t h e s e   c a l c u l a t e d  A values.  

These curves  show t h e   v e r y ' h i g h   s l o p e   s i m i l a r   t o   t h a t   o f   f i g u r e  1 f o r  
A between 1 and 2, which i s   c o n s i d e r e d   t h e   r a n g e   o f   t r a n s i t i o n   b e t w e e n  
boundary   and  fu l l -EHD  lubr ica t ion .  The c u r v e   f o r   t h e  A1F i n   f i g u r e  9 s lopes  
upward i n   t h i s  range,   bu t   the   curves  for t h e   t r a c t i o n   f l u i d s  show t h i s   t r a n -  
s i t i o n   a t  A between 2 and 3. These A v a l u e s   f o r   t h e   t r a c t i o n   f l u i d s  
may be somewhat o p t i m i s t i c   b e c a u s e   o f   t h e   l i m i t a t i o n   o f   t h e   i s o t h e r m a l  EHD 
t h e o r y ,   t h e   e f f e c t s   o f   t h e   i n t e r n a l   h e a t i n g   o c c u r r i n g   a t   t h e   h i g h   c o n t a c t  
s t r e s s   i n   t h e  R C  r i g ,  and e f f e c t s   o f   p r e s s u r e - v i s c o s i t y   c o e f f i c i e n t   t o   b e  
d i s c u s s e d   i n  a l a t e r   s e c t i o n .  

The general  shape o f  t h e   c u r v e s   t e n d s   t o   c o n f i r m   t h a t   a s   s p e e d  was 
increased above 10 000 rpm i n   t h e  RC r i g ,   t h e  EHD film thickness   inc reased,  
and t h e   c o n t a c t   l u b r i c a t i o n   r e g i m e   c h a n g e d   f r o m   p r e d o m i n a n t l y   b o u n d a r y   t o  
t h e   t r a n s i t i o n   b e t w e e n   b o u n d a r y  and EHD. It i s   a l s o   a p p a r e n t   t h a t   w i t h i n  
t h e   r a n g e   o f   t h e   p r e s e n t   d a t a ,   t h e   f u l l  EHD film range was not   reached,  
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TABLE 111. - CALCULATED EHD F I L M  THICKNESS AND LUBRICANT FILM PARAMETER 
WITH F O U R  LUBRICANTS AT FOUR SPEEDS IN  ROLLING-CONTACT RIG 

Lubricant 

Traction 
fluid 1 

Traction 
fluid  2 

Traction 
fluid  3 

Automatic 
transmi s s  
f l u i d  

i o n  

Speed, 
r Pm 

5 000 
10 000 
25 000 
50 000 

5 000 
10 000 
25 000 
50 000 

5 000 
10 000 
25 000 
50 000 

5 000 
10 000 
25 000 
50 000 

EHD film 
thickness 

v m  

0.20 
.30 
. 4 3  
.48 

0.25 
.38 
* 56 
.64 

0.30 
.46 
.63 
.7 1 

0.15 
.25 
.38 
.43 

v i n .  

8 
12 
17 
19 

10 
15 
22 
25 

12 
18 
25 
28 

6 
10 
15 
17 

Film 
parameter, 

A 

0.9 
1.3 
1.8 
2.1 

1.1 
1.6 
2.4 
2.7 

1.3 
2 .o 
2.7 
3 .O 

0.7 
1.1 
1.6 
1.8 

s ince   t he   exper imen ta l   cu rves  do n o t   l e v e l   o f f  as does t h e   c u r v e   o f   f i g u r e   1 .  
It was n o t   e x p e c t e d   t h a t   l i f e   w o u l d   c o n t i n u e   t o   i n c r e a s e   i n d e f i n i t e l y   w i t h  

A ,  s ince   exper imen ta l   da ta   pub l i shed   by   Taka ta   ( re f .   15 )   and  Hobbs ( r e f .  16)  
t e n d   t o   l e v e l   o f f   f o r  A above 3. 

A l s o  o f  s i g n i f i c a n c e   a r e   t h e   l a r g e   l i f e   d i f f e r e n c e s   b e t w e e n   t h e   v e r y  
low A range and t h e   t r a n s i t i o n   r a n g e   i n   f i g u r e  9. The 1 0 - p e r c e n t   l i v e s  
w i t h   a l l   f o u r   l u b r i c a n t s   a t  speeds o f  5000  and  10 000 rpm  were  less  than 11 
m i l l i o n   s t r e s s   c y c l e s   ( t a b l e   1 1 ) .  A t  these  speeds  there i s  a l a r g e  amount 
o f   s u r f a c e - t o - s u r f a c e   i n t e r a c t i o n ,  and f a t i g u e   l i f e   i s   o n l y  a sma l l   f r ac -  
t i o n   o f  what i t  i s   i n   t h e   p a r t i a l  and f u l l  EHD regimes ( A  > 2 ) .  I n   t h e  
ve ry   l ow  A r e g i m e ,   s e v e r a l   f a c t o r s  may be  expected t o   a f f e c t   r o l l i n g -  
e l e m e n t   f a t i g u e   l i f e .  These f a c t o r s   i n c l u d e   l u b r i c a n t  and a d d i t i v e   c h e m i c a l  
e f f e c t s  and,  as d i s c u s s e d   b y   T a l l i a n   ( r e f .   1 7 ) ,   s u r f a c e   t r a c t i o n  and 
a s p e r i t y   s l o p e .  

P r e s s u r e - V i s c o s i t y   C o e f f i c i e n t   E f f e c t s  

The c a l c u l a t e d   r a n g e   o f  A where t h e  ATF d a t a   t r a n s i t i o n s   t o w a r d   t h e  
f u l l  EHD reg ime was s i g n i f i c a n t l y   l e s s   t h a n   t h a t   f o r   t h e   t r a c t i o n   f l u i d s .  
T h i s   d i f f e r e n c e   b e t w e e n   t h e   l u b r i c a n t s  was n o t   e x p e c t e d   s i n c e   t h e   t r a n s i t i o n  
t o  a f u l l - E H D   c o n d i t i o n   s h o u l d   o c c u r  i n  t h e  same A range  as  long  as  the 
i d e n t i c a l   c o n t a c t   s u r f a c e s   a r e  used. 

o f  l u b r i c a n t   p r o p e r t i e s ,   i n   p a r t i c u l a r   t h e   p r e s s u r e - v i s c o s i t y   c o e f f i c i e n t  
a. The film t h i c k n e s s   e q u a t i o n   o f   r e f e r e n c e   1 4  shows t h a t  EHD film t h i c k -  
ness i s  p r o p o r t i o n a l   t o  C X ~ * ~ ~ .  The v a l u e s   o f  a f o r   t r a c t i o n   f l u i d s  

The d i f f e r e n c e  may, however,  be  due t o  t h e   l a c k   o f   s u f f i c i e n t   k n o w l e u g e  
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a r e   s i g n i f i c a n t l y   h i g h e r   t h a n   f o r   m o s t   o t h e r   l u b r i c a n t s   a t   t e m p e r a t u r e s   l e s s  
than  about  322 K ( 1 2 0 "   F )   b a s e d   o n   c a p i l l a r y   v i s c o m e t e r   d a t a   a t  !ow pres-  
s u r e s   ( l e s s   t h a n  0.6 GPa (80  000 p s i ) )   f r o m   r e f e r e n c e  18. Fo r  ATF, pub- 
l i s h e d   d a t a   w e r e   n o t   a v a i l a b l e   f o r  a, b u t  a t y p i c a l   v a l u e   ( o r   r a n g e   o f  
v a l u e s   f o r   t h e   v a r i o u s   t e m p e r a t u r e s )  was assumed o n   t h e   b a s i s   o f   d a t a   f o r  
s i m i l a r   t y p e s   o f   l u b r i c a n t s   f r o m   r e f e r e n c e  18.  The p u b l i s h e d   v a l u e s   f o r   a n  
e a r l y   f o r m u l a t i o n   o f   t r a c t i o n   f l u i d s  1 and 2 a r e   a p p r o x i m a t e l y  2.4 t imes 
those  assumed f o r   t h e  ATF. 

The cu rves   o f   f i gu re  9 r e s u l t e d   f r o m   u s i n g   t h e s e  assumed O! values.  
However, i f  the   va lues   o f  O! f o r   t h e   t r a c t i o n   f l u i d   w e r e  assumed t o  be 
a p p r o x i m a t e l y   e q u a l   t o   t h o s e   o f   t h e  ATF ( v a l u e s   w h i c h   a r e   t y p i c a l   o f   m o s t  
common l u b r i c a n t s ) ,   t h e   c u r v e s   o f  fi u r e  9 f o r   t h e   t r a c t i o n   f l u i d s   w o u l d  
s h i f t   t o   t h e   l e f t   b y  a f a c t o r   o f  2.48.49, o r   a p p r o x i m a t e l y  1.5 on t h e  

A s c a l e .   W i t h   t h i s   a d j u s t m e n t ,   a l l   t h e   c u r v e s  show t h e   t r a n s i t i o n   t o w a r d  
t h e   f u l l  EHD regime  between A = 1 and A = 2 as  shown i n   f i g u r e  10 and 
a r e   i n   c l o s e r   a g r e e m e n t   w i t h   f i g u r e   1 .  

Such an ad jus tment  may, i n   f a c t ,  b e   p e r m i s s i b l e   s i n c e   t h e   v a l u e   o f  a 
and i t s   e f f e c t  on EHD film t h i c k n e s s   a t   t h e   h i g h   H e r t z i a n   p r e s s u r e   i n   t h e  KC 
r i g   a r e   n o t   w e l l   d e f i n e d .   F u r t h e r m o r e ,   t h e   s i g n i f i c a n c e   o f   u s i n g  an EHD 
film t h i c k n e s s   e q u a t i o n   t o   p r e d i c t   t h e   e x t e n t   o f   s e p a r a t i o n   b e t w e e n   t w o  
nonsmooth  surfaces i n   t h e   t r a n s i t i o n   r e g i o n   b e t w e e n   b o u n d a r y  and EHD l u b r i -  
c a t i o n   c o n d i t i o n s   i s   n o t   c l e a r .  I f  i t  i s  assumed t h a t   t h e   l i f e  - film 
parameter   t rends shown i n   f i g u r e  1 h o l d   f o r   t h e   t e s t   l u b r i c a n t s   u n d e r   t h e  
o p e r a t i n g   c o n d i t i o n s   o f   t h e  RC r i g ,   t h e  O! va lues   o f   t he  ATF and t r a c t i o n  
o i l s  wou ld   be   approx imate ly   the  same. A t  l o w e r   c o n t a c t   s t r e s s   c o n d i t i o n s ,  
such as t h o s e   t y p i c a l   o f   r o l l i n g - e l e m e n t   b e a r i n g s ,   t h e   h i g h  a va lues  
f o u n d   f o r   t r a c t i o n   f l u i d s   i n   r e f e r e n c e  18   a re   p robab ly   app l i cab le .  

Lubricant 
Traction fluid 1 
Traction fluid 2 

"_" 

10 

I I 
3 

Lubricant film parameter. A 

Figure 10. - Effect of lubricant film parameter  on  fatigue life 
with  adjusted film parameters  for traction  fluids. 



Post -Tes t   Observa t ions  

The A v a l u e s   i n   t h e s e   t e s t s   v a r i e d   f r o m  0.7 t o  3.0, which  covers a 
range  f rom a s i g n i f i c a n t   s u r f a c e - t o - s u r f a c e   a s p e r i t y   c o n t a c t   t o   n e a r l y   n o  
contac t .   Observa t ions  of t h e   r u n n i n g   t r a c k   o n   t h e   b a r   s p e c i m e n s   a t   t h e  
v a r i o u s   c o n d i t i o n s   f a i l e d   t o  show s i g n i f i c a n t   o r   c o n s i s t e n t   d i f f e r e n c e   i n  
s u r f a c e   a p p e a r a n c e   a f t e r   t h e   t e s t s .   S e v e r a l   f a c t o r s   c o n t r i b u t e d   t o   t h i s  
l a c k   o f   d e f i n i t i o n .   M o s t   o f   t h e   t e s t s   r e s u l t e d   i n   f a t i g u e   s p a l l i n g ,   w h i c h  
subsequent ly  causes  seconaary aamage t o   t h e   u n f a i l e d   p o r t i o n   o f   t h e   r u n n i n g  
t r a c k   f r o m   t h e   s p a 1 1   d e b r i s .   A d d i t i o n a l l y ,   t h e r e   w e r e   l a r g e   d i f f e r e n c e s   i n  
t h e  number o f   s t r e s s   c y c l e s   i n   t h e   v a r i o u s  suspenoed t e s t s   s u c h   t h a t  a 
d i r e c t  and c o n s i s t e n t   c o m p a r i s o n   c o u l d   n o t   b e  made. A l so ,   t he   range  of 
A va lues   spanned   by   t es ts   w i th  any  one l u b r i c a n t  was r e l a t i v e l y   s m a l l ,  
l e s s   t h a n   t h e   o v e r a l l   r a n g e   w i t h   a l l   l u b r i c a n t s   t e s t e d .  

The o b s e r v a t i o n s   o f   r u n n i n g   t r a c k   p o s t - t e s t   c o n d i t i o n   a l s o  showed no 
s i g n i f i c a n t   d i f f e r e n c e s   b e t w e e n   t r a c t i o n   f l u i d s  1 and 2. No premature 
f a i   l u r e s  due t o   s u r f a c e   d i s t r e s s   o r   o v e r h e a t i n g   o c c u r r e d   s u c h   a s   t h o s e   t h a t  
w e r e   o b s e r v e d   w i t h   t r a c t i o n   f l u i d  2 i n   t h e   f i v e - b a l l   t e s t s   ( r e f s .  5 and 6 ) .  
I n   t h o s e   t e s t s ,   t h e   t r a c t i o n   f l u i d s   r a n   a t  a race   t empera tu re   app rox ima te l y  
8 deg K (15   deg  F)   h igher   than  d id  a t e t r a e s t e r   f l u i d .   T h i s   d i f f e r e n c e  was 
aue t o   t h e   h i g h   t r a c t i o n   c o e f f i c i e n t   o f   t h e   t r a c t i o n   f l u i d s  and t h e   h i g h  
s p i n   v e l o c i t y   i n   t h e   f i v e - b a l l   t e s t s .   I n   t h e  R C  r i g   t e s t s ,  where  sp inn ing 
i s  absent ,   there was n o   t e m p e r a t u r e   d i f f e r e n c e   b e t w e e n   t h e   t r a c t i o n   f l u i d s  
and t h e  ATF. The ATF i s   b e l i e v e d   t o   h a v e  a l o w e r   t r a c t i o n   c o e f f i c i e n t ,  
s i m i l a r   t o   t h a t  o f  t h e   t e t r a e s t e r   u s e d   i n   r e f e r e n c e s  5 ana 6. Unpubl ishea 
t e s t s   i n   t h e   f i v e - b a l l   t e s t e r   a l s o  show lower   t empera tu res   w i th   t he  ATF than 
w i t h   t h e   t r a c t i o n   f l u i d s .  

S i n c e   t h e  RC r i g   t e s t s  showed n o   d i f f e r e n c e   i n   f a i l u r e  mode o r   t r a c k  
s u r f a c e   c o n d i t i o n ,  i t  was c o n c l u d e d   t h a t   t h e   p r e m a t u r e   f a i l u r e s   w i t h   t r a c -  
t i o n   f l u i d  2 i n   t h e   f i v e - b a l l   t e s t s  were  most l i k e l y  due t o   s e n s i t i v i t y  of 
t h a t   l u b r i c a n t   t o   t h e   r e l a t i v e l y   h i g h   s p i n   h e a t i n g .   T h i s   s e n s i t i v i t y   i s  
most l i k e l y  due t o   t h e   o v e r r e a c t i v e   c h e m i c a l   e f f e c t   o f   t h e  ZDDP a d d i t i v e  as 
d i s c u s s e d   i n   r e f e r e n c e s  5 and 6. 

SUMCIARY OF RESULTS 

R o l l i n g - e l e m e n t   f a t i g u e   t e s t s   w e r e   r u n   i n   r o l l i n g - c o n t a c t  (RC) r i g s   a t  
f o u r   s p e e d s   w i t h   t h r e e   t r a c t i o n   f l u i d s  and an a u t o m a t i c   t r a n s m i s s i o n   f l u i d .  
Shaft  speeds  were 5000, 10 000, 25 000, and 50 000 rpm. All t e s t s  were  run 
a t  a  maximum H e r t z   s t r e s s   o f  4.83 GPa (700 000 p s i )  and a l u b r i c a n t   b u l k  
t e m p e r a t u r e   o f  297rt3 K (75"+5" F).  From  10 t o  29 t e s t s  w e r e   r u n   f o r  
each  speed- lubr ican t   combina t ion .  The l i f e   r e s u l t s  were   ana lyzed  accord ing  
t o   W e i b u l l   s t a t i s t i c s .  The f o l l o w i n g   r e s u l t s   w e r e   o b t a i n e d :  

f o u r   l u b r i c a n t s   t e s t e d .   L i v e s   a t  5000 and 10 000 rpm  were n o t   s i g n i f i c a n t l y  
d i f f e r e n t ,   b u t   l i f e   i n c r e a s e d   g r e a t l y   a t  25 000 and 50 000 rpm f o r  each 
l u b r i c a n t .  

p a r a m e t e r   c u r v e s ,   e x c e p t   t h a t   t h e   d a t a   d i d   n o t   e x t e n d   s i g n i f i c a n t l y   i n t o   t h e  
h i g h e r  film parameter  range,  where l i f e  tends  t o  approach a  maximum value.  

1. R o l l i n g - e l e m e n t   f a t i g u e   l i f e   i n c r e a s e d   w i t h   i n c r e a s e d   s p e e d   f o r   a l l  

2. The l i f e   d a t a   t e n d e d   t o   f o l l o w   p u b l i s h e d   l i f e - v e r s u s - l u b r i c a n t - f i l m -  

11 



3. No s i g n i f i c a n t   d i f f e r e n c e s  i n  f a i l u r e  mode o r   r u n n i n g   t r a c k   a p p e a r -  
ance  were   observed  w i th   any   o f   the   speed- lubr ican t   combina t ions .  

Lewis  Research  Center 
Nat iona l   Aeronaut ics   and Space A d m i n i s t r a t i o n  
Cleveland,  Ohio, May 11,  1982 
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