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Gear tee th  operate i n  three  r e l a t i v e l y  d i f ferent  regimes of lubr ica t ion .  
A t  very slow pi tch  l i n e  speeds there  i s  boundary lubr ica t ion  only. Scoring and 
p i t t i n g  a r e  par t icu lar ly  troublesome. Very thick o i l s  with s t rong addi t ives  
can h e l p  improve Reglme I conbltlons. 

A t  medium pi tch  l i n e  speeds there  is mixed lubricat ion.  P i t t i n g  l i f e  is  
improved. Lubricant requirements a r e  still qui te  c r l t l c a l  i n  Regime 11. 

A t  f a s t e r  p i tch  l i n e  speeds and high speed, a full EHD o i l  f i b  i s  obtdned.  
I n  Regime 111, lubr icants  can be thlnner and mild addl t ivee  a r e  usually su f f i c i en t ,  
Scoring becomes a hazard due to the f l a sh  temperature developed i n  the o i l  f i lm. 

A l l  gear  operation can be divided i n t o  three  
k inds  of gear lubr ica t ion .  

Reglme I - Almost no useful  film due to p i t ch  
l i n e  velocity.  

Regbe I1 - P a r t i a l  o i l  f i lm from pi tch  l i n e  
velocity.  

Regime I11 - Fu l l  o i l  film developed by 
p i t ch  l i n e  ve loc i ty .  

I n  the ea r ly  1950'8 attempts were made to 
ca lcula te  o i l  f i lm thickness between contact ing 
gear tooth eurfaces  and t o  explain why a high 
speed gear u n i t  could N n  f o r  years and still have 
f i n i s h  marks v i s i b l e  over about 90%0f the  
contacting tooth  surface. 

I n  a book ( I )  published i n  1 9 3  I reported 
t h i s  da t a  on page 296: 

"In one r ecen t  test .made by the author 
a s e t  of precision spur gears were 
operated f o r  20 ~ i l l i c n  cycles a t  a 
p i tch  l i n e  weed of 6,000 f p .  
Involute measurements showed wear t o  
be l e s s  than 0.0001". Then the s e t  
was n n  a t  1,000 fpm with the saAe torque. 
After  5 mi l l ion  cycles a t  t h i a  speed 
the s e t  was stopped. Year was measured 
at  0.0005" ." 

I n  the  1960's the  problem of o i l  f i lm thick- 
ness  between g e a r s  and bearings was l e rge ly  
solved. The discovery t h a t  o i l  v iscos i ty  in- 
c reases  g rea t ly  h e n  o i l  i s  trapped i n  the  
Hertzian contact  zone between gear tee th  made i t  
possible t o  ca l cu l a t e  the elastohybrodynamlc 
(EHD) o i l  f i lm thickness m d  g e t  values t h a t  
seemed reaeonable i n  comparison w i t h  sur face  
f i n i s h  values m d  observations of werr i n  gears. 
The work of hwson m d  Higglnson i s  a c l a s s i c  (2) 

i n  t h i a  f i e l d .  Some obriervationa of mine on gear 
wear i n  t h i s  time perlod were g i v a  (2) a t  a 
world conference on elastohydrodynuic wear i n  
Leede, Englmd i n  1965. 

I n  t he  19?OSa there  wm i n d n g  r ea l i za -  
t i on  t h a t  the  tendency of geara to p i t  o r  score 
was conlliderobly influenced by the  dbquocy o r  
inadequacy of t he  EHD o i l  fil . .  h e  published 
and unpubli&ed work of the  l a t e  C b r l e s  Bowen 
was pa r t i cu l a r ly  e f f ec t ive  i n  pointing ou t  t h a t  
the  r a t i w  of gea r s  frim the  p i t t i n g  standpoint 
was g rea t ly  influenced by the  regime of lubrica-  
t lon.  H i s  19m A 9 1 6  paper (3) i s  pa r t i cu l a r ly  
valuable i n  thls regard. 

I n  1980 A91E published the  & aDMTFiOL 
HANIBOOK. I n  developing the  material  f o r  a 
chapter on gear wear (2) I became convinced that 
p i t t i n g  w a s  one of  the  moat ser ious  causea of 
gear wear. This  l ed  me to sort out  t he  r e l a t i o n  
of p i t t i n g  to regime of lubr ica t ion  i n  more depth 
than had been done prsvlously. I t  weas obvlous 
that ser ious  p i t t i n g  has  to be avoided to prevent 
ser ious  ( o r  p m a t u r e )  wear. Crantlng this, the  
gear designer o r  u se r  muet have a c l ea r  headed 
c n d e r s h r d a g  of pitA*ing cha rac i c r l s t l c s  i n  each 
of three  regimes of lubr lca t lon  i f  he i s  to avold 
o r  control  the p i t t i n g  hazard so t h a t  the  wear i n  
gears i e under control .  

I n  thls paper I w i l l  d l scuss  mme general 
cha rac t e r i s t i c s  of  the mglmes of lubr ica t ion .  
Much gear develomeat  work is needed i n  t he  1980's 
to f u l l y  underatand them regimes and to develop 
gear r a t i n g  formulas f o r  p i t t i n g  uul a c o r i w  t h a t  
are properly matched to each reglme. I hope tha t  
t h i a  paper wl l l  be helpful  i n  pointlng out  mms 
of the conelderations involved. 

Regires of lubr ica t ion  need to be thought of 
l i k e  world c l i r a t e  cones. For instance, we a l l  
have a concept of m p r c t l c  climate, a t e m ~ e r a t s  



c l imate  and a t r o p i c a l  climate. l h e  way o f  l i f e  is 
q u i t e  d i f f e r e n t  i n  each c l imate  zone. 

Yhem wa g e t  s p e c l f i c  about  c l imate  i t  g e t s  
d l f t i c u l t .  Alaska h a s  much a r c t i c  c l imate,  b u t  
some p l a c e s  l l k e  Anchorage, Alaska a r e  a s  tmper -  
a t e  as some c i t i e s  i n  Japan o r  Germany. Japan and 
the United S t a t e s  a r e  normally thought of  a s  
temperate, b u t  some l o c a t i o n s  i n  both southern 
Japan and t h e  southern p a r t  of  the Unlted S t a t e s  
a r e  d e f l n i t e l y  t rop ica l .  

I h e  same thlng goes f o r  regimes o f  lubrlca-  
t l o n  i n  gears .  Normally a spur o r  h e l i c a l  gear  
a t  a p l t c h  l i n e  v e l o c i t y  o f  0 .5 m / s  (100 fpm) 
and a f i n i s h  o f  1 rn (40 micro-in.) would be i n  
Reglme I. I f  t h e r e  1s an e x t r a  heavy o i l  and 
good 011 a d d l t l v e s ,  t h e  t e e t h  may pol l* up to a 
f i n i s h  v u n d  0.3 ~ l l p  and t h e  gear  s e t  may opera te  
up to 80 C with e s s e n t i a l l y  Regime I1 condl t lons  
prevailing. (The MD o i l  f i l m  I n  t h i s  case  would 
be  around .l pm.) ?his i s  a spec la l  case  t h e r e  
favorab le  condi t ions  permit a gear  s e t  to opera te  
I n  a b e t t e r  regime than would normally be  expected. 

A s  an oppoal ta  a l t u a t i o n ,  we might thlnk o f  a 
high speed g e a r  p a l r  m m l n g  a t  a p i t c h  l l n e  speed 
o f  9 4s. Normally such g e a r s  would have a 
f i n i s h  around 0.5 pa and would use a p l u m  weight 
t u r b i n e  o i l  a t  temperatures  around 60 C. I h e  
opera t ion  would be well l n t o  Reglme 111. 

If this p a r t  hag a f l n l a h  of  only 0.7 pa, 
was opera t ing  a t  100 C and was using a l i g h t  
t u r b l n e  o i l ,  t h e  MD film might be  o n l y  around 
0 . 4  pa. A t  t h e  modarate too th  l o a d s  used f o r  
high speed gears ,  t h e r e  would be  very l l t t l e  
f i n i s h  improvement i n  mnnlng.  a c h  a situation 
can (and does) o f t e n  l e a d  to operat ion i n  R e g b e  
I1 even though t h e  "cl imate zone" should have 
been Regime 111 operat ion.  

P i t c h  Line Veloc i ty  
The most important  v a r i a b l e  i n  s e t t i w  

r e g i n e s  o f  l u b r i & t l o n  is p i t c h  l i n e  ve loc i ty .  
Figure 1 shows what mlght be taken as nomlnd 
p o s i t i o n s  of  t h e  throe regimes of  l u b r i c a t i o n  
w l  th r e s p e c t  to p i t c h  l i n e  veloci ty.  

1 is drawn f o r  carburlzed g e a r s  a t  

and f i n i s h  are noxmal f o r  t h e  p l t c h  l i n e  speed. 

P;fch /;me L/C/OC;&,  E p r  

Fig. 1. Locat ion o f  regime8 o f  l u b r i c a t i o n  
f o r  average g e a r s  

(High speed g e a r s  a r e  made more accurately than 
low sperd gears.) Another assumption is t h a t  t h e  
Cast running g e a r s  use a typ lca l  turbine o i l ,  
while d o *  running g e a r 8  use the  heavier  o i l s  
typ ica l  of  vsh lc le  o r  i n d u s t r i a l  p rac t ice .  

Ihe boundary l i n e s  between Regime I m d  I1 
and between Regime I1 and I11 a r e  no more c e r t e l n  
than t h e  l i n e  on a geographic map t h a t  d e f i n e s  
a r c t i c ,  temperate and t r o p l c a l  c l lmate reglons.  
Obviously, there  w i l l  be  change over s i t u a t i o n s  
where t h e  gear  opera t ion  is midway between 
Reglme I and I1 o r  midway between Reglme I1 and 
111. 

O i l  Film Thickness 
Figure 2 ~ h o w s  a t y p l c a l  curve sheet  f o r  a 

tu rb lne  o i l  used wlth high speed gears. Thls  
shee t  was drawn f o r  2 to 1 r a t i o  h e l l c d  g e a r s  on 
a c e n t e r  d i s tance  o f  260 ma.  The shee t  would n o t  
change much If t h e  g e a r s  had been 5 times l a r g e r  
o r  i f  the  load was made twlce as great o r  h a l f  a s  
great. (The assumed load  1s normal f o r  good 
q u a l i t y  turbine g e a r s  designed f o r  thousands o f  
hours  of  l i f e . )  

Fig. 2. O i l  flln thickness ,  tu rb ine  o i l  

The prime v a r i a b l e s  i n  g e a r  o i l  f i l m  thick-  
ness  a r e  p i t c h  l i n e  ve loc i ty ,  o i l  temperature and 
klnd of  011. 

figure 3 shows a abilar curve shee t  f o r  
slower speed industrial o r  v e h i c l e  gears. An 
SAE 90 gear  011 was assumed. A 2 to 1 r a t i o  set 
of  spur  g e a r s  on a 260 mm c e n t e r  d l s b n c e  was 
used f o r  t h e  ca lcu la t ions .  
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~ i g .  3. O i l  f i l m  thickness, SAE 90 g o a t  o i l  



P i t t i n g  Tsndency 
Fiaure 4 b o w s  t h e  s t r e s s  vs. c y c l e s  

tendenc; f o r  each of  t h e  t h r e e  regimes of  l u b r l -  
ca t ion .  

?he general  equat ion f o r  l i f e  of  g e a r s  ( i n  
c o n t a c t  cyc les )  i n  r e s p e c t  to the  tangent ia l  
too th  load is . 

Eq. 1 

where: 
= too th  tangent ia l  load  i n  Newtons Yta f o r  4 cyc les  before  p i t t i n g  

Ytb = tooth t a n g e n t i a l  load i n  Newtans 
f o r  Lb c y c l e s  before  p i t t l n g  

x = s lope  exponent f o r  load vs. 
c y c l e s  curve 

Gear design p r a c t i c e  use8  the  compresslve 
stress, sc. F l g u n  4 is  there fore  p l o t t e d  a s  sc 

vs. cycles. h e  cornprosalve stress i s  pmpor- 
t i o n d  to too th  l o u i  to the 0.5 power. 

h e  K-factor index o f  too th  load  i n t e n s i t y  
can b e  converted to compresalve s t r e s s  by using a 
t o o t h  geometry f a c t o r ,  to eva lua te  t h e  tooth 

-- 
shape and a d e r a t l n g  f a c t o r  to eva lua te  m i s f i t  
and dynamic l o a d  e f f e c t s  that make &me p a r t s  o f  
some t e e t h  carry more l o a d  than they would have 
c a r d e d  when t h e  load  w a s  d l s t r f b u t e d  evenly 
o v e r  all tbe tooth &aces. h e  s i m p l i f i e d  
equat ionsi  to caver  t h i s  f o r  ex te rna l  spur  o r  
h e l i c a l  g e a r s  a r e :  

" - " (+) Eq. 2 

d x b  
where I 

d = pin ion  p i t c h  d i m e t a r ,  m 
b = f a c e  width, m 
U = g e a r  r a t i o  . 

= no. gear  t e e t h  7 no. pinion t e e t h  
then,  . = 5 K cd)O*P) En* 3 
where I 5 = geometry f a c t o r  

K = load  i n t e n s i t y  f a c t o r ,  (Q. 2)  

Cd = o v e r a l l  d e r a t i n g  f a c t o r  

Fig.  4 Trend o f  con tac t  s t r e s s  f o r  Regimes I ,  
I1 and 111 . Carburl zed gears .  

References 6, 7, 8 each show cd lcu la t ion  
procedures f o r  c a l c u l a t i n g  compresslve 
s t r e s s e s  i n  gear  t e e t h .  

4 PZPr 1 c y c l e  ta 1 0  a o n t r c t  c y c l e s  p i t t i n g  
i n  n o t  & p t  to occur .  If t h e  l o d e  u e  too  high 
t h e m  w i l l  b e  too th  aurface damage, b u t  t h e  
damage w i l l  u a r a l l y  b e  i n  t h e  form o f  mcoring 
(alw, c a l l e d  "scuffing1*), w l d  flow, r i p p l i n g  
o r  swadging. 

If t h e  load i s  heavy enough to cause p i t t l n g  
4 a t  lo5  cyc les  t h e  look o f  t h e  t e e t h  a t  1 0  o r  

4 even 3 x 10 cyc les  may be  e s s e n t i a l l y  a bur- 
ntshed appearance. Flgure 5 shows a medium hard 

gear  a t  2 x lo4 c y c l e s  o f  mch hlgh load  t h a t  
5 p i t t l n g  was severe a t  10 cyc les .  (Thls  was 

known because severa l  units were i n  se rv ice ,  
loaded t h e  same, and they dl would p i t  badly 
when t h e  cyc les  g o t  hlgh enough.) The Flgure 5 
gear  is  burnlehed and p i t t i n g  had J u s t  s tar ted. ,  
Some t e e t h  had no p i t s  and some t e e t h  had one o r  
two l a r g e  p i t s .  

f i g .  5 A Regime I gear  i n  m r v i c e  t h a t  vill 

be  p i t t e d  by lo5 cyc les  

Up to 105 c y c l e s  there  seems to be  no p a r t l -  
c u l a r  d i f f e r e n c e  between t h e  t h r e e  regimes so far 
as p i t t i n g  goes. h i s  a g g e s t s  t h a t  e i t h e r  hlgh 
speed o r  slow speed g e a r s  might be  designed f o r  

4 5 
t h e  same high load  a t  10 o r  10 cycles .  h m  a 
p r a c t i c a l  s tandpoint ,  i t  l a  n o t  reasonable to do 
t h i s .  A high speed gear  t h a t  surv ives  severely 

high l o a d s  f o r  lo5  cyc les  v i t h o u t  p i t t i n g  may have 
n i c m  cracks  o r  o t h e r  forms of  sur face  damage t h a t  

9 w i l l  p m v e  fatal at  1 0  o r  lo lo  c y c l e s  even when 
A . ,. 

t h e  load ing  at  10' o r  10'" c y c l e s  is  low enou& 
to be  well  within proven accep tab le  Rear r a t i n 4  

-~ 

practice. (Kore on t h i s  mint l a t e r . )  
The &ring hazard 1s g r e a t e s t  when new gears  

first see maximum torque and temperaturn condl- 
t lons .  I n  Regime I t h e  scor lng  hazard is  prlmar- 
i l y  due to t h e  l a c k  of  separa t ion  of  t h e  tooth 
sur faces .  High v i s c a a l t y  o i l s  a r e  used, b u t  t h i s  
a lone  i s  of ten  n o t  enough. Spec ia l  extreme 
p r e s s u r e  a d d l t i v e s  (normally c a l l e d  "ET" addl- 
U v e s )  are used. h e  EP a d d l t i v e s  tend to sub- 
s t i t u t e  a chemical f l lm f o r  an EHD f i l m .  The 
chemical f i l m  provides some type of  low shear  
c h m i c a l  r e a c t i o n  p m d u c t  t h a t  keeps rep lac ing  
i t s e l f  a s  the  gear  tooth c o n t a c t  ac t ion  tends  to 
rub i t  o f f .  



I n  R-e I11 the low cycle scor ing  hazard 
.. . ee-8 to .be  c s u s d  by a breakdown of  the EliD o i l -  

f i l m  due to excessive t e a p e n t u n  i n  the  f i b .  
The normal dealgn procedure (9)  ca l cu l a t e s  a 
f l a sh  h p e r a t u m  of the o i l .  Flash temperature 
deelgn lh l t s  have been i n  common use now since 
the  199's .  The pioneering work o f  H. Blok (10) 
led  to the  deve lopen t  of the " f lash  temperature" 
concept of scoring. 

Reglne 111 gears have a kind o f  h o t  scoring 
due to the f l a s h  teaperature behavlour. Reghe I 
gea r s  scorn, b u t  t h e i r  scoring is a sort of  cold 
s c o r i q  due to lack of MD o i l  f i l a .  Reglme I1 
gea r s  nay have tmublea  due to  e i t h e r  kind of 
scoring. I n  the author 's  opinlon, much mars 
research is needed on tooth soorlng -- and it is 
most important to co r r e l a t e  scoring t e s t  data 
with the regime of lubr ica t ion .  

final d r i v e  gears  i n  m i l l s ,  l i f t i n g  d e d c e s  
o r  winches mqy have to  run very slowly under very 
heavy load. Reglme I gea r s  a r e  not too frequent 
i n  the gear trade,  but  they are of ten  necessary. 

'Ihls reglme has  a s teep  slope f o r  t he  load 
vs. cyc les  curve of  p i t t i n g  capacity. When 
x = 3.2, the  load capacity a t  a 10-fold increase 
i n  cycles is only 49%. The compressive s t r e s s  
capacity is 7196 a t  a 10-fold increase i n  cycles. 
(S t r e s s  is pmpor t ional  to load to the  0 . 9  
power -- as was mentioned ear l ie r . )  

Figure 6 shows a p l o t  of percentage load vs. 
cyc les  f o r  t he  three  regimes of l ub r l ca t loa .  
The basing po in t  f o r  10096 load was taken qu l t e  

a r b i t r a r f l y  a t  105 cycles. me mason f o r  doing 
this i s  t h a t  all #roe  regimes s e m  to have about 
the  same capacity t o  resist p i t t i n g  a t  t h iu  
r e l a t i v e l y  low number of  cycles. 

A s  mom d a t a  becomes a v d l a b l e  i t  may turn 
ou t  t h a t  the  three  regimes a r e  somenhat d i f f e r e n t  

even a t  lo5 cycles  -- much wi l l  probably depend 
on the s t e e l  hardness and the de f in i t i on  of  
whether o r  not  a s l i g h t  amount of p i t t i n g  o r  
something l i k e  108 of the tooth sur face  p i t t e d  
cons t l  t u t u s  p i  t t l n g  f a i l u re .  

Pig. 6 Variat ion i n  gea r  load capaci ty  t h a t  
nw be expected i n  Regime I. 
Note typica l  s lops  curves f o r  
Reglaes 11 and T I 1  

Uhen the  l u b r l c r n t  is p d t l c u l s r l y  thin, 
o r  the  lubr icant  h c s  l i t t l e  o r  no odalt ivas,  
Reglme I may have a slops up to x = 2 .O. Con- 
versely, a reaeonably heavy o i l  and strong EP 
addi t ives  may make Re-e I do much better md , 

g e t  over  as far a s  x = 4.5. 
f i g u r e  6 shows the general area of R q i n e  I 

operations. The gea r  d e d g n e r  of  course i s  f a c d  
wlth a crltlcal pmblen i n  Reglme I. Data a v d l -  
ab le  i n  1981 is still q u i t e  inadequate. The b e s t  
sa lu t lon  is to dealgn conservatively end then 
t e s t  t he  aea r s  and the lubricant .  I f  prsna turs  
p i t t i n g  occurs, lmpmve on things l i k e  the  
lubr icant  and its addl t ive  package, the g e e  
surface f in lsh ,  o r  lower the m a x i m u m  operat ing 
temperatam. (Ale0 deaign changes l i k e  h igher  
hardness, b e t t e r  p r o f i l e  and load nodlficat lons,  
o r  s l i g h t l y  l a r g e r  gears  may be needed to  do the  
job. Hgum 7 ahowa a medlun hard Raghe I gear. 

Flg. 7 Slow speed gear i n  Reglne I w l t h  sevem 
p i t t i ng .  Note lack of polish i n  gear  
addendun 

'Ihls r e g h e  is typical  o f  vehicle gears.  
Relat ively heavy o i l s  a r e  used. Stmng EP 
addi t ive  packages a r e  used -- pa r t i cu l a r ly  i f  
the p i tch  l i n e  speed is a s  slow a s  0.5 4s .  
The gea r s  a r e  general ly not  made to  a very f i n e  
f in ish ,  bu t  they tend to w e a r  i n  quld i ly  to good 
f in ish .  I n  appearance, they are o f h  very br ight  
and polished after some hours of f u l l  torque 
operation. 

Regime I1 h a s  a moderate slope. Ihe load  
capacity f o r  a 10-fold increase i n  cycles is 6 5  
a t  a value of x = 5.3. Ihe  compreaaive s t r e s a  
capacity is 80% a t  a 10-fold increase i n  
capaci t y  . 

Figure 7 is a m t h e r  p l o t  of  pwcenhge  
load va. cyc les  f o r  t he  reglnes of lubr lca t ion .  
The th ree  bas ic  curves cue the same as Flgum 6 .  
EYguro 7 shows the  general a r ea  to be expectad 
f o r  Regime 11. This  a rea  is bounded by elope 
curves a t  x = 4.5 snd 6.0. 

?he var ia t ion  i n  slope f o r  Regbe I1 is 
usually not  too g rea t .  Ihe ACUA vehicle sbndrrd 
(8 ) shows design curves f o r  coapresalve stress 
vs. cyc les  t ho t  aru i n  the mlddla of tha Regha I1 
regLon j u s t  deacrlbed. I n  general, gears  f o r  
Reglne I1 w e a r  i n t o  r a t h e r  good f in i sh  and f i t .  
Relat ively heavy o i l s  are usad with a p p r o p r i a b  
addl ti ve packages. 
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Fig. 8 Appmximak varlation i n  load capacity 
i n  Regime 11. Ty-pical Pope curves 
shown f o r  Reglmes I and 111. 

?he gear designer can work with much bet ter  
confidence i n  Regime 11 than Reglme I.  Testing 
of new designs is a t i l l  often necessary. Test 
r e s u l t s  may requlm wall changes i n  the lubrl-  
cants, some adjustment i n  tooth modlflcations 
and/or some improvement i n  d a c e  f in l sh  of 
the  gear tueth. Flgum 9 shows a Regime 11 gear. 

Fig. 9 Pi t ted Reghe I1 gear. 
Not4 polish i n  contact area. 

This regime i s  typical of high speed gears 
used with turbines. Uaudlly the f i r s t  reduction 
of an e lec t r i c  motor drlve and some times the 
second reduction is f a s t  enough to be i n  Regime 
111. 

Turbines use f a l r l y  th in  o i l s ,  but the 
pitch l i n e  speeds a re  so f a s t  that i t  is usually 
possible to  devclop an MD o i l  from 0.6 po to 
a s  much a s  2.0 )un. Turbine f i r s t  stage gears 
often n m  fipm 9 t o  19 m / s  pitch l i n e  velocity. 
Even second stage turbine gearlng w i l l  usually 
m n  from 20 to 9 m / s  pitch l i n e  speed. 

High speed turbine gears are generally 
finished by grindlng o r  shaving to  a f in ish  of 
0.5 &m to  0.8 p. After i n i t l a l  break-in the 
f in l sh  urnally improves so that  f i n d  running 
f inish  i e  apt  to be i n  the 0.4 to  0.6 p range. 
I t  1s not d l f f l c u l t  i n  most high speed gears to 

develop the f u l l  EHD o i l  film needo6 f o r  
essentially complete s e p a n b o n  (by o i l )  of the 
meshing gear b o t h  mrfaces. 

Regime I11 has a ra ther  (lentla dope. Ihe 
load capacity f o r  a 10-fold increase in  cyclee 
i e  76% a t  a value of x - 8.4. 'he  mapmeaive 
s t ress  is 8% a t  a 10-fold increase i n  capacity. 

Ngum 8 ehows a plot  of percentage load 
vs. cydlea with the same three basic curves 
ehown. 'he general area of dealgn for  Regime I11 
i s  now shown. 

Fig. 10 Appmximate varlation i n  load capacity 
i n  Regime 111. Slope curves, , 

Regimes I and 11 shown. 

h e  ACHA deslgn standard f o r  a i rc ra f t  engine 
gears ( 7 ) follows a slope close to x = 8.4. 
Data available on successful turbine gearlng in  
marlne, land and turbo prop a i r c r a f t  shows that 
high speed gears (usually i n  Regime 111) f i t  
into the general area shown on Figure 8 ra ther  w e l l .  

h e  designer i n  Reghe 111 does not have to 
worry much about the slope of the load vs. 
cycles curve. Things of greater concern are  
quality of material, accuacy and f i t  of the gears. 

Flgure 11 shows a Re ime I11 pinion j u s t  
s tar t ing to p i t  at 2 x I n 7  cvcles. 

Fig. 11 In l t l a t ion  of pitch l i n e  p i t t lng  
on case hardened hel ical  pinion. 



In Regime 111 the o i l  f i b  thicknese i e  great  
enough to separate the contaoting mrfaces. 
Flnlsh r&a u s  not worn off .  ?his is ahom 

Fig. 12 Scazmlng electron micmscope view of 
p i t t i n g  wen i n  Fig. 11. Note f in ish  marks. 

?he matarlal jus t  presented &ows the general 
charrc ter ls t lce  of the three regimes of lubrlca- 
t ion. The tendency of gears to scare (scuff) o r  
to p i t  is strongly influenced by the reglme of 
l u b r l  cation. 

The concept of regimes of lubrlcation explains 
things gear designers noticed i n  e a r l i e r  years, 
b u t  could not explaln. For insbnce,  why did slow 
speed geare score when scorlng was thought of a s  a 
speed related problem? I n  regard to pi t t ing,  
some design data (11) showed a ra ther  steep slope 
of s k e s e  ve. cycles, while other data ahowed a 
ra the r  gentle slope. Variations i n  slope seem 
to be moetly due to the regime of lubrlcation. 

The material presented i n  t h i s  paper comes 
i n  conalderable pa r t  from f i e l d  expcrlence wlth 
gear un i t s  t h a t  have been i n  service f o r  5 to 10 
years. 

In  the o i l  and gas industry, large numbers of 
turbine driven uni te  have been i n  service f o r  
over 30,000 houre. A t  10,000 RPM a gear part  
w i l l  have 1.8 x 1010 cycles. Uhen a 10,000 Rl% 
pinion meshes with three star gears i n  an epicyclic 
drive, there w i l l  be 5.4 x 1010 cycles i n  30,000 
hours. 

Host laboratory bench t e s t s  of gears are only 
run f o r  107 tO 108 cycles. Gear data f o r  operation 
i n  the regipn of 107 cycles 10l0 cycles must 
come primarily from un i t s  i n  service. 

Figure 13 shove an example of a high speed 
gear operating i n  Regime I11 that  f a i l ed  by 
p i t t i n g  a t  5 x log cycles. . 

Flg. 13 Cear eroded by p i t t ing ,  5 x 109 c cles. 
P m f l l e  weu about .025 am (.001"f. 
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