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i i

ABSTRACT

F a ilu re  due to  p i t t i n g  fa tig u e  has been in v e s t ig a te d  under c o n tro lle d  

la b o ra to ry  c o n d itio n s . The in v e s t ig a tio n s  used b o th  a r e a l i s t i c  la b o ra ­

to r y  t e s t  r i g  using face  w idth gears  and th e  g eo m etrica lly  s im p le r sim­

u la t io n  o f gears using  a d isc  machine. The r e s u l t s  ob ta in ed  s u b s ta n tia ­

te d  e a r l i e r  work o f Way and Dawson. The i n i t i a t i o n  and p ropagation  

mechanisms are  g e n e ra lly  considered  to  hold  t r u e .  However, th e  gear t e s t s  

showed th a t  f a i lu r e  could  occur much more r e a d i ly  than  w ith  d is c s  and th e re ­

fo re  th e  ^ p l i c a t i o n  o f  d isc  t e s t s  to  gears must be viewed w ith  c a u tio n .

The r e s u l t s  suggest a fundam ental d iffe re n c e  between th e  p i t t in g  behaviour 

o f  gears and d is c s .

The second p a r t  o f th e  th e s is  i s  o f a more th e o r e t ic a l  n a tu re . A 

th e o ry  o f  su rfa c e  c o n tac t was developed along th e  l in e s  o f t h a t  by Green­

wood and W illiam son using  a su rface  model developed by W hitehouse and 

A rchard. These r e s u l t s  show th a t  a d i s t r ib u t io n  o f  a s p e r i ty  cu rv a tu res  

in c re a se s  th e  p ro b a b i l i ty  o f p la s t i c  deform ation . The p l a s t i c i t y  index  

has been re d e fin e d  in  term s o f a convenient two param eter d e f in i t io n  o f 

su rfa c e  topography. The th eo ry  has been ^ p l i e d  to  r e s u l t s  o b ta ined  from 

a ty p ic a l  ground su rface  o f hardened s t e e l ;  when th e  an iso tro p y , which i s  

p a r t  o f such su rfa c e s , i s  taken  in to  account i t  i s  shown th a t  on ly  a sm all 

p ro p o rtio n  o f  th e  c o n tac tin g  a s p e r i t i e s  a re  p l a s t i c a l l y  deformed. The 

l im i ta t io n  o f  t h i s  form o f model i s  d iscu ssed  and a second approach i s  pu t 

forw ard using  d i g i t a l  te ch n iq u es . Theory has been developed to  enab le  th e  

c o n ta c t o f  su rfa c e  p r o f i le s  to  be s im u la ted  in  a computer and th e  i n t e r ­

fe re n ce  a reas  so formed have been r e la te d  to  th e  r e a l  H ertz ian  deformed 

a reas  o f two rough su rfa c e s . The approach i s  e q u a lly  a p p lic a b le  to  run- 

i n  su rfa c e s  which a re  not re p re sen ted  by e x is t in g  m odels.

The im p lic a tio n s  o f  t h i s  wo i t  f o r  fu tu re  re sea rc h  a re  d iscu ssed ; th e  

need f o r  a f u l l e r  understand ing  o f  p a r t i a l  and micro elastohydrodynam ic 

lu b r ic a t io n  by th e o ry  and experim ent i s  s t r e s s e d .
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Symbols used in  ex p erim en ta l and th e o r e t i c a l  work

G eneral

D = <j / h r a t i o  o f  su rfa c e  roughness to  o i l  f ilm  th ic k n e ss ,
o

, E^ Young's m odulii o f  m a te r ia ls  o f  su rfa c e s  1 and 2.

E^ Reduced modulus g iven  by

-  =  "

H .min

U

e '  E^

= OrE

= h y b

h_ Minimum lu b r ic a n t  f ilm  th ic k n e sso

Maximum H e rtz ia n  p re ssu re  

R E f fe c tiv e  r e l a t iv e  ra d iu s  o f  c o n ta c tin g  bo d ies  g iv en  by

1 1 1

R Rg

R ^, R^ R ad ii o f c o n ta c tin g  b o d ies  1 and 2

e '  R

u = ^(u^ + u^) l in e  co n tac t

u  , u S urface  v e lo c i t i e s  o f  bo d ies  1 and 2
1 2

w
W = —■■■■■ l in e  c o n ta c t

E R

w Load p er u n i t  le n g th  o f  face  w idth

a  P ressu re  exponent o f  v i s c o s i ty  ( U = ® cp(ap)

7} V is c o s ity

Tj C o n tro llin g  v is c o s i ty

P o isson*s r a t i o s  o f  m a te r ia ls  o f b o d ies  1 and 2 .



v il

A d d itio n a l n o ta t io n  -used i n  C hapter h  w ith  s p e c if ic  v a lu es  where 

a p p ro p r ia te .

a Radius o f a re a  o f  H e rtz ian  co n tac t

A T o ta l t r u e  a re a  o f  c o n ta c t

ÔA Area o f  H e rtz ian  c o n ta c t f o r  one a s p e r i ty

Apparent a re a  o f  c o n ta c t ( 1cm )

C D im ensionless a s p e r i ty  c u rv a tu ie

C Mean d im ension less  c u rv a tu re  f o r  a l l  peaks

d N orm alized s e p a ra t io n

E Young's modulus (21 x  10^ kg/mm^)

E ^  =  E j / ( l —V )

g S p e c if ic  conductance (8 .3 5  x  10^ Q ^ cm"^ )

G T o ta l conductance

fiG Conductance o f  one a s p e r i ty

H Hardness

6 Salibiing i n t e r v a l  ( ta k e n  as 2.3(3* i n  th e  th eo ry )

n  Number o f  c o n ta c ts

N R a tio  o f  peaks to  o rd in a te s

p Mean r e a l  p re s s u re  (=W/A)

R Radius o f c u rv a tu re  o f  a s p e r i ty

W T o ta l lo a d

6W Load borne by  one a s p e r i ty

y  Norm alized c o -o rd in a te  (height/o^)

P C o rre la tio n  d is ta n c e  (2 .3 P =

7] D en sity  o f  a s p e r i t i e s  p e r  u n i t  a re a

V P o is s o n 's  r a t i o  (O .3 )

a  S tandard  d e v ia t io n  o f  th e  h e ig h t d i s t r ib u t io n  ( 0.5pm)

p C o rre la tio n  betw een su cc e ss iv e  ev en ts



v i i i

i}j = ; P l a s t i c i t y  in d ex  (G & W)

^   ̂ P l a s t i c i t y  index  (W & A)

w Compliance

£jp Compliance co rrespond ing  to  o n se t o f  p la s t i c  flow

A d d itio n a l n o ta t io n  used in  C hapter 3 »

A One h a l f  th e  minor p r in c ip le  cu rv a tu re  o f  an a s p e r i ty

A. . T T o ta l tru e  a re a  o f  co n tac tt o t a l

a Radius o r major sem i-ax is  o f  H e rtz ian  c o n ta c t

B One h a l f  the  m ajor p r in c ip le  cu rv a tu re  o f  an a s p e r i ty

b Minor sem i-ax is  o f  e l l i p s e  o f  H e rtz ian  co n tac t

D H a lf w idth  o f  H e rtz ia n  c o n tac t zone ( l i n e  c o n tac t)

E (k ')  Complete e l l i p t i c  i n te g r a l  o f  th e  second kind

f(A/B) Function  o f  A/B

H H ardness

K (k ')  Complete e l l i p t i c  in te g r a l  o f  the  f i r s t  k ind ,

k A x ia l r a t i o  o f  e l l i p s e  o f  H e rtz ia n  c o n ta c t (k  < 1)

k'2 = (l-k2)

L H a lf le n g th  o f  l i n e  co n tac t f o r  d is c s

1 Length o f one T a ly su rf  p r o f i l e

m Number o f  p a i r s  o f  T a ly su rf  p r o f i l e s

N Number o f  p r o f i l e  t r a c e s  p e r u n i t  le n g th

^mean Mean H ertz ian  p re ssu re

R Local r e l a t i v e  ra d iu s  o f  cu rv a tu re  fo r  two c o n ta c tin g

a s p e r i t i e s .

W Load supported  by two c o n ta c tin g  a s p e r i t i e s

Load p e r u n i t  le n g th  a t  r ig h t  an g les  to  p r o f i l e s  

Load borne by p la s t i c  c o n ta c t



ix

T to ta l

a

amean
a

or

(Û

wmean

Ù)

T o ta l load  borne by a s p e r i t i e s

H alf w id th  o f in te r f e r e n c e  co n tac t (p e rp e n d ic u la r  to  p r o f i l e  

fo r  e l l i p t i c  c o n ta c ts )

Mean va lue  o f  summation o f  a

R adius o r sem i-m ajor a x is  o f e l l i p s e  o f in te r f e r e n c e  a re a  

H alf w idth o f  e l l i p t i c  in te r f e r e n c e  c o n ta c t along the 

l in e  o f the p r o f i l e .

Semi-mijior a x is  o f e l l i p s e  o f in te r f e re n c e  

S tandard  d e v ia tio n  o f h e ig h t d i s t r i b u t io n  

Depth o f in te r fe re n c e

Mean value o f w fo r  an in d iv id u a l  c o n tac t 

Compliance o r maximum depth  o f  in te r f e re n c e

In te r fe re n c e  d ep th s  which would r e s u l t  in  p l a s t i c  defo rm ation .

Symbols used on ly  once a re  d e f in e d  a t  th e  a p p ro p ria te  p o in t o f  th e  t e x t .



CHAPTER 1

1 .1 .  G eneral In tro d u c tio n

In  re c e n t y e a rs  one o f th e  most s t r ik in g  developm ents i n  T ribo logy  

has been the  emergence o f the  s u b je c t  o f elastohydrodynam ic lu b r i c a t io n  

( e . h . l ) .  I n  broad term s t h i s  a re a  o f T ribo logy  has now reached th e  

p o in t where th e o ry  and experim ent combine to  p ro v id e  a g e n e ra lly  accepted  

body of knowledge which covers  most o f  the range o f  co n d itio n s  experienced  

in  p ra c t ic e .  However t h i s  knowledge has been concerned m ainly w ith  the  

lu b r ic a t io n  o f p e r f e c t ly  smooth s u r fa c e s , o r  o f  su rfa c e s  w hich, fo r  a l l  

p r a c t ic a l  p u rp o ses, approach t h i s  id e a l .

U n fo rtu n a te ly , th e  su rfa c e s  used  in  en g in eerin g  p ra c t ic e  a re  no t 

smooth and one might assume th a t  most f a i l u r e s  o f elastohydrodynam ic 

lu b r ic a t io n  a r is e  from t h i s  f a c t .  In  h is  p ioneer s tu d ie s  o f p i t t i n g  

f a i l u r e  Dawson (1961) (1962) ( I 963) l e n t  co n s id e ra b le  support to  t h i s  con­

c e p t. He showed th a t  th e  number o f  c y c le s  to  p i t t i n g  f a i lu r e  was a 

fu n c tio n  o f  the non-dim ensional param eter

_ ^ combined su rfa ce  roughness ^\
* lu b r ic a n t  f ilm  th ic k n e s s

Of co u rse , t h i s  work does n o t p rov ide  th e  f u l l  answers which are  re q u ire d ; 

in d eed , in  h is  l a s t  p a p e r , Dawson ( 1968) c o lle c te d  a g re a t  d e a l o f m icro­

sc o p ic a l and o th e r  r e la te d  ev idence a s  a c o n tr ib u tio n  to  a more d e ta i le d  

and com plete account o f  th e  mechanism o f  p i t t i n g .  Moreoever i t  should 

be remembered th a t  Dawson's experim ents were perform ed w ith  a d isc  machine 

and th e re  have been many comments in  the  l i t e r a t u r e  which argue th a t  th e  

r e la t io n s h ip s  between d is c  t e s t s  and g ear behav iou r are  inad eq u a te  fo r  a 

q u a n t i ta t iv e  com parison.

There rem ains one o th e r  a sp e c t o f  t h i s  work which r e q u ire s  ex p lo r­

a t io n .  The s u b je c t  o f su rfa ce  topography, i t s  exam ination and i t s



s p e c if ic a t io n  have shown marked developm ents i n  re c e n t y e a rs . A s i g n i f i ­

can t p a r t  i n  th e se  changes h as  been played by th e  development o f  d i g i t a l  

tech n iq u es  in  su rface  topography. The o u tpu t o f  p ro f ilo m e te rs  can be 

p resen ted  i n  d i g i t a l  form and much in fo rm atio n  o f i n t e r e s t  can be provided  

by the subsequent a n a ly s is  o f  t h i s  d a ta  by com puter methods. The power 

o f  th ese  te ch n iq u es  in  t r i b o lo g ic a l  re sea rc h  has y e t  to  be f u l l y  exp lored  

and r e l a t i v e ly  l i t t l e  use has been  made o f th e se  methods in  th e  s tu d y  o f  

lu b r ic a te d  system s. C le a r ly , th e se  developm ents are  r e le v a n t  to  our 

s u b je c t.

The work d e sc rib ed  in  t h i s  th e s i s  was planned a g a in s t  th e  broad 

background which has been o u tl in e d  above. I t  was proposed to  c a r ry  ou t 

most o f the  work in  the  I n d u s t r i a l  L u b ric a n ts  D iv is io n  of S h e ll R esearch  

L td . a t  Thornton R esearch C en tre . The o r ig in a l  concep t was th a t  th e  

p ro je c t  would commence w ith  a s tudy  o f  p i t t i n g  i n  g e a r s  u s in g  a la rg e  g e a r  

t e s t  r i g .  From the  r e s u l t s  o f th e se  t e s t s  and t h e i r  com parison w ith  d is c  

machine r e s u l t s  i t  was hoped th a t  th e  work would develop  accord ing  to  i t s  

own lo g ic .

In  p r a c t ic e ,  fo r  re a so n s  o u ts id e  th e  c o n tro l  o f  th e  au th o r o r h is  

sponsors , th e  p ro je c t  has n o t ta k en  t h i s  p lanned form. The t e s t  g ears  

d id  no t become a v a ila b le  u n t i l  two y e a rs  a f t e r  the commencement o f the  

work. T h ere fo re  much o f  th e  work d e sc rib ed  below has been based upon a 

broad assessm ent o f  the l i t e r a t u r e  r a th e r  th an  upon th e  c lo s e ly  k n i t  d e v e l­

opment which had been p lanned . W hatever the  f a u l t s  o f  th e  a u th o r , some 

la c k  o f  coherence o f  t h i s  th e s i s  must th e re fo re  be a t t r ib u te d  to  t h i s  

background w ith in  which th e  work was perform ed.

C hapter 2 in c lu d e s  a g e n e ra l  l i t e r a t u r e  survey  and a l im ite d  amount 

o f  work c a r r ie d  ou t on a d is c  m achine, the  r e s u l t s  o f  which were in ten d ed  

to  form a b a s is  fo r  com parison w ith  th o se  o b ta in ed  from g e a rs . The t e s t s  

invo lved  were c a r r ie d  out i n  o rd e r  to  s u b s ta n t ia te  th e  r e s u l t s  p u b lish ed  

by Dawson, which were o b ta in ed  w ith  a d i f f e r e n t  com bination  o f  m a te r ia ls



and the  r e s u l t s  could  then  be used in  co n ju n c tio n  w ith  those  o f  C hap ter 

3 to  enable com parison o f  d is c  and g ea r r e s u l t s .  C hap ter 3 d e s c r ib e s  th e  

g ea r t e s t s  perform ed on a 3" c e n tre s  t e s t  r ig  and p ro v id es  a comprehen­

s iv e  s e t  o f r e s u l t s  in c o rp o ra tin g  v a r ia t io n s  in  s u rfa c e  f in i s h ,  speed o f 

r o ta t io n ,  and two o i l s  o f d i f f e r in g  v is c o s i ty .  The broad co n c lu s io n  o f  

t h i s  work i s  th a t  D awson's f in d in g s , based on d is c  experim en ts, a re  fo r  

th e  p o in ts  in v e s t ig a te d  a p p lic a b le  to  g e a rs . The work su g g es ts  th a t  

the  p h y s ic a l argum ents o f  p i t t i n g  f a i l u r e  are s im ila r  fo r  both  c a se s  bu t 

th a t  r e s u l t s  o b ta in ed  from d is c s  can g ro s s ly  o v e re s tim a te  the  l i v e s  o f  

g e a r s .  The work im p lie s  some fundam ental d if f e re n c e  between th e  two 

form s c f  t e s t in g  and th e  co n c lu s io n s  suggest th a t  th e  d if f e r e n c e s  q u ite  

p o s s ib ly  stem from th e  d i f f e r in g  k in em atics  o f  th e  two system s. When 

tak en  in  c o n ju n c tio n  w ith  re c e n tly  pub lished  in fo rm a tio n  on in - s e r v ic e  

behav iour t h i s  work f i l l s  a gap in  a broad spectrum  o f  knowledge which 

s u c c e s s fu lly  l in k s  en g in ee rin g  sc ien ce  w ith  e n g in ee rin g  p ra c tic e  and 

d e s ig n .

As d iscu ssed  above th e  nex t requ irem en t i s  fo r  more d e ta i le d  know­

led g e . C hapter 4  th e re fo re  develops some re c e n t work o f  W hitehouse and 

Archard (1970) on su rfa ce  topography in to  a th eo ry  o f  su rfa ce  c o n ta c t.

Such th e o r ie s  take  th e  s e p a ra tio n  o f  th e  s u rfa c e s  as  the  independent 

v a r ia b le  and th e  lo a d , a re a , number o f  c o n ta c ts  and th e  e l e c t r i c a l  con­

ductance as  th e  dependent v a r ia b le s .  T herefo re  t h i s  th e o ry  i s  a p p lic a b le  

to  bo th  d ry  and lu b r ic a te d  c o n ta c t.

The th e o ry  o f C hapter 4  i s  m arkedly id e a liz e d #  I t  i s  based upon 

th e  topography o f  f r e s h ly  ground su rfa c e s . Methods or th e o r ie s  o f  

w ider a p p l i c a b i l i ty  are  c le a r ly  d e s ira b le  and, i n  p a r t i c u la r ,  i t  would 

be o f  v a lu e  to  be ab le  to  d e a l w ith  ru n - in  s u r fa c e s . C hapter 5 th e r e ­

fo re  p roposes a scheme based upon the d i r e c t  u se  o f  p r o f i l e s  o f  su rfa c e s , 

in  d i g i t a l  form , and t h e i r  use in  th e  a n a ly s is  o f  su rfa ce  c o n ta c t by



computer m ethods. A lthough t h i s  technique has not been f u l l y  developed 

i t  i s  d e sc rib ed  here  as a su g g estio n  fo r  li i tu re  developm ents.

F in a l ly  C hapter 6 surveys th e  work d esc rib ed  in  the  th e s i s  a g a in s t  

i t s  background, and in d ic a te s  some a re a s  where f u r th e r  work i s  re q u ire d .



CHAPTER 2

EXPERIMENTAL INVESTIGATION OF FITTING FAILURE 

USING SPECIMENS OF SIMPLE FORM

2 ,1 , Background

For th e  in tro d u c t io n  o f  t h i s  ch ap te r i t  i s  a p p ro p ria te  to  d ig re s s

fo r  th e  moment to  the  g e n e ra l  f i e l d  o f p i t t i n g  phenomena. Much work has

been c a r r ie d  o u t on t h i s  su b je c t and r e l i a b le  th e o r ie s  a re  s t i l l  very  

e lu s iv e . I t  i s  g e n e ra l ly  accepted  th a t  p i t t i n g  i s  a f a t ig u e  p ro cess ; 

th e re fo re  the  g r e a te s t  concern i s  the amount o f  d a ta  re q u ire d  fo r  a n a ly s is ,  

a t  p re se n t much o f  the  d a ta  a lre a d y  a c c e s s ib le  may on ly  be a p p lic a b le  to  

the  s p e c i f ic  c o n d itio n s  under which th e  t e s t s  were ru n .

There are  g e n e ra l ly  two f i e ld s  o f  in v e s t ig a t io n

a) That o f r o l l in g  elem ent b ea rin g  f a i lu r e  u s in g  hard m a te r ia ls ,

and

b) G earing f a i l u r e  u s in g  r e l a t i v e l y  s o f te r  m a te r ia ls .

In v e s t ig a t io n s  a t  th e  p re se n t can be broken in to  th re e  sub-groups -

( i )  M e ta llu rg ic a l -  in c lu d in g  h e a t tre a tm e n t, m a te r ia l  com bination 

and g ra in  s t r u c tu r e ,

( i i )  S tr e s s  a n a ly s is  -  by  runn ing  c o n d itio n s  o r  form o f  geom etry.

( i i i )  L u b ric a tio n  -  in v o lv in g  f ilm  th ic k n e s s , v i s c o s i ty  p re s su re

c o e f f ic ie n ts  and chem ical a c tio n .

In  group ( i )  C h es te rs  (1938) u sin g  a d is c  machine has s tu d ie d  th e  

f a i lu r e  o f v a r io u s  m a te r ia l  com binations. The d r iv in g  d is c  was manu­

fa c tu re d  from v a r io u s  t e s t  m a te r ia ls  and run  a g a in s t  a case hardened 

s t e e l  d is c .  H is  r e s u l t s  p rov ided  a fam ily  o f  S-N fa t ig u e  cu rv es  each 

re q u ir in g  an in c re a s e d  number o f  s t r e s s  c y c le s  a s  th e  t e n s i l e  s tre n g th  o f  

th e  t e s t  m a te r ia ls  in c re a s e d . I n  t h i s  s e t  o f  r e s u l t s  i t  was suggested  

th a t  p i t t i n g  f i r s t  occurred  when th e  maximum H e r tz ia n  su rfa ce  p re ssu re



was approx im ate ly  eq u al to  th e  t e n s i le  s tre n g th  o f the  t e s t  m a te r ia l ,  

C h es te rs  ( 1963) amended t h i s  by concluding  th a t  th e  on set o f p i t t i n g  was 

l ik e ly  to  occur in  th e  range 0 .67  to  1 ,2  tim es the  t e n s i le  s tr e n g th  

depending on the  m a te r ia l  com bination . T h is  work a lso  showed th a t  

p la s t i c  flow  and s t r a i n  ageing  o f  the su rfa ce  la y e r s  occurred  due to  th e  

lo ad ing  re q u ire d  to  o b ta in  p i t t i n g .  F in a l ly ,  th roughout th e  com binations 

o f  m a te r ia ls  used in  th e se  experim en ts, th e  type o f h ea t tre a tm e n t had a  

marked e f f e c t  on the l i f e  o f  th e  specim ens. S c o tt and B lackw ell (1966) 

a lso  c a r r ie d  ou t t e s t s  on m a te r ia l  com bination bu t in  t h i s  case  they  used 

a r o l l in g  fo u r  b a l l  lu b r ic a n t  t e s t e r  and t h e i r  r e s u l t s  a re  th e re fo re  more 

a p p lic a b le  to  b e a r in g s . A f u r th e r  r e s u l t  from th e i r  paper which would 

seem prom ising was th e  work c a r r ie d  ou t on th e  hardness o f  m a te r ia ls ,  

where th ey  found th a t  fo r  an En 31 b a l l  com bination th e re  was an optimum 

hardness range to  g ive a  maximum fa t ig u e  l i f e .  From t h i s  the  au th o rs  

suggest th a t  to  reduce s t r e s s  and p la s t i c  flow th e  la r g e s t  p o s s ib le  con­

t a c t  a re a  so o b ta in ed  should be lin k ed  w ith  the p e rm iss ib le  amount o f 

work harden ing  so a s  to  avoid  th e  in c re a s e  in  p i t t i n g  which would occu r. 

They conclude th a t  the  maximum fa tig u e  l i f e  i s  ob ta ined  when the  upper 

and low er b a l l s  a re  o f  s im i la r  hardness ( i . e .  ra c e  and b a l l s  i n  the  

p r a c t ic a l  c a s e ) , o r the  r o l l i n g  b a l l s  1 (% h a rd e r and a l l  should be in  an 

optimum h a rd n e ss  range; t h i s  they p o in t o u t i s  i n  agreem ent w ith  the  

work o f  Z a re tsk y  e t-a l (two • rô f s .1963) .  A nother m e ta l lu rg ic a l  a sp ec t 

ag a in  a p p lic a b le  to  b e a r in g s  was f ib r e  o r ie n ta t io n .  S c o tt ( 1963) has 

shown th a t  t h i s  has a  marked in f lu e n c e  on th e  p i t t in g  f a t ig u e  l i f e  o f  

b a l l s ,  th e  r e s u l t s  were n o t co n c lu siv e  owing to  the  la rg e  amount o f  

s c a t t e r  o b ta in ed  (see  h is  Table 10 ,5 , p ,107) b u t b ro ad ly  speaking i t  was 

shown th a t  p i t t i n g  was more l i k e l y  to  occur on o r  around th e  a re a  o f 

end g ra in .  T h is  view i s  a lso  held  by Bamberger (1969) and a diagram o f  

f a i lu r e  d e n s i ty  f o r  f ib r e  o r ie n ta t io n  i s  p re sen te d  i n  h is  F i g ,7 p .422,

T h is  problem o f  f ib r e  o r ie n ta t io n  i s  a lso  shown to  be im p o rtan t in



b e a r in g  ra c e s , w ith  flow  p a r a l l e l  to  th e  race  being  b e n e f ic ia l .  W hile 

th e  m a te r ia ls  are  n o t th o se  used in  gearin g  the  r e s u l t s  a re  n e v e r th e le s s  

r e le v a n t .  W ith in c re a s e d  cold and ho t r o l l in g  o f  g e a r s ,  Ridgway (1970) 

shows th a t  the  amount o f  g ra in  flow  in  the  ro o t o f  a  r o l l e d  g ear i s  

c o n s id e ra b le  and th a t  by such a p ro d u c tio n  p rocess the  fa tig u e  s tre n g th  

o f  the  g e a rs  i s  in c re a s e d .

A lthough com parisons have been made between g ea rs  and b ea rin g s  

th e re  i s  obvious evidence th a t  co:*siderable d if fe re n c e s  do occur between 

th e  two types o f  t e s t i n g .  T a ll ia n  (1967/68) p ro v ides a  comprehensive 

a n a ly s is  o f  r o l l in g  c o n ta c t f a i lu r e  in  b e a r in g s , and in c lu d e s  d e t a i l s  o f 

th e  d if f e r e n c e s  in  th e  ty p e s  o f  f a i l u r e .  There i s  a ls o  em phasis p laced 

on the  d if f e r e n c e s  in  th e  f a i l u r e  o f b a l l s  compared w ith  g e a rs  when th e  

p l a s t i c  ran g es  o f the  two a re  ve ry  d i f f e r e n t .  The shakedown c r i t e r io n  

o f  Merwin and Johnson (19&3) f o r  s o f t  m a te r ia ls  a llow s la rg e  cum ulative 

p l a s t i c  flow  p a r a l le l  to  the  r o l l in g  d i r e c t io n ,  t h i s  flow  i s  ap p aren tly  

no t observed in  high h a rd n ess  m a te r ia ls .  G en era lly  th e  c h a r a c te r i s t i c  

shape o f  the  p i t s  found on g e a rs  and d is c s  does n o t occu r on b a l l s  where 

the  p i t s  may have a c r a t e r  form , sharp  edged and more o r l e s s  f l a t  

bottom ed. Because o f  the  d if fe re n c e s  in  b a l l  and r o l l e r  b ea rin g  r e s u l t s  

much o f  th e  pub lished  l i t e r a t u r e  concerned w ith  t h i s  s i tu a t io n  has been 

l e f t  ou t o f t h i s  d is c u s s io n  and only r e s u l t s  which are  r e le v a n t  to  bo th  

s o f t  and hard  m a te r ia ls  a re  r e fe r re d  to .

The second group o f  in v e s t ig a t io n s ,  on s t r e s s ,  has m ainly been 

s tu d ie d  in  a th e o r e t i c a l  n a tu re . Dowson, H igginson and W hitaker ( I 963) 

have analysed  hydrodynamic lu b r ic a t io n  i n  nom inal r o l l in g  l in e  c o n ta c t. 

They used p re ssu re  d i s t r ib u t io n s  to  c a lc u la te  th e  s t r e s s  d i s t r ib u t io n  

i n  the  s o l id  e lem ents and s t r e s s  co n to u rs  were produced fo r  v a ry in g  v a lu es  

o f  U, An a n a ly s is  o f  p l a s t i c  defo rm ation  fo r  an id e a l iz e d  e l a s t i c /  

p l a s t i c  m a te r ia l has been c a r r ie d  out by Merwin and Johnson (19&3) which 

p re d ic ts  q u a l i t a t iv e ly  th e  b u ild  up o f  r e s id u a l  s t r e s s e s .  They show



th a t  the  p la s t i c  flow  i s  i n i t i a t e d  a t  the p o s i t io n  o f  th e  maximum u n i­

d i r e c t io n a l  sh ea r s t r e s s  r  • The flow i s  i n i t i a l l y  a t  43° to  th emax

su rfa c e  and then  due to  r e s id u a l  s t r e s s e s  th e  flow e i th e r  s to p s  o r con­

t in u e s  u n t i l  b u lk  p l a s t i c  defo rm ation  o ccu rs . The au th o rs  propose a 

f a i l u r e  c r i t e r io n  c a l le d  the  shake-down l im i t  which r e l a t e s  the maximum 

H e rtz ia n  p re ssu re  to  th e  y ie ld  s tre n g th  o f the m a te r ia l  k . The th eo ry  

a lso  p re d ic ts  th e  cum ulative d isp lacem ent in  th e  forw ard d i r e c t io n  o f  

m otion. Johnson and J e f f e r i e s  (1>63) a ttem pt to  c o r r e la te  l i f e  t e s t s  o f 

a m a te r ia l i n  r o l l i n g  c o n ta c t w ith  e i th e r  a c a lc u la te d  o r  measured value 

(H am ilton c f  forw ard flow  6 and th e  la y e r  th ic k n e ss  h. A f i n a l

paper by Johnson ( 1963) p re s e n ts  some c o r r e la t io n  o f th eo ry  w ith  e x p e r i­

m ental r e s u l t s  from s e v e ra l so u rces  o f r o l l in g  c o n ta c t f a t ig u e .  I n  th e  

a n a ly s is  he in tro d u c e s  th e  shake-down c r i t e r io n  ( in c o rp o ra tin g  the  

in f lu e n c e  o f  a lu b r ic a n t  film ) f o r  com parison o f  s t r e s s  v a lu e s  a t  f a i lu r e  

and found th a t  many o f  the  endurance l im i t s  were c lo se  to  a v a lu e  o f 2 

f o r  p o /k , which i s  much lower th an  the  shake-down va lu e  o f  4» H is con­

c lu s io n  was th a t  a s p e r i ty  i n te r a c t io n  through th e  lu b r ic a n t  f i lm , which 

w i l l  be d iscu ssed  more f u l l y  l a t e r ,  could w e ll be th e  prime cause o f t h i s  

d isc rep an cy .

The th i r d  sub-g roup , th e  to p ic s  w ith  which t h i s  t h e s i s  i s  m ainly 

concerned , accounts fo r  th e  in f lu e n c e  o f  lu b r ic a t io n  upon th e  fa tig u e  

f a i l u r e  i n  r o l l in g  c o n ta c t . Of the l i t e r a t u r e  a v a ila b le  two au th o rs  

Way and Dawson have c a r r ie d  out by f a r  the  most com prehensive and in d e ­

pendent in v e s t ig a t io n s  o f  p i t t i n g  f a i l u r e  w ith  the s o f t e r  form o f  

m a te r ia ls .

As f a r  back as 1933 Way in v e s t ig a te d  th e  in flu en c e  o f  lu b r ic a t io n  

on p i t t in g  f a i l u r e  and found th a t  p i t t i n g  d id  no t occur when th e re  was 

no lu b r ic a n t  p re s e n t ,  in s te a d  an oxide la y e r  appeared on th e  d is c  tr a c k s  

which tended to  f la k e  o f f  a s  r o l l i n g  co n tin u ed . T e s ts  ru n  d ry  which 

th e n  had lu b r ic a n t  ap p lied  f a i l e d  e a r l i e r  th a n  those  which ra n  i n i t i a l l y



w ith  a lu b ric a n t»  th e se  t e s t s  have a lso  been v e r i f i e d  by Dawson ( I 96I ) .

Way re v e rse d  the  procedure and found th a t  once c ra c k s  had appeared w ith  

a  lu b r ic a n t  th ey  would n o t p ro g re ss  f u r th e r  i f  th e  lu b r ic a n t  was removed.

A f u r th e r  su ggestion  p u t forward by Way was concerned w ith  the in f lu e n c e  

o f  th e  o i l  v i s c o s i ty .  I t  was found th a t  w ith  a  v e ry  th ic k  o i l  th e  

p i t t i n g  phenomenon was p rev en ted , a p p l ic a t io n  o f  th e o ry  suggested  th a t  

th e re  was s t i l l  a  la rg e  amount o f  m e ta l l ic  c o n tac t th rough  the  o i l  f i lm ; 

u n fo r tu n a te ly  he d id  n o t have e .h . l#  th e o ry  to  c a l l  upon and su b seq u en tly  

Dawson ( 1962) v e r i f ie d  t h i s  approach by p o s tu la t in g  th e  D r a t i o  which i s  

d e fin ed  in  eq u a tio n  2 .1 .1  below. Way d id  show e x p e rim en ta lly  th a t  th e  

f ilm  th ic k n e ss  had an e f f e c t  on th e  p i t t i n g  l i f e  and a lso  th a t  a rougher 

d is c  f a i l e d  e a r l i e r  th a n  i t s  smoother p a r tn e r ;  Dawson (1962) gave more 

p o s i t iv e  p ro o f o f W ay's r e s u l t s .  I n  one s e t  o f  experim en ts u s in g  p a i r s  

o f  d is c s  o f  equal h a rdness th e  load  and f ilm  th ic k n e s s  were kep t c o n s ta n t 

and th e  su rface  roughness v a r ie d . A s t r a ig h t  l i n e  was o b ta ined  on a 

lo g - lo g  p lo t  o f  c y c le s  to  f a i l u r e  a g a in s t  sum o f  peak to  v a l le y  average 

(P.V .A ) su rface  roughness. A second s e t  o f  experim en ts  m ain ta in in g  the  

su rfa c e  roughness c o n s ta n t and v a ry in g  th e  f ilm  th ic k n e s s  gave a v e ry  

s im i la r  r e s u l t .  The combined p re s e n ta t io n  produced a s in g le  s t r a ig h t  

l in e  and from t h i s  the  now common D r a t i o  was d e fin ed  as

T o ta l i n i t i a l  su rfa ce  roughness o f  the  two d is c s
D = ------------------------------------------------------------------------------  (2 . 1 . 1)

o i l  f i lm  th ic k n e ss  

Way, Dawson and many o th e r a u th o rs  have rem arked on th e  c h a r a c te r i s t i c  

shape th a t  p i t s  have in  d is c  and r o l l e r  t e s t s  and ag a in  Way (1937) pu t 

forw ard h is  p ro p o sa ls  fo r  t h i s  occu rren ce . He d e sc rib ed  th e  c r a t e r s  a s  

fa n  shaped and showed th a t  th e y , o r  the  i n i t i a l  c ra c k s , were n o rm ally  

in c l in e d  to  th e  su rfa ce  a t  app rpx im ate ly  13- 25° ;  he suggested  th a t  th e y  

were i n i t i a t e d  in  su b -su rfa ce  re g io n s  a t  a dep th  o f  about 0*001 i n s .

T h is  was n e c e s s a r i ly  a t e n ta t iv e  argument bu t he a ttem p ted  h i s  ju s t i f i c a t io n  

by observ ing  sm all su b -su rfa ce  c racks and equated  th e  d ep th s  o f th e se  to
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v a lu es  o f  the depth  o f maximum sh ea rin g  s t r e s s  c a lc u la te d  from a proposed 

su rface  model. Dawson (1968) c o rro b o ra te s  th ese  s ta tem en ts  by showing 

f u r th e r  photo-m icrographs o f crackg lunning  p a r a l l e l  to  the  su rface  and 

a t  a d ep th  o f  100/i” o r l e s s .  Again Dawson su p p lie s  su p p o rtin g  th eo ry  

tc  suggest th a t  th ese  c rack s  could q u ite  p o ss ib ly  be i n i t i a t e d  by the 

s t r e s s  a sso c ia te d  w ith  the  su rface  a s p e r i t i e s .  Having proposed the  

method o f  c rack  i n i t i a t i o n  Way put forw ard th e  method o f  c rack  p rop ag a tio n  

and once again  th e re  i s  s tro n g  su p p o rtin g  experim en tal evidence from many 

a u th o rs  in d ic a t in g  th a t  he had the c o r re c t  h y p o th e s is .

C onsider F ig . 2 .1 .1 a  in  which two d is c s  a re  r o l l in g  to g e th e r ,  i t  

i s  assumed th a t  o i l  i s  a lre a d y  in  the  c rack . As the c ra ck  approaches 

th e  c o n tac t a re a  th e  opening would be c lo sed  th u s  tra p p in g  th e  e n tra in e d  

o i l .  As th e  c rack  p ro g re s se s  through th e  c o n ta c t so the  o i l  i s  fo rced  

down w ith  in c re a s in g  p re ssu re  and p ro p ag a tes  th e  c rack  f u r th e r  in to  the  

m eta l. In  F ig . 2 .1 .1 b  th e  c o n d itio n  i s  n o t f u l f i l l e d ,  the mouth o f  the  

c rack  does no t e n te r  the  c o n ta c t f i r s t ,  and so th e  o i l  would be fo rced  

o u t; th e re fo re  o r ie n ta t io n  o f  c rack s  i s  a lso  an im p o rtan t f a c to r  in  the  

p ro p ag a tio n  p ro c e ss . Dawson (1961) gave evidence fo r  t h i s  e f f e c t  when 

he showed th a t  w ith  p o s i t iv e  s lid e /sw eep  r a t i o  p i t t i n g  d id  n o t occur 

F ig . 2 .1 .2 .  F u r th e r  evidence fo r  t h i s  i s  o b ta in ed  from g e a rs  where 

alm ost a l l  p i t t i n g  occurs below th e  p i tc h  l in e  i n  the n eg a tiv e  s l i d e /  

sweep re g io n  and on ly  v e ry  o c c a s io n a lly  do p i t s  occur in  th e  addendum o r 

p o s it iv e  s lid e /sw eep  re g io n . C h es te rs  (1963) found th a t  when the t e s t  

m a te r ia l was the  d riv e n  d is c  few er s t r e s s  c y c le s  were re q u ire d  to  i n i t i a t e  

p i t t i n g  th a n  when i t  was the d r iv e r ,  t h i s  ag a in  i s  c o n s is te n t w ith  F ig .

2 .1 .2 .  Both Way ( 194-0) and Dawson ( l9 6 l )  perform ed e le g a n t t e s t s  to  

s u b s ta n t ia te  the  p ro p ag a tio n  mechanism. They ra n  p a ir s  o f d is c s  u n t i l  

arrow head c rack s  appeared, h o le s  0 .02” d iam e te r were th en  d r i l l e d  to  th e  

t i p  o f  each c ra ck . The c ra c k s  ceased to  p ropagate  due to  the  o i l  

escape ro u te  now a v a i la b le ,  which provided ample p roof o f W ay's mechanism.
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In  a second t e s t  Dawson ( l9 6 l )  produced c rack s  and then  re v e rse d  the  

d i r e c t io n  o f r o ta t io n  o f the d is c s ,  again  th e  c rack s  ceased to  propagate 

due to  th e  o i l  being  fo rced  o u t; on re v e r t in g  to  th e  o r ig in a l  c o n d itio n s  

the  c rack s  again  began to  grow. F u r th e r  work by Dawson (19&3) produced 

S-N curves s im ila r  to  those o f  C h es te rs  (1958) and M artin  and Cameron 

( 1961) .  The l a t t e r  au th o rs  found th a t  by v a ry in g  the v i s c o s i ty  o f  the  

lu b r ic a n t  they  could produce a fam ily o f  cu rves such th a t  the  g re a te r  

the  v is c o s i ty  o f  the  lu b r ic a n t  thu  h igher th e  endurance s t r e s s  o f  the 

specimens* Dawson ( 1963) reproduced t h i s  e f f e c t  i n  h is  r e s u l t s ,  bu t 

a lso  v a r ie d  the  D r a t i o  no t o n ly  by v i s c o s i ty  bu t a lso  by v a ry in g  su r­

face  f in i s h .  He used two v a lu e s  o f D r a t i o  and found th a t  th e  l i f e  to  

p i t t i n g  was ve ry  much g r e a te r  fo r  the low er D value# F u r th e r  work by 

Dawson (19&5) was c a r r ie d  ou t on th e  e f f e c t  o f  the  r e l a t iv e  ra d iu s  o f 

c u rv a tu re . He ob ta ined  r e s u l t s  fo r  r e l a t i v e  r a d i i  o f  c u rv a tu re  o f  

1.2 and 10 in c h es  and found th a t  th e  g re a te r  va lu e  gave an in c re ase d  

fa tig u e  l i f e ,  along w ith  t h i s  work he a lso  c a r r ie d  out t e s t s  to  determ ine 

the  e f f e c t  o f forms o f  su rfa ce  g e n e ra tio n . He attem pted  to  produce 

d is c s  o f  s im ila r  f in i s h  to  g e a r s , but th e  r e s u l t s  were n o t v e ry  compre­

hensive a s  on ly  th re e  su c c e ss fu l t e s t s  were perform ed and th e  co n c lu s io n s  

formed favoured  a decreased p i t t i n g  s tre n g th . Dawson pu t forw ard 

p o ss ib le  ex p lan a tio n s  o f th e  r e s u l t s .  To in v e s t ig a te  th e  e f f e c t  o f 

machinjlng s t r e s s e s  .o r a s p e r i ty  o r ie n ta t io n  he perform ed two t e s t s ,  one 

w ith  th e  machining marks in  th e  c irc u m fe re n tia l  d i r e c t io n  and th e  o th e r  

in  the a x ia l  d i r e c t io n ;  b o th  f in i s h e s  were achieved  w ith  the use o f 

e m e ry  p ap er, thus th e  re s id u a l  s t r e s s e s  should have been th e  same. The 

two t e s t s  gave s im ila r  r e s u l t s  which le d  Dawson to  suggest th a t  the  

m achining p ro cess  was th e  prime cau se , the  q u estio n  s t i l l  rem ains to  be 

answered as  v e iy  few r e s u l t s  were o b ta in e d . Theory (Johnson , G-reenwood 

and Poon (197^) and C h ris te n se n  and Tonder (1971 ) )  su g g es ts  th a t  fo r  

sm all v a lu e s  o f  D th e  p i t t i n g  l i f e  would in  f a c t  be in c re a se d  fo r  a x ia l ly
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fin ish e d  d is c s  as  the o i l  f ilm  th ic k n e ss  would tend  to  be g r e a te r .  To 

s u b s ta n t ia te  th ese  r e s u l t s  P.M.Ku (1972) r e c e n t ly  p ro v id e s  some evidence 

fo r  t h i s  b e in g  the c a se . H is r e s u l t s  show a drop o f  the  o rd e r o f 

fo r  c o e f f ic ie n t  o f f r i c t i o n  when u s in g  a x ia l ly  ground d is c s ,  which i s  

c o n s is te n t w ith  the  above mentioned th e o r ie s .  L arger v a lu e s  o f D pose 

a  more d i f f i c u l t  problem a s  th e re  i s  no th e o ry  a v a ila b le  to  p re d ic t  a 

r e l i a b le  va lu e  o f film  th ic k n e ss  when th e  su rfa c e  roughness i s  comparable 

w ith , o r  la rg e r  th a n , th e  f ilm  th ic k n e ss  c a lc u la te d  from co n v en tio n al 

e . h . l  th e o ry  (which assumes p e r f e c t ly  smooth s u r fa c e s ) .  O ther work on 

the  d i r e c t io n  o f  machining marks has been c a r r ie d  out by S h o tte r  (1958) 

who measured the f r i c t i o n a l  torque and e l e c t r i c a l  r e s is ta n c e  between the  

d is c s .  H is  con clu sio n s  were th a t  p o lish e d  s u r fa c e s  gave lower c o e f f i ­

c ie n ts  o f  f r i c t i o n  th an  rougher su rfa c e s  even a f t e r  th e y  had ru n  in  to  an 

eq u iv a len t v a lu e . T h is  problem i s  re le v a n t  to  C hapter 5 where a method 

o f a n a ly s is  fo r  ru n - in  su r fa c e s  i s  p re sen te d . The problem may stem from 

d e fin in g  a su rface  by one param eter w h ils t  p ro p o sa ls  a re  now being made 

(Spragg and W hitehouse (1970/71 ) )  fo r  a  two param eter model which ta k e s  

in to  account th e  w avelength o f  the  su rface  s t r u c tu r e  w hich, fo r  a  ru n - in  

su rfa ce  must have in c re ase d  due to  the  severe m o d if ic a tio n  o f the  upper 

peaks o f the a s p e r i t i e s .

The f i n a l  to p ic  to  be d iscu ssed  i s  th e  lu b r ic a n t  and i t s  r e la te d  

p ro p e r t ie s .  M artin  and Cameron (19&1) produced S-N cu rv es  fo r  d i f f e r e n t  

o i l s  and p lo tte d  endurance s t r e s s  a g a in s t  v is c o s i ty .  They s ta te d  th a t  

fo r  o i l s  having a v is c o s i ty  g re a te r  th a n  20 c e n t i - s to k e s  th e  endurance 

s t r e s s  v a r ie d  as  th e  fo u r th  ro o t o f the  v is c o s i ty .  T h e ir S-N curves 

em phasised the  p o in t made e a r l i e r  th a t  the  r e s u l t s  o b ta in ed  must apply  to  

s p e c if ic  co n d itio n s  on the  cu rves so produced, o th e rw ise  co n c lu sio n s  

become m eaningless. The second co n c lu sio n  they  a r r iv e d  a t  was th a t  the  

time fo r  p i t t i n g  to  occur was n o t n e c e s s a r i ly  s o le ly  a fu n c tio n  o f the  

v i s c o s i ty  b u t dependent on some o th e r  f a c to r  i n  th e  o i l  such as the
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su rface  a c t i v i ty .  T h is e f f e c t  has been in v e s t ig a te d  by G-alvin and 

N aylor (1965)5 they  used a W ohler r o ta t in g  c a n t i le v e r  r i g  to  perform  

fa t ig u e  t e s t s ,  having  d i f f e r e n t  o i l s  and a d d itiv e s  a s  the surround ing  

medium. They used M edicinal W hite O il a s  a s tan d a rd  and found th a t  fo r  

the  rem aining o i l s  te s te d  two groups emerged. Group 1 c o n s is te d  o f  o i l s  

th a t  reduced the l i f e  o f specimens working above th e  fa tig u e  l im i t  b u t had 

no e f f e c t  on th e  lower fa tig u e  l im i t  i t s e l f .  Group 2 o i l s  reduced th e  

l e v e l  o f  the fa t ig u e  l im i t  i t s e l f ,  a s  w e ll a s  th e  fa t ig u e  l i f e  above the  

l im i t .  The a u th o rs  admit th a t  th e  c o n d itio n s  i n  a  bending fa t ig u e  t e s t  

a re  d i f f e r e n t  from th o se  th a t  e x i s t  i n  r o l l in g  c o n ta c t b u t n e v e r th e le s s  

th ey  have put forw ard convincing  evidence th a t  chem ical e f f e c t s  o f  v a r io u s  

f lu i d s  can d r a s t i c a l l y  reduce th e  f a t ig u e  l im i t  o f r e a c t iv e  m e ta ls .

The l a s t  f a c to r  to  be co n sid ered  in  t h i s  group i s  the p o s s i b i l i t y  

o f  p re d ic tin g  the  o i l  f i lm  th ic k n e s s . The r e s u l t s  quoted l a t e r  w i l l  use 

th e  eq u a tio n  d e riv ed  by Dowson and H igginson ( I 9 6 l ) .

H . -  1 .6  G®’^ (2o1 .2 )min

where H, W ,  U and G a re  d iraen sio n less  v a r ia b le s  d e fin ed  i n  th e  ta b le  o f  

symbols.

Dawson and o th e r  w orkers have shown th e  v a l id i t y  o f  th e  D r a t i o  

and lik e w ise  in  a l l  c a se s  have used th e  Dowson and H igginson form ula o r  

some e q u iv a le n t. These r e s u l t s  must be vicried w ith  some re s e rv a tio n  a t  

la rg e  D v a lu e s  where th e  form ulae are  n o t ,  by the  n a tu re  o f  t h e i r  d e r i ­

v a tio n , d i r e c t l y  a p p lic a b le .

T h is  in tro d u c tio n  has shown th a t  p i t t i n g  experim ents must be c a r r ie d  

out under c l e a r ly  d e fin ed  o p e ra tin g  c o n d itio n s  a s  so many v a r ia b le s  can 

in flu en c e  th e  r e s u l t s .  The survey has a ls o  shown th a t  alm ost a l l  p i t t i n g  

experim ents w ith  the s o f te r  g ea r m a te r ia ls  have been perform ed w ith  d is c  

m achines. An im portan t p a r t  o f  t h i s  t h e s i s  i s  concerned w ith  p i t t i n g  

t e s t s  on g e a rs  and th ese  t e s t s  are  d iscu ssed  i n  th e  n ex t c h a p te r . As a
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p re lim in a ry  to  t h i s  work w ith  g e a rs  t h i s  c h ap te r  d e sc r ib e s  a more l im ite d  

range o f t e s t s  w ith  d is c s  o f th e  same m a te r ia l com bination which i s  used 

in  the g ear t e s t s .

The purpose o f  th e se  d isc  t e s t s  a re  as fo llow s

(a ) To prov ide a d i r e c t  comparison between p i t t in g  t e s t s  w ith  d is c s  

and w ith  g e a rs .

(b ) To provide a means o f  com parison w ith  e a r l i e r  work, such a s  th a t  

o f  Dawson.

(c ) To in v e s t ig a te ,  where p o s s ib le , some f a c to r s ,  such a s  th e  d i r e c t io n  

o f m achining, which may be i n f l u e n t i a l  i n  com parison betw een 

r e s u l t s  ob ta ined  w ith  d is c s  and w ith  g e a rs .

2 .2 .  The d is c  machine

The t e s t s  were perform ed on a Two D isc P i t t i n g  Wear machine simu­

la t in g  l in e  c o n ta c t. The geom etric  c o n f ig u ra tio n  o f th e  d i s c s  i n  the  

machine i s  shown in  P ig . 2 .2 .1 ,  and the  lo ad in g  was f a c i l i t a t e d  by  a 

le v e r  system and sp rin g  b a la n c e . The low er s h a f t  was d r iv e n  by a h a lf  

horse power a .c .  motor v ia  two p u lle y s  and v a r ia t io n  o f speed was achieved 

by d i f f e r e n t  p u lle y  r a t i o .  The upper t e s t  specimen was d riv e n  through a 

p a i r  o f  g e a rs  mounted on the  two s h a f ts ,  v a r ia t io n  o f g ear r a t i o  and d isc  

d iam e ters  allow ed a p redeterm ined  value  o f  s lid e /sw eep  r a t i o  to  be 

achieved by two d i f f e r e n t  methods.

2>3. E xperim ental d e t a i l s

2 . 3 . 1 . The d is c s

A ll t e s t s  were ru n  w ith  p a i r s  o f  d is c s  c o n s is t in g  o f  a  case 

hardened En 34 m ating d is c  running a g a in s t  a s o f te r  th rough  hardened



Pitting Specimen Mating Specimen
M aterial En 25 En 34
Heat treatm ent Case hardened
Hardness V.RN 3 0 0 ^ 1 0 8 0 0 -8 5 0
Surface finish Circumferential C ircum ferentia l

ond axial and axial
0 - 2 5 - 1  -8 /xm 0 2 5 —1-8/xm

Composition
C 0 27 - 0  35 0 14 - 0  20
Su 0 16 -  0 35 0 10 _ 0 35
Mn 0 .50 - 0  70 0 3 0 -  0 GO
S 0 050 max 0 050 max
P 0 05 0  max 0 050  max

Nt 2 3 0 - 2  80 1 5 0 -  2-061
Cr 0 - 5 0  - 0 - 8 0
Mo 0  4 0 - 0  70 0 -2 0 -0  30

Table 2 .3 .1  

Material properties

30

FIG. 2 .3 .1 Diagram of disc shape
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En 25 t e s t  d is c .  Table 2.3*1 g iv e s  th e  p r o p e r t ie s  o f th e  s t e e l s .

The En 34 d is c  had a t r a c k  w id th  o f  1” (25mm) whereas th a t  o f the  

En 25 had a narrow er 0.25" (6.35mm) t r a c k  w idth to  enab le  the  h igh  

H e rtz ia n  s t r e s s e s  re q u ire d , to  be o b ta in ed  w ithou t o v erlo ad in g  th e  r i g .

The d isc  a lso  had a 30^ chamfer to  th e  edges as shown in  P ig . 2*3*1* to  

avoid h igh  edge s t r e s s e s  (Crook (1955))* Due to  the  sm alle r t r a c k  w idth 

o f th e  En 25 d is c  a x ia l  alignm ent was no t n e ce ssa ry  and th e  r ig  was s e l f ­

a lig n in g  in  the norm al p lane th u s  unevenly d is t r ib u te d  load ing  was avoided.

Throughout the programme the  u ltim a te  aim was fo r  com parison w ith  

gear r i g  r e s u l t s  ar.d th u s  th e  m a te ria l com bination was id e n t ic a l  w ith  th a t  

o f th e  g e a rs . A s  the m anufacturing p ro ce ss  fo r  g e a rs  i s  expensive the  

t o t a l  number re q u ired  had to  be kept to  a.minimum, th e re fo re  a case 

hardened s t e e l ,  namely En 3 4 , was chosen a s  the  mating m a te r ia l a s  t h i s  

was not l i k e l y  to  f a i l  aiid could  be used fo r  fu r th e r  t e s t s ,  always on the  

assum ption th a t  the  su rface  f in i s h  would no t a l t e r  a p p re c ia b ly . A 

second rea so n  fo r  th e  h a rd e r m a te r ia l was to  compare evidence p resen ted  by 

Dawson ( 1962) th a t  the  su rfa ce  roughness o f  t h i s  h a rd er m a te r ia l  was th e  

c o n tro l l in g  param eter fo r  h i s  D r a t i o .

2 . 3 . 2 . M anufacture o f  d is c s

The d isc  su rfa c e s  were ground, one group c irc u m fe re n tia l ly  and the  

second group a x ia l ly  i n  o rd e r to  compare sim ulated  g ear su rfa ce s  ( a x ia l )  

w ith  norm al d isc  su rfa c e s  ( c i r c u m fe re n t ia l ) .  One argument a g a in s t d is c  

r e p re s e n ta t io n  xs th a t  th e  machining marks are  o r ie n ta te d  i n  a c ircu m fe r­

e n t i a l  d i r e c t io n ,  which i s  in  d i r e c t  c o n tra s t  to  th a t  o f  most g e a rs  where 

the  marks are  i n  th e  a x ia l  d i r e c t io n .  Very l i t t l e  work has been c a r r ie d  

out on t e s t s  u s in g  s im u la ted  g ear f in i s h e s  and to  t h i s  end a simple and 

inex p en siv e  techn ique was re q u ire d  to  produce a x ia l  g rin d in g  marks on 

d iscs*
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FIG. 2.3 .2g Detailed photograph of axial grinding
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FIG. 2 . 3 . 2 b  Detail of disc and grinding wheel

FIG. 2 ,3.2c General detail of axial grinding system



Grinding 
\  wheel

Disc

Wheel dressed internally 
to  give sharp edge

FIG. 2 . 3 . 3 .  Dressed grinding wheel for axial 
production
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(a )  En 34 disc

I

( b) En 25 disc

!

FIG. 2 .3 .4  Comparison of En 34 and En25 axially 
ground discs showing the small amount of 
curvature in the machining marks.
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Those d is c s  were produced by u s in g  the  s id e  o f  th e  g rin d in g  wheel 

w hich, i f  la rg e  enough, would produce r e l a t i v e ly  s t r a ig h t  l in e s  a c ro s s  

th e  t r a c k  faces* F ig s .  2*3*2abc, show d e ta i le d  photographs o f  th e  

g rin d in g  p ro cess  and j i g .  The d is c  was mounted h o r iz o n ta l ly  and r o ta te d  

by means o f a b e l t  and p u lle y  from th e  work head. The speed o f r o ta t io n  

o f  th e  g rin d in g  wheel was kept c o n s ta n t and the  speeds o f th e  d i s c s  to  be 

ground were 60 and 40 r .p .m . f o r  the  rough and smooth d is c s  r e s p e c t iv e ly .  

B efore  g rin d in g  th e  wheel was d re ssed  a s  shown i n  exaggera ted  form in  

P ig . 2 . 3 . 3 * M anufacture and developm ent o f  th e  tech n iq u es  in vo lved  was 

c a r r ie d  out in  th e  workshops o f  the  E ngineering  Depai’tm ent o f  the 

U n iv e rs ity  o f  L e ic e s te r .  *  The e l l i p t i c i t y  was checked by  Talyrond 

and f a i l e d  to  show any la rg e  e r r o r s ,  th e  e c c e n t r ic i ty  o f th e  bore to  o u t­

s id e  d iam eter was clocked by d i a l  gauge which re g is te r e d  no g r e a te r  e r ro r  

th a n  th a t  o b ta in ed  by the  norm al g rin d in g  p ro cess  o f  about 0.0001” (2 .54^m ).

P ig . 2 . 3*4 p re s e n ts  pho tographs o f the f i n a l  f in i s h  o b ta in ed  on 

b o th  En 34 and En 25 d is c s .  The w ider faced  En 34 d is c  shows th a t  the 

g r in d in g  marks do i n  f a c t  talœ  the  form o f  sm all a rc s  bu t a s  th e  t r a c k  

w idth  o f th e  m ating En 25 d is c  i s  on ly  0.25" (6 .3 5 ’mi) the c u rv a tu re  i s  

n e g lig ib le  and th e  su rface  f in i s h  would seem to  be id e n t ic a l  i n  type to  

th a t  o f  c irc u m fe re n t ia l ly  ground d is c s .  Cost o f  m anufacture would no t 

j u s t i f y  a more e la b o ra te  approach out work i n  America (P.M.Ku, p r iv a te  

communication) has s ta r te d  on s c u f f in g  and r e la t e d  problem s u s in g  a x ia l ly  

ground d is c s .  T h e ir method i s  to  g rin d  in  a s im ila r  fa sh io n  a s  one would 

f o r  g e a rs , t h i s  a p p a ren tly  i s  a  v e ry  d i f f i c u l t  and extrem ely  expensive 

b u s in e s s .

I  am in d eb ted  to  Mr. T. P ike fo r  m anufacture o f  th e  r ig  and

p ro d u c tio n  o f th e  d is c s .
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2.3*3* Running c o n d itio n s

A ll t e s t s  were performed w ith  the  same ap p lied  load  g iv ing  a 

maximum H ertz ian  com pressive s t r e s s  o f 2 x 10^ I b f / i n  (1*37 x 10^ kN/m^).

A summary o f th e  d isc  t e s t s  which have been perform ed i s  g iven  in  

T ab les 2*4*1 and 2*4*2a,b and th e se  w i l l  be d iscu ssed  in  more d e t a i l  

s h o r t ly .  At t h i s  s tag e  i t  w i l l  be s u f f ic ie n t  to  e x p la in  th a t  th ese  

t e s t s  a re  co n v en ien tly  sub -d iv id ed  a s  fo llo w s .

( i )  A f a i r l y  comprehensive s e t  o f  10 t e s t s  (T able 2 ,4 .1 ,  t e s t a  1.1 to  1 .10) 

u sing  a x ia l ly  ground d is c s  and one to  one g ea r d r iv e . These t e s t s  w i l l  

p rov ide  the  main b a s is  fo r  a comparison betw een the  d isc  and g ear t e s t s .

( i i )  A more lim ite d  s e t  o f  t e s t s  u sing  a h’jn t in g  to o th  d r iv e  c o n s is tin g  

o f  s ix  t e s t s  w ith  a x ia l ly  ground d is c s  (T able 2 .4 .2 a ,  t e s t s  2 .1 a  to  2 .6 a ) 

and th re e  t e s t s  w ith  c irc u m fe re n tia l ly  ground d is c s  (T able 2 .4»2b, t e s t s  

2 .1b  to  2 .3 b ) .  These t e s t s  were in ten d ed  to  p rovide some guidance on 

th e  p o s s ib le  in flu en c e  o f  machining d i r e c t io n  and th e  n a tu re  o f the d r iv e . 

S h o tte r  (1961) and Dawson (1962) have both ra is e d  t h i s  p o in t about the 

d riv e  r a t i o  having an e f f e c t ,  but the  amount o f work c a r r ie d  out i s  sm all 

and p o s i t iv e  experim en ta l v e r i f i c a t io n  has no t y e t been c a r r ie d  o u t. The 

change from one to  one d riv e  to  h u n tin g  to o th  d r iv e  would in e v i ta b ly  a l t e r  

th e  s lid e /sw eep  r a t i o  and t h i s  was kept c o n s ta n t by choosing s u i ta b le  d is c  

d ia m e te rs . V alues o f  d iam eters fo r  th e  two d riv e  r a t i o s  a re  g iven  i n  

Table 2 .3 * 2 . f o r  a s lid e /sw eep  r a t i o  o f  -0 .037* T his value was chosen 

from work p re sen ted  by Dawson ( l9 6 l )  which showed th a t  p i t t i n g  o f  d is c s  

o n ly  o ccu rs  w ith  a n eg a tiv e  s lid e /sw eep  r a t i o  (P ig . 2 .1 .2 )  and th a t  fo r  

v a lu e s  between -0 .001 and -O.O4 th e re  seemed to  be l i t t l e  e f f e c t  on th e  

fa t ig u e  l i f e ,  bu t fo r  v a lu e s  o f  +0.001 to  -0 .001 ( i . e .  v e ry  c lo se  to  th e  

p i tc h  l in e  o f  g e a rs )  th e re  was a v e ry  apparent e f f e c t  and t h i s  re g io n  o f  

s lid e /sw eep  r a t i o s  has been avoided.

The o th e r  v a r ia b le  p aram eters  were v i s c o s i ty ,  speed and su rface



Disc Diameter Speed
R.P.M.

Slide sweep  
ratio

En 25 2 • 96" 770 and 1500 -  0 • 0 2 7
En 34 3 • 04" 770 and 1500 4- 0 • 0 2 7

En 25 3 . 06" 720 and 1400 -  0 027
En 34 2 ' 94" 770 and 1500 4- 0 027

Table 2 . 3 . 2  

Disc diam eters and speeds

Viscosity Cp. 
30“ c

Viscosity Cp. 
60c

Viscosity Cp 
1 0 0 “c

Oil A 9 0 0 138 27
Oil B 1 45 33 9 2

Table 2 . 3 . 3 .

Lubricant viscosity values
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roughness. The v i s c o s i ty  was v a rie d  i n  two ways, f i r s t l y  by c o n tro l l in g

the  i n l e t  tem peratu re  and secondly  by u s in g  two d i f f e r e n t  o i l s .  These

o i l s  had w idely d i f f e r in g  v i s c o s i t i e s  b u t were produced from the  same base

s to c k . As they  were s t r a ig h t  m inera l o i l s  ( i . e .  no a d d it iv e s )  t h e i r

chem ical com position would be s im ila r ,  t h e i r  p ro p e r t ie s  a re  given in  T able

2 . 3 . 3 * According to  th e  work o f  G alv in  and Naylor (1965) i n i t i a t i o n  and

pro p ag a tio n  o f  p r e - p i t t in g  c rack s  should be s im ila r  fo r  bo th  o i l s .  The

b u lk  tem peratu re  o f  th e  d is c s  was measured by an embedded i ro n /c o n s t  an t an

therm ocouple a p p r o x i m a t e l y (3*16mm) below the  su rfa ce  o f  th e  En 34 d is c
8

and th e  f ilm  th ic k n e ss  was c a lc u la te d  u s in g  th e se  reco rd ed  v a lu e s  to  

determ ine the  c o n tro l l in g  v is c o s i ty .  The su rface  v e lo c i ty  (Table 2*3*2) 

o f  th e  d is c s  had two v a lu e s  fo r  each group o f  t e s t s .  P e r th e  one to  one 

d riv e  t h i s  v a lu e  would be s l i g h t ly  d i f f e r e n t  than th a t  o f  th e  hunting  

to o th  r a t i o  owing to  th e  s l ig h t  v a r ia t io n  o f d ia m e te rs . The lower En 34 

d is c  s h a f t  was d iiv e n  by the  b e l t  and had v a lu es  o f  e i t h e r  770 r .p .m  o r 

1500 r .p .m . th u s  when u s in g  th e  hun ting  to o th  d riv e  th e  upper En 25 d is c  

s h a f t  would be r o ta t in g  slow er but t h i s  would be compensated fo r  by th e  

in c re a se  i n  d iam eter when c a lc u la t in g  su rfa ce  v e lo c i ty  v a lu e s . O ther 

th an  a f f e c t in g  the f ilm  th ic k n e ss  c a lc u la t io n s  s l i g h t l y  i t  was not though t 

th a t  th e se  d if fe re n c e s  would in tro d u ce  any m echanical v a r ia t io n s  in to  th e  

system . The th i r d  v a r ia b le ,  su rface  roughness, was a rranged  such th a t  

th e re  were th re e  groups c o n s is t in g  o f 10-12/i” ( 0.25 -  0.3/im ), 25- 30 4̂"

( 0 .65  -  0.75/^ni) and 70-90/Lt” ( I .8  -  2.3pm ). V ario u s  com binations o f  th e se  

were th e n  p o ss ib le  to  run  to g e th e r .

2 . 4 . R e su lts  o f  p i t t i n g  t e s t s

The a b i l i t y  to  c o n tro l  th e  bu lk  tem p era tu re  o f  th e  d is c s  by con­

t r o l l i n g  th e  i n l e t  tem pera tu re  was poor because  th e  o i l  flow  r a te  was too  

sm all, th e re fo re  the  f a lu e  was la rg e ly  dependent on the  r i g  c h a r a c te r i s t i c s



Test
En25
RPM

Temp
"C

Film
TTiickness
Aim

Surface roughness/im
Oil

Ox Ox Cl
M 770 39 1 0 9 0962 1 0 1 0 5 5 8 0-936 e
1 2 770 32 1 5 5 0-508 1*91 1 1 2 1-57 B
1 3 770 50 0759 1-65 0  861 0 381 0-784 B
14 770 64 134 1 34 1 4 7 1 1 7 1.19 A
1 5 770 52 0709 1 42 1 2 2 0 684 1-14 B
1 6 1500 59 0-962 0 356 0482 0 254 0506 B
1 7 1500 45 1 3 9 1 32 1 44 0886 1-42 B
1 8 770 64 1 34 1 72 2 0 6 114 1 67 A
1 9 770 54 1 90 1  0 1 2 44 124 20 3 A
1 1 0 1500 70 0-634 1 65 1 1 2 0-551 1 - 0 1 B

Gi Initial surface roughness of En 25  disc
Oz
O i

II surface roughness of En 34 disc
Final surface roughness of En 25 disc 
Final surface roughness of En 34 disc

Test
D Ratio Cycles

D, Dz 03 D4
to pit 
xiœ

1 . 1 1 . 8 1 .9 1 .4 1 .7 3-03
1 . 2 1 . 6 2 5 1 . 8 2 0 2  81
1.3 3. 3 2 3 T- 5 2  . 1 4 90
1. 4 2 1 2  2 1 - 8 1  . 8 4.10
1 .5 3 7 3 -4 2 . 6 3 2 1.38
1 6 08 7 1 . 0 0 0  80 1 07 > 2 2  0

1-7 2  0 2 - 1 1 7 2 0 1 . 6 8

1 8 2  8 3.1 2  1 2 -5 1 08
1-9 1 - 8 2 9 1 7 2  1 1-36
n o 4. 0 3 5 2 -5 3- 2 0697

q =
Dz =

D) =

G +  Ok

2 Oz
h

G)+ O a  

h 
2 ___

TABLE.2.4 . 1  Summary of tests ' axially ground discs, one to  one 
g e a r ratio. "



Test En 25 
RPM

Temp
•c

Film
Thickness
hAm

Surface rxxçhness/im
Oil

G. Ox G 4

2  la 7 2 0 67 1 14 0 533 0-684 0-280 0-583 A
2 . 2 a 720 70 0381 2 23 1-62 0-507 1-24 B
2 '3a 1400 4 8 1 27 0-203 0835 0406 0-734 B
2 4a 1400 53 1.04 1. 98 1 65 0734 1-27 B
2 5  a 720 41 1 0 1 0305 0-280 0-254 0-280 B
2  6 a 72 0 37 1 2 2 0406 1-75 0-658 1-34 B

Oi Initial surface roughness of
a II of
Gi Final surface roughness of 
G4  II 11 II of

En 25  disc 
En 34 disc
En 25 disc 
En 34 disc

Test
D r a t io Cycles 

to pit 
xlO*

Remarks
D, Ox Da D4

2 1 a 1 • 1 1 - 2 0 76 1 . 0 13 .4 -40/1 m on diam
2  2 a 1 1 8  7 4 7 6 - 6 >0 65 -55Çüm on diam
2.3a 0  82 1 - 2 0 90 1 - 2 18 0 - 1 2 Qu.m on diam
2.4a 3.5 3.2 1 9 2 . 8 >3.12 Gears bottomed
2.5a 0 57 0-60 0 53 0-55 >23 Zero w ear
2 . 6 a 1.8 2.9 1.6 2 . 2 >0 44 -370/U.m on diam

D, = G
h

D, = 2  Oi 
h

Di = G) 0 . 
h

D4  = 2  G i 
h

TABLE 2.4 2a. Summary of tests : axially ground discs, 
hunting tooth drive



En 25 Temp Film Surface rouejhness AX m
Oillest

R.P.M “C
thickness

h/Um cr, cr. 0-3
2 1b 7 2 0 6 6 1 19 0-507 0-608 0.203 0-533 A

2 2 b 1400 76 0 -8 6 0 0-861 0-254 0 -6 0 8 0-178 A

2 3b 1400 54 1 01 0 -2 0 0 0-861 0 2 0 3 0-911 B

Q, Initial surface roughness of En 2 5  disc 

(Ji Initial surface roughness of En 34 disc  

CJ3 Final surface roughness of En 25 disc 

Final surface roughness of En 34 disc

Test
D RATIO Cycles 

to pit 
xIO®

REMARKS
D. Dz Ds Da

2 1b 0  9 0 1 • 0 2 0  63 0  93 6  0 7 -25/U m  on diam

2 2 b 1-3 0 -5 9 0  9 0 0 41 > 24 -8/XiT)  on diam

2 3b 1 ■ 1 1 7 1 - 1 1 • P >5 14 Track mushroomed

D, a .
*̂ 0

Dz 2 Œz
^0

D3 =
^0

D4 = 2 a^

TABLE. 2 . 4 . 2b. Circum ferentially ground discs hunting 
tooth drive.
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and th e  o th e r  p re-determ ined  ru nn ing  c o n d itio n s . T his i n  i t s e l f  was no t 

to o  l im it in g  and a tem perature  v a r i a t io n  rang ing  from ^0°C to  70°C was 

o b ta in e d , the  r e s u l t a n t  f ilm  th ic k n e s s  v a r ia t io n  in c o rp o ra tin g  th e  o th e r  

two c o n tro l l in g  param eters was o f  th e  o rd e r o f  25/i" ( 0 . 65/im) to  75/i" (2 / im) .  

The su rface  f i n i s h  o f  th e  d is c s  was measured by T a ly su rf  w ith  th e  ra d iu s  

a ttachm ent and a mean o f fo u r d i f f e r e n t  measurements, tak en  a t  approxim ately  

90° in te r v a l s  around the  c ircu m fe ren ce , was used a s  th e  i n i t i a l  v a lu e .

T h is  was then  re p e a te d  a f t e r  th e  t e s t s  had been com pleted and both  mean 

v a lu e s  are  reco rded  i n  Table 2.4*1 * The f ilm  th ic k n e s s  was c a lc u la te d  

from the  Dowson ar^d H igginson e q u a tio n  ( l 9 é l ) ,  (e q u a tio n  2 .1 .2 ) .  The 

v a lu e  o f  the tem pera tu re  used f o r  t h i s  equation  was th a t  a t ta in e d  d u rin g  

s tea d y  s ta t e  c o n d itio n s  and n o rm ally  took approx im ate ly  f iv e  m inutes to  

re a ch . The p re d ic te d  f ilm  th ic k n e ss  along w ith  th e  v a lu e s  o f  su rface  

roughness were used  to  provide fo u r  v a lu es  o f  the  D r a t i o  a s  d e fin ed  in  

T ab les 2.4*1 and 2 .4 * 2 a ,b . T h is  may be compared w ith  e a r l i e r  work by 

Dawson (1962) who defined  the D r a t i o  in  two ways as  fo llo w s.

(1 ) The sum o f th e  i n i t i a l  su rfa ce  roughness o f  bo th  th e  hard 

d is c  and th e  s o f t  d isc  d iv id ed  by th e  c a lc u la te d  o i l  film  

th ic k n e ss .

( 2) Twice the  va lue  o f  th e  i n i t i a l  su rfa ce  roughness o f  th e  hard 

d is c  d iv id ed  by the  o i l  f ilm  th ic k n e s s .

The two f u r th e r  d e f in i t io n s  o f  D used here a re  b a s ic a l ly  s im ila r  

to  th e  f i r s t  bu t th e  i n i t i a l  su rfa ce  roughness v a lu e s  have been rep laced  

by th e  f i n a l  v a lu e s  determ ined a f t e r  com pletion o f  th e  t e s t s .  A second 

minor d if fe re n c e  i n  th e  d e f in i t io n s  i s  th a t  Dawson used  a value o f peak 

to  v a l le y  average (P .V .a) measured from T a ly su rf  t r a c e s ,  the  r e s u l t s  

re p o rte d  here  use th e  o ld  C.L.A va lue  now c a l le d  th e  roughness average Ea.

The d is c s  in  any one t e s t  were ru n  to g e th e r  u n t i l  enough p i t s  had 

appeared to  enab le  g raphs to  be p lo t te d  o f  number o f  p i t s  v i s ib le  to  

the  naked eye on d is c  t r a c k  a g a in s t c y c le s  ru n . I f  th e  d is c s  had no t
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Result of re gression analysis

D, = ( a . ♦ a o  / h
Logio D, =-0 232  log,* N + 1 6 2 0  
Regression coefficient = 0 - 4 3 9  
Standard e r r o r  of regression = 0479

Di = 2  G a /h

Log,o Dz = -  0 - 2 3 6  log.o N ♦ 1 6 6 0  

regression coefficient : 0 727
Standard e r r o r  of regression = 0 08 4

D) = (Oi*G^)/h

Log» Di =-0-217 log,oN ♦ 1-399 
regression coefficient = 0 -6 88  
Standard e rro r of regression = 0 -0 8 7

D̂ = 2 G ^ / h
Log,a =-0*248 log.^N * 1 -6 6 5
regression coeffic ient =0 7 5 8  
Standard e r ro r  of regression  = 0 081

TABLE. 2 . 4 . 3
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p i t te d  a f t e r  2 x 10^ c y c le s  th e  t e s t  was stopped due to  la c k  o f tim e.

The graphs ob ta ined  fo r  number o f p i t s  a g a in s t  cy c le s  run  were e x tra p o la ­

ted  back to  o b ta in  a va lue  o f c y c le s  re q u ire d  to  produce one p i t ,  t h i s  

p o in t was s e t  as the f a i l u r e  l im i t  o f th e  d is c s  and examples o f th e  g raphs 

are provided  i n  F ig . 2.4*1" The r e s u l t s  o b ta in ed  from th e  work desc rib ed  

in  t h i s  c h a p te r  did not y ie ld  a s  much in fo rm a tio n  as was i n i t i a l l y  hoped. 

The a b i l i t y  to  p re d ic t  c y c le s  run  to  f i r s t  p i t  was in  i t s e l f  r a th e r  more 

d i f f i c u l t  than  expected , th e re  being  c o n sid e rab le  s c a t t e r  in  seme o f  the 

graphs o f  number c f  p i t s  a g a in s t  c y c le s  ru n  and th e re fo re  a re g re s s io n  

a n a ly s is  was used to  determ ine the  s ig n if ic a n c e  o f  the  r e s u l t s .  Table 

2.4*1 p re s e n ts  a summary o f  th e  te n  t e s t s  perform ed w ith  one to  one d r iv e ;  

a l l  th e se  t e s t s  used a x ia l ly  ground d is c s .  The c y c le s  to  f i r s t  p i t  (n) 

ob ta ined  i n  th e se  t e s t s  a re  p lo t te d  a s  a fu n c tio n  o f th e  fo u r v a lu es  o f  

D i n  f ig u r e s  2 .4 * 2 a ,b ,c ,d . Four re g re s s io n  l in e s  o f log^^ D on th e  

v a lu e s  o f  log^^  N have been c a lc u la te d  along w ith  the c o r r e la t io n  c o e f f ­

i c i e n t  r  and th e  s tandard  e r r o r  o f e s tim a te , th e se  v a lu e s  are  g iven  in  

Table 2 .4 -3 •  As the Ra va lue  o f  roughness v a r ie d  around the  d isc  t ra c k s  

i t  was n o t thought w orthw hile a ttem p tin g  to  o b ta in  a s e n s ib le  value o f  

P.V.A and so th e  c a lc u la te d  D v a lu e s  a re  somewhat lowor th a n  those  o f 

Dawson. V alues roughly  e q u iv a len t to  th o se  o f  Dawson may be o b ta ined  by 

m u ltip ly in g  th e  Ra value  by a param eter K d e riv e d  by R ubert (1959)« An 

a n a ly s is  was o rarried  out u s in g  t h i s  approach to  c a lc u la te  D but the  

r e s u l t s  o f c o e f f ic ie n t  o f  r e g re s s io n  and s ta n d a rd  e r ro r  o f  e s tim a te  were 

s l i g h t ly  worse than  those  a lre a d y  c a lc u la te d  and th e re fo re  th e se  re v ised  

r e s u l t s  a re  n o t quoted h e re .

T ab les 2 .4*2a and 2.4#2b p re s e n t r e s u l t s  o b ta in ed  on the  d is c  

machine u s in g  th e  hun ting  to o th  r a t i o  o f  29 to  31 * Table 2.4»2b p re s e n ts  

th e  r e s u l t s  o f d is c s  ground i n  th e  con v en tio n a l manner i n  a c irc u m fe re n tia l  

d i r e c t io n  and Table 2 .4 * 2a those  r e s u l t s  o b ta in ed  fo r  d is c s  ground a x ia l ly .  

I t  was no t p o s s ib le  to  c a rry  ou t a re g re s s io n  a n a ly s is  on the r e s u l t s  o f
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FIG. 2.4.4. Photograph of typical shape pitting crock.
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T ab les  2«4*2a^b b u t fo r  com parison th e  D r a t i o s  have been p lo t te d  a s  a 

iï in c tio n  o f e i t h e r  t o t a l  c y c le s  run  (n o n -f a i le d  t e s t s )  o r  c y c le s  to  f i r s t  

p i t  (n) and a re  p re sen te d  in  f ig u r e s  2*4»3a ,b ,c ,d*  Superimposed on th ese  

f ig u r e s  are  th e  re g re s s io n  l in e s  o f  the  e a r l i e r  r e s u l t s  from Table 2*4*1, 

th e  broken l i n e s  re p re se n tin g  th e  s tan d a rd  e r r o r s  o f  e s tim a te  fo r  th e  

reg ress io n #  R e su lt 2#1b o b ta in ed  from c i rc u m fe re n tia l ly  ground d is c s  

l i e s  w e ll o u ts id e  th e  s tan d a rd  e r r o r  l i n e s  o f  a l l  f ig u r e s ,  and lik e w ise  

f o r  r e s u l t  2 .1 a , o b ta in ed  from a x ia l ly  ground d i s c s ,  th e  th i r d  r e s u l t  

2 .3 a , i s  c lo se  o r  m arg in a lly  in s id e  th e  e r r o r  l i n e s .  The o th e r t e s t s  

shown in  th ese  f ig u r e s  had no d e fin ed  f a i lu r e  l im i t  and are  th e re fo re  

marked w ith  an arrow .

The d is c  machine used had a tendency to  v ib ra te  o c c a s io n a lly  and i t  

seemed th a t  i t  may w e ll have been a fu n c tio n  o f  the su rfa c e  roughness a s  

i t  was on th e  rougher d is c s  th a t  t h i s  o ccu rred . Talyrond t r a c e s  on a 

s e le c t io n  o f  d is c s  d id  n o t show any ex cessiv e  u n d u la tio n s  on the  t r a c k  

su g g es tin g  m acro-roughness and th u s  i t  could have been a fu n c tio n  o f  the  

m icro-roughness. These v ib ra t io n s  had to  be to le r a te d  as  the system 

could  n o t be damped by a dash p o t .  The maximum load  v a r ia t io n  b e fo re  

p i t t i n g  was norm ally  w ith in  th e  l im i t s  o f ^  2 lb s  to  4 3 lb s  sp r in g  b a l­

ance read in g . As th e  t e s t s  p ro g ressed  and the  p i t s  became more numerous 

t h i s  o c c a s io n a lly  in c re a se d  bu t n o t norm ally  u n t i l  3 o r  4  la rg e  p i t s  

were v is ib le  and a reaso n ab le  in d ic a t io n  o f  p i t t i n g  had been ach ieved ; 

t h i s  was a n a tu r a l  consequence o f  th e  m a te r ia l b e in g  removed from th e  

s u r fa c e . The p i t s  formed i n  a random fa sh io n  about the  c ircum ference  

and norm ally away from the  edge o f  th e  tra c k  th u s  su g g estin g  th a t  th e  

d is c s  were loaded  and a lig n ed  synuÉ etrically , As re p o rte d  by o th e r  

a u th o rs  th e  p r e - p i t t in g  c ra ck s  and the  p i t s  them selves were o f  a  c h a ra c t­

e r i s t i c  fa n  o r V shape an example o f which i s  shown i n  f ig u r e  2 .4 .4*

The r e s u l t s  o b ta in e d  from a h u n tin g  to o th  d r iv e  were v e ry  d i f f e r e n t  

to  th o se  o f the  one to  one d r iv e . Measurements o f  o u ts id e  d iam eters  o f
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FIG. 2 .4 .5 . Talyrond tra ce  of En. 25  disc a fte r  running 
Drive ra tio  29 /31 .
The f i gure shows 31 lobes on the disc 
surface. M agnification:-x 10^
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th e  a x ia l  one to  one d riv e  d is c s  showed v e ry  l i t t l e  lo s s  o r wear and in  

the  m a jo rity  o f  t e s t s  were the  same before  running  as a f t e r .  I n  sharp 

c o n tra s t  the  s o f te r  d is c s  on a hun ting  to o th  d r iv e  n e a r ly  alw ays showed 

co n sid e rab le  w ear, to  the e x te n t o f  10-13 x 10 ^ i n s .  (230 -  380pm) lo s s  

on d iam eter. The rem arks column o f Tables 2*4*2a and 2 .4 .2 b  g ive  some 

in d ic a t io n  o f  t h i s  lo s s  on d iam e te r . T h is in c id e n ce  o f  wear could not 

be a sc rib ed  to  e x ce ss iv e ly  h igh  v a lu e s  o f th e  D r a t i o  alone s in ce  wear 

d id  no t occur i n  th e  t e s t s  i n  whicn s im ila r  v a lu e s  o f  the  i n i t i a l  D r a t io  

(D  ̂ o r D^) were used w ith one to  one d r iv e . Thus th e re  i s  s tro n g  e v i­

dence th a t  t h i s  wear i s  a s so c ia te d  w ith  the use  o f  a hu n tin g  to o th  d r iv e . 

F u rth er support to  t h i s  sta tem en t was the  f a c t  th a t  c e r ta in  o f  th e  En 23 

d is c s  developed f l a t s  on th e  t e s t  t r a c k  which showed on the  Talyrond as 

31 lobes (F ig . 2 .4 * 3 ); which c o in c id e s  w ith the  number o f t e e th  on th e  

d riv e n  g ear mounted on the  En 23 d is c  s h a f t .  This was enhanced to  a 

g re a te r  e x te n t in  one t e s t  where the  lo s s  o f  30 x 10"^ ins*  ( 730pm) on 

d iam eter f i n a l l y  caused th e  g e a rs  to  bottom and g ro ss  damage to  the adden­

dum o f bo th  g e a rs  r e s u l te d .  U n t i l  t h i s  t e s t  th e  g e a rs  had n o t bottomed 

and the  system  i t s e l f  p robab ly  caused the  g e n e ra tio n  o f  f l a t s .

I t  i s  a lso  s ig n i f ic a n t  to  n o te  th a t  the t e s t s  stopped in  Table 

2 .4 '2 a ,  w ithou t e x ce p tio n , were th o se  where the  i n i t i a l  o r f i n a l  su rface  

roughness o f th e  En 34 d is c  was g r e a te r  than  the p re d ic te d  o i l  f i lm  th ic k ­

n e s s . There was o n ly  one r e s u l t  f o r  c irc u m fe re n t ia l ly  ground d is c s  o f  

Table 2 .4*2b th a t  was stopped due to  a lo s s  on d ia m e te r , and i n  t h i s  case 

th e  f i n a l  roughness o f th e  En 34 d is c  was o n ly  j u s t  le s s  th an  th e  p re ­

d ic te d  o i l  f ilm  th ic k n e ss . Thus, fo r  a h u n tin g  to o th  d r iv e ,  th e  fa c t  

th a t  the  su rfa c e  roughness o f  th e  h a rd e r d is c  i s  g re a te r  th an  the o i l  

f ilm  has f a r  more s ig n if ic a n c e  th a n  when a one to  one d riv e  r a t i o  i s  used .



/ 3 2 9 M-Al' l:- IN CS'CI.AND
•20 -

,_L

RANK T, \YLÜK üOttSON

Initial tra ce  En. 25 Test 1- 2 
V e r t ica l m ag .x  5 0 0 0  
Horizontal mag x 100

F2
-20 - — ! —

L+O-

w-n

e-
LL

I • I
M W 3 É  I N  I : NO L A N D

I I I

- , - i  i -

J
X .

---

' I

I Y
Y j Y '

R A f ^ k  T A Y L O R  i i O U S O X

Final t ra c e  En.25. Test 1 -2 
Vertical mag. x 2 0 0 0  
H o r iz o n ta l  mag x 100

FIG. 2.5.1a. T o ly s u r f  traces td<en before & a f t e r  running
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2*5* D isc  exam ination 

2*5*1o T a ly su rf

T a ly su rf  t r a c e s  were ta k en  o f  a l l  d is c s  b e fo re  and a f t e r  running  

and Table 2*4*1 g iv e s  r e s u l t s  o f  the d is c s  used  in  the  f i r s t  s e t  o f  t e s t s ,  

a x ia l ly  ground and run  w ith  one to  one g ear ra t io *  I t  can be seen  th a t  

in  9 ou t o f  10 c a se s  the  En 34 m ating d isc  showed some m o d if ica tio n  o f 

the  su rface  and a decrease  in  th e  Ra v a lu e ; t e s t  1*6 in d ic a te d  a s l ig h t  

roughening b u t t h i s  was w ith in  the s c a t t e r  o f  the  r e s u l t s  o b ta in ed  be fo re  

running" Two su rfa c e s  o f th e  En 25 d is c s  in c re a se d  in  roughness and in  

b o th  s i tu a t io n s  i t  was a rough En 34 d is c  runn ing  a g a in s t a smoother 

En 25 d is c  ( t e s t s  1*2 and 1*9), in d ic a t io n  b e in g  th a t  th e  su rfa c e  o f  th e

En 25 d isc  tended  to  conform to  th a t  o f the  h a rd e r En 34* These two

r e s u l t s  s u b s ta n t ia te  those  re p o r te d  by Dawson (1962) which le d  him to  the  

conclusion  th a t  th e  su rface  f i n i s h  o f  the  h a rd e r d is c  was th e  c o n tro l l in g  

param eter in  the  D ra tio *  F u r th e r  c o n s id e ra tio n  o f  Table 2*4*1 shows 

th a t  t e s t  1*8, where a rough En 34 d is c  ra n  a g a in s t  a s l i g h t ly  smoother 

En 25 d is c ,  r e s u l te d  in  a 30^ decrease  i n  th e  Ra value fo r  th e  s o f te r  

d is c  a f t e r  com pletion  o f the  t e s t .  T herefore  th e re  i s  ev idence th a t  the  

su rface  f i n i s h  of the  h a rder d is c  i s  n o t n e c e s s a r i ly  the c o n tro l l in g  p a ra ­

meter* Pigs* 2*5*1 a and 2*5»1b show two s e t s  o f  T a ly su rf t r a c e s  o f  

En 25 d is c s  b e fo re  and a f t e r  ru n n in g . Fig* 2*5*1a shows how th e  smooth 

En 25 d is c  has been roughened by th e  En 34 m ating d is c  ( t e s t  1*2) and

F ig . 2*5*1b shows the  rev e rse  p ro c e ss  o f  a rough En 25 d isc  be in g

smoothed by a medium rough En 34 d is c  ( t e s t  1 ,8)*

T ables 2*4*2a and 2*4*2b show th e  r e s u l t s  o b ta in ed  from th e  e x p e r i­

ments w ith  hun ting  to o th  drive* Again i n  th ese  T ab les  t e s t s  2 .3a and 

2 .6 a  show an in c re a s e  o f  su rface  roug h n ess, a l l  th e  o th e r s  d ecreased ; 

however the  v a l i d i t y  o f  th e se  r e s u l t s  i s  n o t as sound a s  the  t e s t s  o f



(a) Axial ( b) Circumferential

Mag.x 2p00 

FIG. 2 .5 .2

Etched sections of un-run axially and circumferentially ground 
discs. Loss of focus due to  curvature at the edge.

Mag.x 1,500 

FIG. 2 . 5.3

Sectioned disc showing sub-surface crack
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Table 2.4*1 because th e  d is c  d iam e te rs  had d ecreased  and co n s id e rab le  wear 

had tak en  p lace . N e v e rth e le ss , th e y  are  i n  broad agreem ent w ith  th e  

p rev io u s  s e t  o f r e s u l t s .  (Generally th e  f i n a l  su rfa ce  roughness o f  th e  

s o f te r  En 25 d isc  i s  much le s s  th an  th a t  o f  th e  En 34 d is c s  su g g es tin g  

th e  s o f te r  d isc  does no t conform to  the  h a rd e r to  any g re a t  e x te n t .

A lthough these  r e s u l t s  may c o n tra s t  w ith  those o f Dawson th ey  do no t 

n e c e s s a r i ly  c o n tra d ic t  h is  work because th e  method o f a s p e r i ty  defo rm ation  

i s  p robab ly  d i f f e r e n t .  There are no rough c irc u m fe re n t ia l ly  ground d is c s  

to  compare w ith  h is  experim en ts but i t  i s  q u ite  p o ss ib le  t h a t  th ey  would 

have a l t e r e d  in  a s im ila r  fa sh io n  to  th o se  re p o rte d  by Dawson, The o r ie n ­

ta t io n  o f  the  e l l ip s o id a l  a s p e r i t i e s  would be i n  the d i r e c t io n  o f motion 

and the h a rd e r su rface  would e i th e r  cu t or deform a groove i n  a s o f te r  

d isc  along the  d ir e c t io n  o f m otion. T h is would no t be the  same a c t io n  

w ith  a x ia l ly  o r ie n ta te d  a s p e r i t i e s .  A xial a s p e r i t i e s  would q u ite  p rob­

ab ly  cause a sm earing a c t io n , due to  th e  s lid e /sw eep  r a t i o ,  and th u s  have 

a tendency to  smooth away the  peaks o f  high a s p e r i t i e s .  When th e  s o f t e r  

su rfa c e s  were smooth and the  h a rd e r rough, one would expec t a s l i g h t  

roughening a s  th e  smooth su rface  i s  fo rced  to  conform b u t i t  would n o t be 

expected to  in c re a se  to  the  same o rd e r  o f magnitude a s  th a t  o f th e  h a rd e r 

s u r fa c e . One might a lso  ex p ec t, a s  i s  the  case  in  Pig* 2 .5* 1 a , a lo n g e r 

w avelength s t ru c tu re  o f  the  su rface  due to  th e  s lid e /sw e ep  r a t i o .

2*5*2* M eta llog raph ic  s e c tio n in g

A sm all s e le c t io n  o f  the  En 25 d is c s  th a t  ra n  were se c tio n e d , along 

w ith  two un -run  d is c s  one a x ia l ly  ground th e  second c irc u m fe re n t ia l ly  

ground. F ig u re s  2*5*2a,b are  photographs o f  s e c tio n s  on th e  u n -ru n  d is c s  

p o lish ed  by J  m icron diamond p a s te  and g iven  a l ig h t  e tc h ,  th e se  s e c t io n s  

may a c t as  a com parison. Fig* 2*5*3 shows sub su rface  c ra ck s  i n  a  d is c  

run  tc  p i t t i n g  f a i l u r e  and su p p o rts  evidence o f s im ila r  c rack s  observed  by



Mag. X  2,000
FIG. 2.5.4 Etched section of Eh 25 disc showing strain lines

Mag. X  80
FIG. 2.5 .5. Section of En 25 disc showing plastically 

deformed pitting crock.
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Dawson (1968). They do n o t n e c e s s a r i ly  prove th a t  t h e i r  o r ig in  i s  below 

the su rfa c e  fo r  th ey  cou ld  in  f a c t  be the  t a i l  t^d  o f  a sm all su rface  

o r ig in a te d  c ra c k , and i t  would be d i f f i c u l t  to  provide con clu siv e  ev idence 

to  the  c o n tra ry ; however P ig . 2 .5*4 does g iv e  f u r th e r  support to  the  

p ro b a b i l i ty  o f  subsu rface  c ra ck  fo rm ation . This specimen was l ig h t ly  

etched  w ith  Fry* s  reagenc to  show any s t r a i n  l in e s  and th e re  seems to  have 

been a p e c u i ia r  s t r e s s  f i e ld  produced i n  t h i s  a re a  a t  a  dep th  o f  the  o rd e r 

o f 200/i*' (5 X 10 ^mm). D iscu ssio n  o f  how t h i s  was caused i s  obv iously  

sp e c u la tiv e  b u t the  depth  i s  comparable to  th a t  a t  which the maximum 

H e rtz ian  s t r e s s  o f  two in te r a c t in g  a s p e r i t i e s  would occu r.

As mentioned e a r l i e r  some o f  the  d is c s  formed f l a t s  or lo b e s  on 

t h e i r  t r a c k s ,  or*e such d is c  has been sec tio n ed  (F ig . 2.5*5) and i t  does 

in  f a c t  show p i t t i n g  cracks* These c racks have been smeaied a t  th e  su r­

face  i n  such a way th a t  th e  f la k e  had been d i s to r te d  along th e  su rfa ce  in  

!She d i r e c t io n  o f  m otion, w hether the  c ra c k s  would have con tinued  to  form 

p i t s  i s  n o t known a s  the  t e s t  was stopped due to  ex cessiv e  v ib ra t io n s .

The u n u su a l fe a tu re  o f  t h i s  t e s t  was th e  f a c t  th a t  in  no o th e r  t e s t  had so 

many p r e - p i t t i n g  c rack s  been observed , no rm ally  i f  a c rack  was observed i t  

p ro g ressed  q u ite  r a p id ly  to  a p i t ,  u s u a lly  b e fo re  the  second c ra ck  was 

v i s i b l e .

2.6* D iscu ss io n  and co n c lu s io n s

Because the  main purpose o f  th e se  r e s u l t s  was to  provide support 

f o r  th e  g ear t e s t s  th e y  a re  no t a s  com prehensive as might have been  hoped. 

N e v e rth e le s s  th ey  p ro v id e  a number o f  in s ig h t s  in to  th e  mechanisms o f 

p i t t i n g  and g iv e  f u r th e r  support to  Dawson* s  concept o f the  D r a t i o .  The 

main c o n c lu s io n s  a re  as fo llo w s.
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(1 ) I n  agreement w ith  Dawson's work the  sum o f the  i n i t i a l  su rfa ce  

roughness does no t seem to  be the most a p p ro p ria te  way o f  

ex p ress in g  the  in flu en c e  o f su rfa ce  roughness. The re g re s s io n  

a n a ly s is  in d ic a te s  th a t  one o f  th e  o th e r  th re e  d e f in i t io n s  o f  D 

i s  to  be p re fe r re d , b u t s in ce  the  c o r r e la t io n  i s  s im ila r  fo r  a l l  

re g re s s io n s  th e re  i s  no c le a r  in d ic a t io n  o f the b e s t  cho ice . 

Dawson (1962) suggested  th a t  tw ice th e  i n i t i a l  su rfa ce  roughness 

o f the h a rd e r d isc  should be u sed , and fo r  reaso n s  o f s im p lic i ty  

th e se  r e s u l t s  re -e n fo rc e  th a t  argum ent. On p r a c t i c a l  grounds 

t h i s  d e f in i t io n  i s  to  be p re fe rre d  because the  i n i t i a l  su rface  

roughness i s  determ ined b e fo re  running w h ils t  th e  o th e r  v a lu e s  

would no t be a v a ila b le  u n t i l  the  equipment had f a i l e d  and th e re ­

fo re  co u ld  not be in c o rp o ra te d  in  a d e sig n  s tan d a rd . C hapter 3 

w il l  p rov ide  fu r th e r  ev idence o f  the  D r a t i o  and a lso  h e lp  to  

c l a r i f y  i t s  d e f in i t io n .

( 2) From the  th re e  r e s u l t s  o b ta ined  fo r  th e  hunting  to o th  d r iv e ,  

namely 2 .1 a ,  2.3& and 2 .1 b , we may draw a te n ta t iv e  co n c lu s io n  

about th e  in f lu e n c e  o f  machining o r ie n ta t io n .  There i s  some 

in d ic a t io n  from th ese  r e s u l t s  th a t  c i r c u m fe re n tia l ly  ground d is c s  

f a i l  b e fo re  a x ia l ly  ground d is c s .  T his s ta tem en t a lso  has 

th e o r e t ic a l  j u s t i f i c a t i o n  in  the  work o f C h ris ten so n  and Tonder  

( 1971) and Johnson, Greenwood and Poon (1972) who analysed  su rface  

roughness and i t s  in flu en c e  upon p re d ic ted  o i l  f ilm  th ic k n e ss .

They showed th a t  s u rfa c e s  h a v ir^  t h e i r  a s p e r i t i e s  o r ie n ta te d  in  

th e  a x ia l  d i r e c t io n  cause an in c re a se  i n  th e  f ilm  th ic k n e ss  com­

pared  to  th a t  p re d ic te d  fo r  p e r f e c t ly  smooth s u r fa c e s , and con­

v e r s e ly ,  c i r c u m fe re n t ia l ly  o r ie n ta te d  a s p e r i t i e s  lead  to  a 

decrease  i n  p re d ic te d  f ilm  th ic k n e ss . These r e s u l t s  a re  n o t 

d i r e c t ly  a p p lic a b le  a s  th e y  a re  derived  from r e la t iv e ly  la rg e

o i l  f i lm s , w hereas su rface  fa t ig u e  i s  encountered i n  regim es
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where th e  D r a t i o  i s  r e l a t i v e ly  la r g e .  N e v e rth e le ss  t h e i r  g e n e ra l 

p re d ic t io n s  w i l l  p robab ly  hold tru e  and as the  v a l id i t y  o f  th e  

Dowson and H igginson form ula (e q u a tio n  2 .1 .2 )  in  t h i s  regim e i s  

e q u a lly  q u estio n ab le  i t  does support th e  p r a c t ic a l  r e s u l t s  p re s­

ented  h e re . P.M.Ku (1972) has a lso  c a r r ie d  out work w ith  a x ia l ly  

ground d is c s  and has evidence to  show th a t  fo r  s c u ff in g  experim ents.

(a )  The a x ia l  d is c s  have a g re a te r  f a i lu r e  load compared w ith  

c ir c u m fe re n tia l ly  ground d is c s  w ith  e q u iv a len t su rface  

roughness.

(b) The t r a c t i v e  fo rc e s  from r e s u l t s  u s in g  a x ia l ly  ground d is c s  

a re  v e ry  much reduced compared w ith  t e s t s  u sing  c ircu m fe r­

e n t i a l l y  ground d is c s .

(3) Again u s in g  th e  r e s u l t s  from (2) above th e re  i s  some evidence to  

suggest th a t  the in tr o d u c t io n  o f a h u n tin g  to o th  d r iv e  prom otes 

e a r l i e r  p i t t i n g .  T his i s  c o n tra ry  to  a h y p o th e s is  pu t forw ard 

by S h o tte r  ( I 9 é l ) ;  more evidence i s  re q u ire d  fo r  p o s i t iv e  con­

c lu s io n s  b u t th e  r e s u l t s  do w arran t f u r th e r  in v e s t ig a t io n .  This 

p o in t w i l l  be d iscu ssed  i n  more d e t a i l  i n  C hapter 5.

(4 ) The r e s u l t s  marked w ith  arrow s, o th e r  th an  2 .5 a  and 2 .2b  shown 

in  f ig u re s  2 .4 « 3 a ,b ,c  and d , were stopped p rem atu re ly  due to  

ex ce ss iv e  w ear, i n  some cases  g re a te r  th an  2 x 10 ^ i n s .  ( 500pm) 

lo s s  o f  d iam e te r . Because o f t h i s  w ear, c rack  i n i t i a t i o n  was 

p robab ly  p rev en ted ; a l t e r n a t iv e ly  i f  c rack s  were i n i t i a t e d  

p ro p ag a tio n  may have been prevented  by p la s t i c  flow i n  th e  su rfa c e . 

T his i s  p o s s ib ly  the  reaso n  why some d is c s  con tinued  to  ru n  long 

a f t e r  the  p re d ic te d  f a i lu r e  l im i t .  These r e s u l t s  suggest th a t  

severe  wear has been in tro d u ce d  by u s in g  the  hun ting  to o th  d riv e  

and t h i s  im p lie s  a new f a c to r  which co m p lica tes  the i n t e r r r o t a t i o n  

o f  p i t t i n g  experim ents* The mechanism has no t been c le a r ly
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e s ta b l is h e d ;  i t  does seem th a t  i t  may be dependent upon some form 

o f  D r a t i o .  The c r i te id o n  fo r  t h i s  wear seems l i k e ly  to  be 

dependent on the  r a t i o  o f  th e  Ra value  o f  the hard d is c  to  th e  o i l  

f ilm  th ic k n e s s . When t h i s  was g re a te r  th an  u n ity  i n  the t e s t s  

re p o r te d , wear to o k  p la c e . F u r th e r  in fo rm atio n  about t h i s  mecha­

nism i s  d e s ir a b le .

( 5) In  broad term s the r e s u l t s  support th e  co n c lu s io n s  o f Way and 

Dawson on th e  mechanism o f p i t  p ro p ag a tio n  and th e  r o le s  o f 

su rfa ce  f in i s h  and f ilm  th ic k n e s s .

A lthough some o f  th e  co n c lu s io n s  drawn from t h i s  ch ap te r must be 

te n ta t iv e  the  main purpose , which has been ach ieved , was to  p rovide a 

b a s is  fo r  com parison w ith  gear t e s t s .  The work c a r r ie d  out on g e a rs  

i s  d iscu ssed  in  C hapter 3 and, i n  p a r t ,  h e lp s  to  c l a r i f y  c e r ta in  con­

c lu s io n s  drawn h e re .
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CHAPTER 3

BCPERIMENTAL INVESTIG-ATION OF FITTING FAIUJRE 
USING A LABORATORY GEAR TEST RIG

3»1* In tro d u c tio n

C hapter 3 i s  a c o n tin u a tio n  o f  the  work cai’r ie d  ou t in  C hapter 2 

f o r ,  a t  some s tag e  i t  becomes n ecessa ry  to  determ ine w hether th e  id e a l iz e d  

running  c o n d itio n s  o f  the  d iso  machine a re  a good re p re s e n ta t io n  o f 

r e s u l t s  o b ta in ed  in  p ra c t ic e .  O bviously th e  fundam ental work d iscussed  

would be d i f f i c u l t  and c o s t ly  to  c a r ry  o u t i n  th e  f i e l d ,  b u t most o f th e  

e s s e n t ia l s  o f  g e a r p ra c t ic e  may be reproduced by u sin g  a la b o ra to ry  g ear 

r i g ,  and i n  t h i s  way experim en tal c o n d itio n s  may be kept under d e fined  

l im i t s .

Although th e re  has been c o n sid e ra b le  work c a r r ie d  out in  g e a r  r i g s  

th e  m a jo rity  has been in  the  developm ent f i e ld  and no d i r e c t  c o rro b o ra tio n  

o f  th e  work by Way, Dawson and o th e r s  i s  a v a ila b le  in  the  l i t e r a t u r e  to  

draw f u l l  com parisons. Way (1940) c a r r ie d  ou t some work on g e a rs  and 

drew s im ila r  co n c lu s io n s  to  th a t  o f  h is  e a r l i e r  work bu t t h i s  was in ­

s u f f ic ie n t  to  y ie ld  as much in fo rm a tio n  a s  Dawson* s  r e s u l t s  would seem to  

su g g e s t.

Dowson ( 1970) p re sen ted  a paper on th e  ro le  o f  lu b r ic a t io n  in  g e a r  

d esig n  and emphasised th e  fa o t th a t  most o f  the  th e o r e t ic a l  and e x p e r i­

m ental work has been d ire c te d  to  an u n d e rs tan d in g  o f  th e  problem and th a t  

much o f  th e  Amdamental work has been e s ta b l is h e d . What i s  re q u ired  now 

i s  th e  a b i l i t y  to  in t e r p r e t  th e se  r e s u l t s  such th a t  use  may be made o f  

them i n  d e sig n . Some o f  t h i s  work i s  a lre a d y  in c o rp o ra te d  i n  g ea r r a t in g  

form ulae but i t  i s  c le a r  from th e  l i t e r a t u r e  th a t  th e re  i s  a long way to  

go. P i t t i n g  and s c u f f in g  o f g e a rs  has been d iscu ssed  by Coleman (1967) 

i n  some d e t a i l  and c h a r ts  are p re sen ted  showing th e  e f f e c t  o f  c e r ta in  

c o n tro l le d  p a ra m e te rs , but most o f  h is  work d is c u s s e s  co n tac t s t r e s s  and 

no r e s u l t s  a re  a v a i la b le  fo r  th e  e f f e c t  o f f ilm  th ic k n e ss  and su rfa ce
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roughness. W ith a s im ila r  approach W ellauer(l967 ) o u t l in e s  th e  th e o re ­

t i c a l  b a s is  f o r  gear s tre n g th  and d u r a b i l i ty  r a t in g ,  and he a lso  su g g ests  

a re a s  where improvements may be made which a t p re sen t a re  n o t tak en  in to  

account by th e  th e o r e t ic a l  e q u a tio n s . The A.G-.M.A. r a t in g  form ulae fo r  

d u r a b i l i ty  o f  spur g e a rs  c o n s is t s  o f  fo u r g roups o f param eters 1) m a te r ia l 

e l a s t i c  p r o p e r t ie s ,  2) lo a d , 3) s iz e  and 4) s t r e s s  d i s t r ib u t io n .  He 

p re se n ts  a d is c u s s io n  o f  th e  e r r o r s  and f a c to r s  th a t  a f f e c t  th e  eq u a tio n s  

b u t a re  no t ta k en  in to  accoun t. One such f a c to r  which concerns t h i s  

th e s i s  i s  th e  evidence th a t  g e a rs  o p e ra tin g  under good lu b r ic a te d  condi­

t io n s  and su rfa c e  f in i s h  have in c re a se d  p i t t i n g  re s is ta n c e  and th a t  t h i s  

b e a rs  seme r e la t io n s h ip  to  the  p i tc h  l in e  v e lo c i ty .  F ig . 3«1»1 re p ro ­

duced here from W eHauer (1967) shows th e  evidence which su g g es ts  th a t  

p i t t i n g  f a i l u r e  o f  g e a rs  i s  v e ry  much dependent on th e  f ilm  th ic k n e s s /  

su rface  roughness r a t io  and F ig . 3*1 "2 shows how th e  wear due to  an in ad ­

equate o i l  f i lm  was d r a s t i c a l l y  reduced by in c re a s in g  th e  p i tc h  l in e  

v e lo c i ty .  F u r th e r  work, c a r r ie d  out on an F.Z.G- gear r i g ,  was th a t  o f  

Niemann, R e t t ig  and Botch (1964-63) who d iscu ssed  amongst o th e r  th in g s  

o i l  tem p e ra tu re , nom inal v i s c o s i ty ,  su rfa ce  roughness, speed and o i l  

c h a r a c te r i s t i c s .  They found th a t  a f in e  f in i s h  was b e n e f ic ia l  to  fa tig u e  

l i f e  and c e r t a in  ru n n in g -in  p ro ce sses  could he lp  in  t h i s  manner. F u r th e r  

c o rro b o ra tio n  o f  the D r a t i o  was g iven  by th e  f a c t  th a t  in c re a s in g  the 

c irc u m fe re n tia l  speed a lso  in c re ase d  the  fa tig u e  l i f e  w ith  p ro v iso s  th a t  

the  f la n k  e r r o r  and roughness were sm a ll,w ith  la rg e  e r r o r s  th ey  concluded 

th a t  th e  e f f e c t  could be re v e rse d . O ther evidence was provided by v a ry in g  

the  o i l  tem peratu re  which produced a d ec rea se  in  l i f e  fo r  an in c re a se  in  

tem pera tu re  and an even g re a te r  e f f e c t  was ob ta ined  when th e  nominal 

v is c o s i ty  was v a rie d  by th e  same o rd er as th a t  ob ta ined  by v ary ing  the 

tem p e ra tu re . This d isc rep an cy  could be p a r t i a l l y  due to  the  au th o rs  

u s in g  th e  o i l  i n l e t  sp ray  tem peratu re  and no t th a t  o f th e  g e a r , n ev e rth e ­

l e s s  th e se  th re e  p o in ts  a l l  have an e f f e c t  on th e  f ilm  th ic k n e ss
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gen era ted  and th e re fo re  th e  D ra tio *  S h o tte r  ( 1961) attem pted  to  b r in g  

some o rd e r to  work re p o rte d  by Sykes (1939) and supplem ented t h i s  w ith  

r e s u l t s  he o b ta ined  from a gear r i g .  The o v e ra l l  conclusion , was th a t  

d r iv e  r a t i o  a lso  p la y s  a p a r t  in  su rfa c e  f a t ig u e ,  th e  term  a s p e r i ty  s t r e s s  

c y c le s  was in tro d u ced  w hich, by i t s  name i s  the number o f  tim es one p a r t i ­

c u la r  a s p e r i ty  may c o n ta c t a second. He suggested  th a t  p i t t i n g  was 

i n i t i a t e d  by s t r e s s e s  in  excess  o f  th e  fa tig u e  l im i t  and th a t  once a l l  

th e  h ig h e r a s p e r i t i e s  had been reduced , e i th e r  by wear or f a t ig u e ,  no 

f u r th e r  co n tac t would occur and p i t t i n g  would cease  a s  a l l  o th e r  s t r e s s e s  

would be below the  fa t ig u e  l im i t .  A  graph o f  number o f  p i t s  as a fu n c tio n  

o f  a s p e r i ty  s t r e s s  c y c le s  was produced and gave s tro n g  support fo r  t h i s  

argum ent.

Most o f th e  o th e r  work p u b lished  i n  t h i s  f i e ld  has g iven  su p p o rtin g  

evidence to  th a t  d iscu ssed  above bu t in  th e  m a jo rity  o f c a s e s  th e  r e s u l t s  

have been ob ta ined  from in - s e r v ic e  equipment where many o th e r  f a c to r s  may 

p lay  im p o rtan t ro le s  and a n a ly t ic a l  a n a ly s is  i s  im p o ssib le .

The work c a r r ie d  out in  t h i s  c h ap te r  was in ten d ed  to  b rid g e  th e  gap 

between r e s u l t s  o b ta in ed  in  th e  f i e l d ,  norm ally  in c o rp o ra tin g  severe  com­

p l ic a t io n s ,  and those  o f la b o ra to ry  r e s u l t s  u s u a l ly  ob ta ined  from high 

p re c is io n  d is c  machines where th e  geom etry and th e  dynamics o f  the  system s 

a re  v a s t ly  s im p lif ie d .  U sing a 3" c e n tre s  g ear r ig  i t  was in te n d e d  to  

use  s im ila r  param eter v a r ia b le s  as C hapter 2 so th a t  a d i r e c t  com parison 

could  be drawn from the two methods o f  in v e s t ig a t io n .

3«2o D e sc rip tio n  o f  Rig

The work o f t h i s  c h a p te r  was c a r r ie d  ou t on a m odified 3" c e n tr e s  

H e l ic a l  g e a r r i g .  F ig . 3*2.1 a ,b ,  and designed  on th e  power c i r c u la t in g  

p r in c ip a l  s im ila r  to  th a t  o f  th e  more common I .A .E . 3 i"  g ear r i g .  P r io r  

to  t h i s  work the  r i g  had been used fo r  te s t in g  r e l a t i v e l y  la rg e  facu
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w idth  g e a rs , the  t e s t  end u sin g  3” face  w idth and th e  s lav e  end 4” face  

w idth h e l ic a l  g e a r s . The working fa c e  w idth  o f  the g e a rs  used here  was 

designed  as  ( 1 2 .7mm) to  enable th e  la rg e  H e rtz ia n  s t r e s s  o f  200 x 10^

2 6 2l b s / i n s  ( 1.37 X 10 kN/m ) to  be o b ta in ed  and co n seq u en tly , to  avoid

m a te r ia l  wastage new t e s t  end s h a f ts  were designed so th a t  th ese  g e a rs

could be b o lte d  to  a  f la n g e . The g e a rs  were loaded by lock ing  a to rq u e

in to  th e  system by r o ta t in g  the  s lav e  end g ear box about one s h a f t  w h ils t

th e  second s h a f t  in c o rp o ra te d  two u n iv e rs a l  c o u p lin g s , F ig . 3*2 .2 . The

g ea r box was mounted on r o l l e r s  and ro ta te d  clockw ise o r  an tic lo ck w ise

w ith  th e  use o f  a sp r in g  b a lan c e . F ig . 3*2 .1 . P r io r  to  load ing  the  s lav e

g ear box was ro ta te d  away from the c e n tre  and the  g e a rs  a tta c h e d . When

the  g e a rs  were loaded th e  s h a f ts  were running in  th e  c e n t r a l  p o s i t io n .

A u s e f u l  advantage to  t h i s  system , no t a t ta in e d  i n  most o th e r  r i g s ,  was

th a t  th e  load was a p p lie d  to  the g e a rs  w h ils t the  r ig  was running a t  th e

s p e c if ie d  speed; a lso  any v a r ia t io n  o f  lo a d in g , o r  la rg e  v ib r a t io n s ,

would be r e g is te r e d  on th e  sp rin g  b a lan ce .

Two sep a ra te  o i l  sumps were used to  supply  the  t e s t  and s lav e  g e a rs  

and in  bo th  case s  th e  o i l  was a lso  used to  lu b r ic a te  th e  support b e a r in g s  

o f  th e  s h a f ts .  The sumps were 5 and 10 g a llo n s  r e s p e c t iv e ly  and th e  o i l  

in  bo th  cases  passed th rough  a m agnetic f i l t e r  and a lso  a paper f i l t e r .

The s lav e  o i l  was c i r c u la t e d  v ia  a hand c o n tro lle d  w ater c o o le r . The 

t e s t  o i l  c ir c u la te d  v ia  a c o o le r  c o n tro lle d  by magnetic v a lv e , which was 

in  tu rn  c o n tro lle d  by  a tem pera tu re  sen sin g  dev ice (M ini E th e r) which 

used th e  o u t le t  tem peratu re  o f th e  c o o le r  (measured by iro n /c o n s ta n ta n  

therm ocouple) to  sw itch th e  v a lv e ; by t h i s  method th e  o i l  supply  tem per­

a tu re  was kep t a t  i t s  r e q u ire d  value  to  w ith in  one degree c e n tig ra d e .

The o i l  i n  both sumps was hea ted  when n e ce ssa ry  by two th e rm o s ta t ic a l ly  

c o n tro lle d  d i r e c t  h e a tin g  c o i l s .

The supply  o f  o i l  was p rov ided  by two fa n  shaped j e t s  one on e i th e r  

e n try  s id e  o f  th e  meshing g e a r s .  F ig . 3 * 2 .3 , b o th  being  perm anently  open.



PINION WHEEL

MATERIAL EN 25 E N 34

NUMBER OF TEETH 29 30

PITCH CIRCLE 
DIAMETER 4.8333" 5 000"

BASE CIRCLE 
DIAMETER 4.5418" 4.6985"

DIAMETRAL PITCH 6 6

PRESSURE ANGLE 20** 20**

OUTSIDE DIAMETER 5 248" 5 418"

SIZE OVER 4 TEETH 
to give 0 010/0 015 
BACKLASH

1 • 8150  
1 • 8125

1 8173 
1 • 8148

TABLE 3 . 3 . 1

G e a r design specifications
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T his m ain tained  symmetry o f  a p p lic a t io n  and co o lin g  when th e  d i r e c t io n  o f  

d r iv e  was re v e rse d . The o i l  i n l e t  tem peratu re  was measured by two i r o n -  

co n stan tan  therm ocouples and reco rded  on a Honeywell c h a r t ,  a lso  recorded  

were th e  tem p e ra tu res  o f th e  o i l  o u t le t  from th e  c o o le rs  o f bo th  t e s t  and 

s la v e  ends, and two tem p e ra tu res  o f the En 34 g ea r ob ta ined  from embedded 

therm ocouples below the  su rface  o f th e  back and f ro n t  fa c e s  o f  two te e th .

Access to  th e  t e s t  g e a rs  was p e rm itted  by rem oval o f the  end p la te  

o f  the  r i g  (F igure  3*2 .3) which a lso  co n ta in ed  th e  two end b ea rin g s  o f  

th e  t e s t  s h a f ts .  T h is  whole end p la te  assembly was a tta ch e d  by s ix  b o l t s ,  

one o f  which was a lo c a t in g  stud  th u s  p e rm ittin g  th e  assum ption th a t  the 

s h a f t s  and th e re fo re  the  g ea rs  were re a lig n e d  i n  th e  same manner a f t e r  

in s p e c tio n  and reassem bly .

3*3* E xperim ental

3*3*1# Gear S p e c if ic a t io n

The m a te r ia l  s p e c if ic a t io n s  o f the  En 25 and En 34 gear s t e e l s  

were the same a s  th o se  fo r  the d is c  m a te r ia ls  and can be found i n  C hapter 

2 , Table 2.3*1* I t  was assumed th a t  a l l  p h y s ica l p ro p e r t ie s  o f  the 

s t e e l s  were th e  same a llow ing  fo r  th e  f a c t  th a t  h ea t trea tm en t was c a r r ie d  

ou t in  two s e p a ra te  o p e ra tio n s , th e  hardness measurements made on s e le c te d  

specim ens proved to  be w ith in  the  l i m i t s  o f  s c a t t e r  o f  r e s u l t s  o b ta in ed  

f o r  one b a tch .

The t e s t  specimens were o rd in a ry  spur g e a rs  w ith  a sm all amount o f  

t i p  r e l i e f ,  f u r th e r  d e t a i l s  are  g iven  in  Table 3*3*1* I n  a s im ila r  

fa sh io n  as  i n  th e  d is c  machine ex perim en ts, the  En 34 g e a rs  had a g re a te r  

face  w idth  to  e lim in a te  a x ia l  alignm ent problem s bu t u n lik e  th e  d is c s  th e  

En 25 g ear d id  no t have th e  30° Qhamfer th a t  helped to  r e l i e v e  edge 

s t r e s s e s .  The i n i t i a l  o rd e r  fo r  g e a rs  was 12 En 34 and En 25 w ith
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v a ry in g  grades o f roughness which, i t  was hoped, would be p o ss ib le  to  

group in to  3 g ra d e s , those  being 10 + 2/i” Ra, 30 + Ra and 50 + 10/i” Ra.

Twelve on ly  o f the En 34 g e a rs  were ordered  fo r  two re a so n s , f i r s t l y  i t  

was hoped and l a t e r  v e r i f i e d  th a t  due to  t h e i r  much g r e a te r  hardness th e  

su rfa c e  roughness v a lu e  Ra would n o t a l t e r  to  any g re a t  e x te n t and secondly  

t h i s  procedure reduced the  co st o f  m anufacturing , which would o therw ise  

have been e x ce ss iv e . A d e c is io n  was taken  to  use a h un ting  to o th  r a t i o

o f  29 te e th  fo r  the p i t t i n g  g e a rs  and 30 te e th  fo r  th e  En 34 m ating g e a r s .

B a s ic a l ly  the  argument fo r  th e  hu n tin g  to o th  d riv e  was th a t  the e r r o r s  

would be shared by a l l  t e e th ,  whereas fo r  a one to  one r a t i o  one p a r t i c u l a r

to o th  w ith  an e r r o r  would always mate w ith  the  same opposing to o th  so th a t

th e  p ro p e n s ity  to  p i t  in  th i s  s i tu a t io n  may w ell have been a f fe c te d ,  and • 

s c a t t e r  o f  r e s u l t s  enhanced. U sing th e  hunting  to o th  r a t i o  i t  was 

th ough t th a t  th e se  e r r o r s  would be d is t r ib u te d  th u s  p ro v id in g  uniform  

p i t t i n g  over the  com plete g e a r , making i t  p o ss ib le  to  s e le c t  only  4  te e th  

to  be examined on each g e a r .

3 . 3 *2 . R ig In s tru m e n ta tio n

As w ith  th e  su rfa ce  f i n i s h  i t  was in ten d ed  to  have 3 c o n tro lle d  

bu lk  tem p e ra tu res  fo r  th e  running c o n d itio n s  o f  the g e a r s ,  which were 

measured by iro n -c o n s ta n ta n  therm ocouples embedded below th e  su rface  o f 

th e  t e e t h .  Two therm ocouples were used i n  each t e s t ,  one embedded below 

th e  forw ard face  o f a to o th  and the  second in  the  back face  o f a d i f f e r e n t  

to o th  approx im ately  90° a p a r t ; a s  th e  g e a rs  were run  i n  both  d i r e c t io n s  

two therm ocouples were n ecessa ry  and t h i s  would a lso  g ive  an approxim ate 

va lue  o f  the  tem peratu re  g ra d ie n t a c ro ss  the  te e th .  The g ea rs  o f  En 34 

were chosen to  take  th e se  therm ocouples a s  p re lim in a ry  r e s u l t s  u s in g  th e  

En 25 g e a rs  showed a tendency  fo r  th e  su rfa ce  to  b reak  away where th e  hole 

had been machined, su g g es tin g  th a t  th e re  was weakening o f the  m a te r ia l and



FIG. 3.3.1 ^ p -ring assembiv and mounting
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in te r fe re n c e  w ith  th e  su b -su rfa ce  s t r e s s e s ,  which was not a cc e p tab le  fo r  

t h i s  form o f t e s t i n g .  A secondary reason  fo r  m easuring the  En 34 g e a rs  

was th a t  o f convenience, th e  t e s t  g ear had to  be removed from th e  sh a f t 

f o r  in s p e c tio n  purposes and t h i s  would have re s u l te d  in  a te d io u s  job  o f  

d isco n n ec tin g  th e  therm ocouple w ire s . The therm ocouples c o n s is te d  o f 

iro n -c o n s ta n ta n  w ire s  welded to g e th e r  in to  a copper p e l l e t ,  t h i s  was then  

in s e r te d  in to  a 0 . 086” d iam eter ho le  (whose c e n tre  was 0 . 125in  (3 . 2mm) 

below th e  su rfa c e )  w ith  th e  a id  o f a hollow  to o l  through which th e  w ires 

were th read ed , th e  to o l  was th en  g iven  a sharp  knock. T h is  a c tio n  

peened the  copper p e l l e t  and caused the  expansion to  make a firm  h o ld , 

th u s  g iv in g  good therm al c o n d u c tiv ity  between th e  copper and s t e e l ,  the 

rem ainder o f  th e  hole was th en  f i l l e d  w ith  A ra ld ite  p rev en tin g  th e  le a d s  

from abrading  on th e  edges.

The e.m. f  g en e ra ted  was brought from the  r o ta t in g  s h a f ts  v ia  an 

e ig h t  pole carbon brush  s l ip - r in g .  To enable easy  d ism an tlin g  a fo u r  p in  

m ale-fem ale plug was in c o rp o ra te d  i n  th e  s l ip - r in g  assem bly, the  therm o­

couple  w ires  from th e  g e a rs  came through th e  hollow  s h a f t  and te rm in a ted  

a t  th e  male s ide  o f th e  p lu g , Pigc 3*2.3* The fem ale plug was a tta c h e d  

to  be llow s to  allow  f o r  minor e c c e n t r ic i ty  o f  the s l i p - r i n g  assem bly 

^i'ig. 3 *3 * l)> which was r i g i d ly  mounted onto  the end p la te  o f the t e s t  end 

g e a r box. The e .m .f  was tak en  to  a Honeywell c h a r t  re c o rd e r  which gave 

d i r e c t  read in g s  in  d eg rees  c e n tig ra d e . The b u lk  tem pera tu re  of th e  

runn ing  g e a rs  was norm ally  c o n tro l la b le  to  w ith in  about by p re v io u s ly  

s e t t in g  the  i n l e t  o i l  tem peratu re  to  a known value determ ined by ex p erien ce .

The speed o f  r o ta t io n  o f  the s h a f ts  was measured by sen s in g  r e f le c te d  

l ig h t  w ith  th e  a id  o f a p h o to e le c tr ic  c e l l .  The r e f le c te d  s ig n a ls  were 

fed  to  a R acal D ig i ta l  Frequency m eter which d isp lay ed  d i r e c t l y  one te n th  

o f  the  a c tu a l  speed o f  r o ta t io n  o f  the  t e s t  g ear s h a f t .

The rem ain ing  in s tru m e n ta tio n  on th e  r i g  c o n s is te d  o f  s a f e ty  c u t­

o u ts  fo r  lo s s  o f  w ater p re s s u re , o i l  p re s su re , o r o v e rh ea tin g  and once
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s e t  th e se  arrangem ents re q u ire d  no fu r th e r  a t te n t io n .

3»3»3o Test C o n d itio n s

When th e  completed b a tch  o f g ears  was re c e iv e d  i t  was no t p o ss ib le  

to  group th e  f in i s h e s  a s  i n i t i a l l y  hoped. The value  o f  Ra ranged from 

15 to  60/i” ( 0 .33  -  1 "5ŵ m) and com binations th ro ughou t the  range were used 

in  a sequence th a t  would allow  the  extreme and in te rm e d ia te  c o n d itio n s  to  

be covered. The o th e r  param eters  to  be v a r ie d  were runn ing  speed, 

tem perature  and the  o i l ,  u s in g  the  same approach as C hapter 2 . The r i g  

speeds used f o r  the  p in io n  were 500, 1200 and 3OOO r .p .m . which gave p i tc h  

l in e  su rface  v e lo c i t i e s  o f  220, 530 and 1320ft/m in  re s p e c tiv e ly . The 

tem p era tu res  o f th e  o i l s  were chosen to  be 30°C, 45°C and 70°C b u t i n  f a c t ,  

as w il l  be d iscu ssed  l a t e r ,  th e se  were no t s t r i c t l y  adhered to  i n  the t e s t s ,  

The o i l s  used were th e  same as  those o f the  d is c  machine work and the  

p h y sica l p ro p e r t ie s  are g iv en  in  Table 2.3*3* V arious com binations o f  

th ese  v a r ia b le s  were used fo r  each t e s t  in  such a way a s  to  enab le  a wide 

v a r ie ty  o f  c ro ss -o v e r between runn ing  c o n d itio n s  and p h y s ica l p ro p e r t ie s ,  

r e s u l t in g  in  a range o f v a lu e s  o f  D where s im ila r  v a lu e s  were o b ta in ed  by 

d i f f e r e n t  com binations.

3 . 3 . 4 . Running Procedure

Both g e a rs  were tho rough ly  c leaned  in  a l i g h t  p a ra f f in i e  so lv en t 

and allowed to  d ry . T a ly su rf  t r a c e s  o f fo u r s e le c te d  gear t e e th  on both 

En 25 and En 34 specimens were tak en  and the  g e a rs  mounted on th e i r  s h a f ts .  

The o i l  was c ir c u la te d  and allow ed to  reach  a s tead y  tem p e ra tu re , a fu r th e r  

h a l f  hour was then  allowed and by t h i s  tim e th e  g e a rs  and t e s t  box were 

assumed to  have reached a s tea d y  s t a t e .  The r i g  was s ta r te d  w ith  no load 

ap p lied  and brough t to  the  c o r re c t  speed, th e  g e a rs  were then  allow ed to
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run fo r  approxim ately  one m inute a f te r  which the  load was ap p lied  s te a d i ly  

and co n tin u o u s ly  up to  3301b s , t h i s  p lu s  th e  w eight o f th e  sp rin g  ba lan ce  

gave a maximum H ertz ian  s t r e s s  o f  200 x 10^ lb s / in ^  (1*37 x 10^ kN/m^). 

I n i t i a l l y  th e  r i g  was stopped every  f i f t e e n  m inutes by f i r s t  un load ing  

and th en  s topp ing  the m otor, th e  g ea rs  were viewed through an o b se rv a tio n  

window and th e  r i g  was r e s t a r t e d  w ith  th e  same load in g  procedure. T h is  

p ra c tic e  was continued  u n t i l  experience  was gained  and i t  was p o s s ib le  to  

p re d ic t  approx im ately  when the  g e a rs  would be about to  f a i l .  A s  mentioned 

e a r l i e r  i t  was in tended  to  examine o n ly  fo u r te e th  but owing to  the  la rg e  

amount o f  s c a t t e r  per to o th  t h i s  was n o t p o s s ib le  and th e  f ro n t  p la te  o f 

the t e s t  g ea r box had to  be  d ism an tled , th e  g e a rs  removed from th e  s h a f ts  

and each to o th  examined. Only th e  En 25 p i t t i n g  g e a rs  were removed and 

although  a hun ting  to o th  r a t i o  was used i t  was convenient to  no te  the  

exact lo c a t io n  o f  th e  g ear b e fo re  rem oval. There was no n e c e s s i ty  to  

remove th e  En 34 gear as su rfa ce  fa tig u e  d id  n o t occur on t h i s  specimen 

and p re v io u s  t e s t s  had shown th a t  the  su rfa c e  roughness rem ained very  

n e a r ly  c o n s ta n t. On removal o f  the  En 25 g ear i t  was again  c leaned  i n  

the l i g h t  p a r a f f in ic  so lv en t and each to o th  examined, th e  number o f p i t s  

per to o th  were noted  i n  a ta b le  along w ith  th e  le n g th  o f  ru n . Owing to  

the  la c k  o f  time a v a ila b le  the  su rface  roughness was n o t measured a f t e r  

each in te r r u p t io n  o f  th e  t e s t  and on ly  f i n a l  v a lu e s , fo r  both  g e a r s , were 

taken . The gear was re p la c e d  in  i t s  o r ig in a l  p o s i t io n  on th e  s h a f t ,  th e  

r i g  assem bled, th e  o i l  allow ed to  come to  tem peratu re  and th e  p re v io u s ly  

d e sc rib ed  procedure was ag a in  fo llow ed . The t e s t  was co n sid ered  com plete 

when 5 o r  6 v a lu e s  o f  th e  number o f  p i t s  fo r  number o f  c y c le s  ru n  was 

o b ta in e d , t h i s  gave enough in fo rm atio n  to  p lo t  t o t a l  c y c le s  run  a g a in s t 

t o t a l  p i t s  and allow ed fo r  e x tra p o la t io n  to  determ ine c y c le s  to  f i r s t  p i t .
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3*4# R e s u lts

3*4*1* P re lim in a ry  r e s u l t s  o f su rfa c e  f in i s h

B efore  th e  ex p erim en ta l work could be s ta r te d  i t  was n e ce ssa ry  to  

examine a sample o f  b o th  g e a r specimens to  determ ine w hether the s ta te d  

su rface  f in i s h  req u irem en ts  cou ld , and had been met, by the  m anufacturer*

On r e c e ip t  o f  th re e  p a i r s  o f g ears  co vering  th e  range o f f in i s h  

re q u ire d  they  were examined by T a ly su rf . S p e c i f ic a l ly  th e  rough su rfa ce  

was o f  i n t e r e s t  because th e  form o f  s p e c i f ic a t io n  adopted was n o t th a t  

g e n e ra l ly  u sed ; i n d u s t r i a l  s p e c i f ic a t io n s  are more o fte n  a q u a l i ta t iv e  

d e f in i t io n  such as good o r medium f in i s h  e tc .  and no r e l i a b le  f ig u r e s  

were a v a ila b le  as to  what v a lu es  o f  Ra corresponded to  th ese  s p e c if ic a ­

t io n s .

The g ea rs  were so t up in  a j i g  and fo u r T a ly su rf  t r a c e s ,  a x ia l ly  

d is p la c e d , were tak en  from ro o t to  t i p  u s in g  a ra d iu s  arm a ttachm ent.

This p rocedure was c a r r ie d  ou t fo r  fo u r marked fa c e s  o f  d i f f e r e n t  t e e t h ,  

two s e t s  on forward runn ing  fa c e s  and two s e ts  on th e  back fa c e s . I t  

was im m ediately  n o tic e d  th a t  the v a lu e  o f  Ra v a rie d  co n s id e ra b ly  f o r  the  

fo u r t r a c e s  tak en  on th e  rough g e a rs , c lo s e r  v is u a l  exam ination  o f the 

te e th  re v e a le d  a sym m etrical s e t  o f  bands which resem bled a h e rr in g  bone 

p a t te rn  and, i n  the  m a jo rity  o f c a se s , co n s is te d  o f  fo u r  such bands 

b u t o c c a s io n a lly  the p a t te r n  c o n s is te d  o f  e ig h t .  As th e  g e a r manu­

f a c tu r e r s  were aw aitin g  th e  r e s u l t s  i t  was no t p o ss ib le  to  develop an 

e la b o ra te  techn ique fo r  f u r th e r  exam ination by T a ly su rf  and th e  e x is t in g  

g ear h o ld e r had to  be u sed . T his provided movement o f  th e  g ear i n  a 

p e rp e n d ic u la r  d i r e c t io n  to  th e  T a ly su rf  head , th u s  en ab lin g  p a r a l l e l  

t r a c e s  to  be ob ta ined  w ith  approxim ately  equal d isp lacem en ts . About 

tw enty such t r a c e s  were tak en  along th e  g ear to o th  fa c e s  from ro o t to  

t i p  and the  Ra v a lu e s  were p lo tte d  as a fu n c tio n  o f  th e  o rd e r  in  which
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Gear test results

Test
En 25 Temp Film Surface roughness /JLm

Oil
R.PM °C

ullŒrcSc
>um O', CTe (Ta (Ta

1 1 2 0 0 72 1 0 9 0  533 0-510 0-533 0-510 A
2 1 2 0 0 72 1 0 9 0  510 0-480 0-457 0-510 A

3 1200 60 1 6 0 1- 5 2 0-510 1-14 0-510 A
4 1 2 0 0 60 1 60 0  510 0-510 0-406 0-510 A
5 1 2 0 0 70 1 ■ 12 0  510 0-400 0-510 0-510 A

6 1 2 0 0 72 1 0 9 0  510 0-510 0-432 0-510 A

7 1 2 0 0 41 1 12 0  510 0-356 0-4 5 6 0-381 B

8 3 0 0 0 67 0  8 6 1 1 0 0-305 0-709 0-381 B

9 3 0 0 0 53 1 34 0-910 0-3 5 6 0 -7 6 2 0-381 B
10 5 0 0 71 0  224 0  381 1 40 B

11 5 0 0 70 0 2 2 4 0-381 1-52 B
12 5 0 0 Themncxoupbs 0-330 0  987 B
13 5 0 0 1

broken 0 3 3 0 1 -32 B

14 5 0 0 6 8 0-236 1-32 0-406 0-304 0-432 B

15 1200 5 0 1 47 1 0 6 0-356 0-533 0-381 B
16 1200 42 1-12 0-810 0-330 0-510 0-381 B
17 5 0 0 71 0  224 1 09 0-330 0-406 0-381 B

18 5 0 0 31 0  9 3 6 0 -7 0 9 0-330 0  835 0-381 B

19 3 0 0 0 44 6  3 4 0-356 0-356 1.19 0 -4 0 6 A
2 0 3 0 0 0 64 2 54 0 -4 0 6 0  381 0-406 0-457 A
21 3 0 0 0 4 5 5 8 3 0 G 5 6 0-381 0-356 0-457 A

22 3000 53 4 0 6 0*658 0  684 0 -5 5 8 0-709 A

23 3 0 0 0 5 8 3 3 0-381 0 -684 0  4 3 2 0  709 A
24 5 0 0 72 0-608 0-406 0- 684 0 -5 8 3 0-709 A

O, Initial surface roughness of En 25 gear

Oj Initial surface roughness of En 34 gear

Oy Final surface roughness of En 25 gear

<3* Final surface roughness of En 34 gear

TABLE 3 .4 .1



Gear test results

Test
D Ratio Cycles 

to pit
xIO®

Rite of 
pitting
* x 10^D, Dz 03 Da.

1 0 9 6 0  94 0  9 6 0  94 0-285 0  65

2 0  91 0  8 8 0  8 9 0  94 0 -360 0 -7 5

3 1 27 0 6 4 1 03 0  64 0-780 1 28

4 0-64 0  64 0  5 7 0  64 1 -400 1 '4 0
5 0  8 9 0  8 6 0-91 0-91 0  7 3 0 1 35

6 0  9 4 0 -94 0 8 6 0 - 9 4 0 -7 8 0 1-70
7 0 - 7 8 O'64 0*75 0 6 8 0-560 1 '8 0

8 2-33 0  71 1 27 0  8 9 0-167 1 02

9 0  94 0  53 0  8 5 0  57 0-820 2 0 9

10

11 Pi
12

13 ? ^

14 Tooth darna* jed wh ?n disrr an tied
15 0  97 0  4 8 0  62 0  52 1 -000 1-50
16 1 02 0  5 9 0  8 0 0  67 0 -870 1-98
17 6  35 2 96 3-51 3 40 0-500 0-60
18 1 -11 0-71 1 -30 081 0 3 9 0 0  6 6

19 0  11 O il 0  25 0  13 13 -00 7-00
20 0 31 0  30 0  34 0 -3 6 1 - 6 4 -9 0
21 0 13 0-13 0  14 0  16 >23-0

22 0  33 0  34 CT31 0  35 2-100 3 5 0
23 0-32 0  41 0  35 0  43 3 -3 0 0 5 - 0 0
24 1 8 0 2 -2 5 2-12 2 33 0 -5 9 0 0 - 5 0

D. = 

Da = 

Ds .

D* -

Cfi + 
ho 

2  0 z  

ho 
0 ) ^ 0 4  

ho 
2  O t

TABLE 3. 4 .2
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th e y  were ob ta ined  (F ig u re  3 * 4 ,1 ), The v a r ia t io n  o f  Ra was c le a r ly  

emphasised by t h i s  method which a lso  showed the  v a r ia t io n  o f su rface  

f in i s h  fo r  in d iv id u a l  te e th .  On the o th e r  hand the  f in e  f in i s h  g e a rs  were 

much more c o n s is te n t .  The r e s u l t s  o b ta ined  w ith  the  rough f in i s h  g e a rs  

shown in  F ig u re  suggest a s in u so id a l p a t te rn  and a x ia l  t r a c e s  o f  th e

g ear te e th  were tak en  u s in g  th e  C h a tte r  Arm attachm ent which enabled a 

measure o f  the m acro-roughness to  be o b ta in e d , sam ples o f  such t r a c e s  a re  

shown in  F ig u te  3*4*2• W ith t h i s  method i t  was only  p o s s ib le  to  o b ta in  

i in c h  t r a v e r s e  which was e q u iv a len t to  h a l f  th e  face  w idth o f th e  g e a r s , 

th ese  v a lu e s  have been r e p lo t te d  u sin g  an a r b i t r a r y  datum l in e  and com­

pared w ith  th e  e q u iv a le n t Re v a lu e s  taken  from ro o t t o  t i p  a c ro ss  the 

e q u iv a le n t a rea  o f th e  to o th  and r e s u l t s  are shown i n  F ig . 3*4*3 fo r  one 

to o th . Even w ith  th e se  r e l a t i v e ly  crude methods th e re  was an obvious 

c o r r e la t io n  between th e  two r e s u l t s .

I t  became c le a r  th a t  fo r  experim en tal work where su rface  f in i s h  may 

be o f  paramount im portance th e se  su rfa c e s  were u n accep tab le . Follow ing 

d is c u ss io n s  w ith  th e  m anufactu rers  i t  was found th a t  t h i s  " h e r r in g  bone" 

e f f e c t  was a common occurrence f o r  normal p ro d u c tio n  g e a rs  and was 

assumed to  be a  p e c u l i a r i ty  o f  th e  g rin d in g  m achine, p o s s ib ly  th e  o u t- c f -  

balance o f  the  g rin d in g  wheel o r  s t i c k  s l i p  i n  the  c a rr ia g e  sadd le  o f the 

machine. T h is  su g g estio n  seems to  be bom  o u t by the  f a c t  th a t  the  f i n a l  

b a tch  o f  g e a rs , which were m anufactured on a d i f f e r e n t  machine, d id  no t 

show th ese  e r r o r s .

3*4*2. E xperim ental R e su lts

T ab les  3*4*1 and 3*4*2 p re sen t a com plete record  o f  a l l  r e s u l t s  

perform ed on th e  A .E .I 5" c e n tre s  H e lic a l  Gear R ig and th e  same procedure 

as C hapter 2 was adopted fo r  the  f i n a l  a n a ly s is .  Ra, th e  measure o f 

th e i r  su rfa c e  roughness was ob ta ined  by u se  o f  th e  T a ly su rf  and ra d iu s
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Tooth
No. Number of pits on individual tee th  during tes t.

1 0 1 5 7 9
2 0 1 1 1 2 2

3 0 1 1 2 3
4 0 1 2 4 4 4
5 0 1 1 1 1 1 1 1

6 0 1 1 4 5
7 0 1 1 1 2 3

8 0 1 1 1 2

9 0

1 0 0

1 1 0 1 3 3
1 2 0 1 1 2 2 2

13 0 1 1 1 1 1 3 5
14 0 1 1 1 1 3
15 0 1 1 1 1

16 0 1 1

17 0 2

18 0 1 1 1

19 0

2 0 0 1 2 3 4
2 1 0 1 1 1 1 2 3 3 3 4
2 2 0 1 1 1 1

23 0

24 0

25 0 1 1

26 0 1 1 2 4
27 0 1 3 4
28 0 1 2

29 0 1 1 3 3 5 7 .
Total 0 1 1 3 4 1 0 2 2 33 53 75
Cycles

run
X10®

0 72 1 - 1 1-4 1 8 2  2 2 5 2 9 3 2 3-6 4 0

H istory of pitting process 

T ab le 3 . 4 . 3
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arm a ttachm en t, th e  tra c e  being  taken  from ro o t  to  t i p  along the  p r o f i l e .  

S ix teen  v a lu e s  o f su rface  roughness were ob ta in ed  fo r  each g e a r , fo u r 

read in g s  being  tak en  on each o f fo u r fa c e s , two o f which were forward and 

two backward fac in g s  T his approach enabled th e  v a r ia t io n  o f  roughness 

a c ro ss  the  face o f  the  te e th  as w e ll as  from to o th  to  to o th  to  be  d e te r ­

mined. The working v a lu es  o f  Ra were ob ta ined  by tak in g  th e  mean o f  

e ig h t measurements and a re  re p o rte d  in  Table 3*4*1 • Two p a i r s  o f  Taly­

s u r f  t r a c e s  o f  En 34 and En 23 g e a rs  r e s p e c t iv e ly  are p re sen ted  i n  F ig . 

3*4*4 showing th e  su rface  d e t a i l  be fo re  and a f t e r  com pletion o f th e  t e s t .

I n i t i a l l y  i t  was hoped th a t  r e s u l t s  would be ob ta ined  from th e  fo u r 

t e e th  th a t  had been T alysurfed  b u t t h i s  was n o t p o s s ib le ,  the  p i t t i n g  

v a r ie d  co n sid e ra b ly  from to o th  to  to o th  and th u s  th e  t o t a l  number o f p i t s  

v i s ib le  to  the  naked eye were counted on a l l  te e th  o f  th e  g e a rs . The 

p i t s  them selves were reaso n ab ly  easy  to  p ick  out and no o p t ic a l  a id  was 

n e ce ssa ry . In  a l l  t e s t s  the  p i t s  were found below and around th e  p i tc h  

l in e  being  o f v e ry  s im ila r  form to  th o se  o b ta ined  i n  th e  d is c  machine 

work i . e .  they  were o f  c l a s s i c a l  shape b u t r a th e r  sm a lle r . The arrow  

head po in ted  tow ards the  to o th  ro o t and th e  p i t t e d  a re a  was in  the  form 

o f a band running th e  f u l l  face w id th , suggesting  th a t  e r r o r s  due to  

m isalignm ent were sm all. Table 3*4*3 p re se n ts  th e  h is to ry  o f one such 

g e a r and a llow s th e  t o t a l  number c f  p i t s  to  be determ ined fo r  a g iven  

number o f  c y c le s , such v a lu e s  were p lo t te d  on lo g -lo g  graph p aper and 

th e  number o f c y c le s  re q u ire d  fo r  th e  f i r s t  p i t  was determ ined by e x tr a ­

p o la t io n . Fig* 3*4*5 p re se n ts  exam ples o f th e se  p lo t s  and i t  can be 

seen  th a t  in  most c ase s  th ey  were s t r a ig h t  l in e s  p re se n tin g  no d i f f i c u l t y  

i n  e x tra p o la t io n .

To enab le  a  va lue  o f th e  D r a t i o  to  be determ ined i t  was n ecessa ry  

to  c a lc u la te  the  o i l  f ilm  th ic k n e ss  and t h i s  was o b ta in ed  by use o f  th e  

form ula g iv en  by Dowson and Higginson (1966) (e q u a tio n  2 .1 .2 )  which 

le a d s  to  a p re d ic te d  v a lu e  o f  f ilm  th ic k n e ss  a t  th e  p i tc h  l i n e .
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In s e r t in g  the  e q u iv a len t r a d i i  and v e lo c i ty  fu n c tio n s  t h i s  eq u a tio n  

becomes i n  d im ensional te rm s

, 0 . 1 3  V  30  y  ( R  +  1 ) 1 . 5 6
0

R., Ng
where R = —  = ——

6 Rg

and th e  gear and p in io n  speeds i n  rev /m in .

■6 = R  ̂ + R^ i s  th e  c e n tre  d is ta n c e

R  ̂ and R^ are  the  p i tc h  r a d i i  

and ^  the  p re ssu re  an g le .

The tem peratu re  used i n  th e  c a lc u la t io n s  was th a t  measured by embedded 

therm ocouples a f t e r  the  system had reached  a s tead y  s t a t e  and th e  v a lu e s  

a re  ta b u la te d  in  Table 3 .4 * 1 . The te m p e ra tu re a o f  th e  g e a rs  when running  

were reaso n ab ly  c o n tro l la b le  and a t o t a l  v a r ia t io n  o f  30 to  70°C was 

achieved  which, when th e  o th e r  p h y s ic a l  v a lu e s  such as th e  two o i l  v i s ­

c o s i t i e s  and th e  th re e  speeds were in c o rp o ra te d , gave a range o f film  

th ic k n e ss  a t th e  p i tc h  l in e  o f  0 .22 to  6/im (IO -  250/i” ) .  T h is  le d  to  a

v a r ia t io n  o f  D r a t i o  o f  around 0.1 to  8 and as  in  C hap ter 2 th e  fo u r

d e f in i t io n s  o f  D were used and t h e i r  v a lu e s  a re  g iven  i n  Table 3*4*2.

F in a l ly  i n  a l l  the  t e s t s  rep o rte d  th e re  was no p i t t i n g  above the 

p i tc h  l in e  and s e c tio n in g  o f  fo u r  te e th  showed no ev idence o f  fa tig u e  

c racks tow ards the tdpa* Only a l im ite d  amount o f  work was done on t h i s  

as d is c s  had a lre a d y  been s e c tio n e d  and th e  fo u r  te e th  examined i n  t h i s  

work y ie ld e d  no in fo rm a tio n  s ig n i f i c a n t ly  d i f f e r e n t  from th a t  a lre ad y  

ob tained  w ith  d is c s .
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Results of re gression analysis

D, = ( a, ♦ cr̂ ) / h

Log,Q D, = -0 -643  log,oN ♦ 3 043  

Regression coefficient = 0  913 

Standard e rro r of estimate = 0 - 0 8 0

Dt = 2oi/h
Log,^D^= - 0 - 4  53  log* N + 1 - 9 8 7

Regression coefficient = 0  8 5 7
Standard e r ro r  of estimate = 0  0 7 5

Da = ( 0 - 3  ♦ ĉ ) / h
Log,Q D3  = - 0  4 2 7  log,^ N ♦ 1 - 9 4 2

Regression coefficient = 0  9 0 2  
Standard e rro r of estim ate = 0  0 5 7

D4 = 2c%/h
Log^ D^= - 0 -452  log^^N+2 - 0 0 8  

Regression coefficient = 0 - 8 8 8  

Standard e rro r of estim ate = 0 - 0 6 5

TABLE 3 5 1
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3»5> D iscu ssio n  o f  Gear T e s ts

The range o f  v a r ia b le s  i n  t h i s  work was g r e a te r  than  th a t  o b ta in ed  

in  th e  experim ents o f  C hapter 2 ; th e re fo re  th e  r e s u l t s  m erit c lo s e r  exam­

in a t io n .  The g raphs o f  r a te  o f  p i t t i n g  are  f a r  more comprehensive and 

have much le s s  s c a t t e r ,  a s  can be seen from F ig . 3*4»5» The v a lu e s  o f  

th e  c a lc u la te d  D r a t i o  were ag a in  p lo t te d  as a fu n c tio n  o f  c y c le s  to  

f i r s t  p i t  and F ig s . 3*5 * 1 a ,b ,c ,d  p re se n t th e se  r e s u l t s  i n  g ra p h ic a l form.

The f ig u re s  show re g re s s io n  l i n e s  determ ined fo r  r e s u l t s  o b ta in ed  a t  

3 ,000  and 1,200 r .p .m . on ly  as th e  r e s u l t s  fi*om th e  §00 r .p .m . t e s t s  tend 

to  d e v ia te  from t h i s  l in e  q i 'i te  co n s id e ra b ly . T h is conclusion  seems to  

be in  agreement w ith  work c a r r ie d  out by Dawson (196§) who found th a t  fo r  

ve ry  slow speeds th e  l i f e  to  p i t t i n g  was very  much g r e a te r  than  would be 

p re d ic te d  by h is  o th e r  r e s u l t s  and in  f a c t  were alm ost independent o f  the 

D r a t i o .  T h is  co n c lu s io n  i s  borne out by th e  r e s u l t s  ob ta ined  in  t h i s  

work b u t u n fo r tu n a te ly  only  th re e  r e s u l t s  fo r  §00 r .p .m . could be p lo t te d  

as  T es ts  10-13 (which a lso  ran  a t 500 r .p .m .)  showed obvious s ig n s  o f 

p l a s t i c  deform ation  v e ry  e a r ly  i n  t h e i r  l iv e s  and were d isco n tin u ed . I t  

i s  s ig n if ic a n t  th a t  th e se  were th e  o n ly  r e s u l t s  th a t  showed t h i s  tendency  

and c le a r ly  th e re  i s  some f a c to r  o c cu rrin g  a t  low er speeds which i s  no t 

tak en  in to  account by th e  D r a t i o .  Table 3*5*1 p re s e n ts  the  r e s u l t s  o f 

th e  re g re s s io n  a n a ly s is  c a r r ie d  o u t f o r  th e  fo u r d e f in i t io n s  o f D. Once 

ag a in  th e re  i s  c o rro b o ra tio n  o f Dawson*s work and h is  r e je c t io n  o f  D  ̂ as  

a f a i l u r e  c r i t e r io n ;  d is c r im in a tio n  between th e  o th e r  th re e  d e f in i t io n s  

i s  m arg inal b u t D^ would appear to  g ive b e t t e r  c o r r e la t io n  and s tan d a rd  

e r r o r s .  Much more work i s  re q u ire d  to  provide f u r th e r  p o s it iv e  i n f o r ­

m ation as to  th e  d e f in i t io n  o f  th e  D r a t i o .  From a p r a c t ic a l  s tan d p o in t 

th e  r e s u l t s  p re sen te d  suggest th a t  the  D r a t i o  should  be de fin ed  as  tw ice 

th e  i n i t i a l  su rface  roughness o f  th e  h a rd e r m a te r ia l  d iv ided  by th e  o i l  

f i lm  th ic lo ie ss . T h is  would th en  allow  a f a i lu r e  c r i t e r i o n  to  be determ ined
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Results of r e g ression analysis

Regression for 1200 and 30 00  rpm  combined 

Log.o AN = 0 -596  log^^N ♦ 1-322 

Regression coefficient = 0  - 901 

Standard e rro r of estimate = 0-079

Regression for 1200 rpm  
Log,o AN = 0 -7 74  log,^ N 0-401  
Regression coefficient = 0 - 8 8 6  
Standard e r ro r  of es tim ate  = 0 - 1 5 3

Regression fo r 3 0 0 0  rpm
Log,^ AN = 0 -4  5 9  log,^ N ♦ 2 -122

Regression coefficient = 0 - 9 4 8

Stanard e rro r  of estim ate = 0 - 0 7 7

TABLE 3 5 2
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and ap p lied  b e fo re  th e  f a i lu r e  mechanism has tak en  p la ce ; i t  would be o f 

no consequence to  th e  development eng ineer to  d e f in e  a c r i t e r io n  determ ­

ined  a f t e r  f a i l u r e  has taken  p lace  but n e v e r th e le s s  could w e ll be the  

c r i t e r io n  re q u ire d  fo r  u n d e rs tan d in g  th e  phenomenon o f p i t t i n g  fa t ig u e  

f a i l u r e .

Table 3»4*2 a lso  p ro v id es  v a lu e s  o f  th e  r a te  o f  p i t t i n g  d e fin ed  

as th e  number o f  c y c le s  re q u ire d  betw een th e  f i r s t  and second p i t s ,  and 

th e se  r e s u l t s  a re  p re sen ted  as a fu n c tio n  o f c y c le s  re q u ire d  to  f i r s t  

p i t  i n  F ig . 3*5»2. Again th e  500 r .p .m . r e s u l t s  d e p a r t from th e  g e n e ra l  

tre n d  bu t i n  a d d itio n  th e re  seems a p o s s ib i l i ty  th a t  a f u r th e r  speed 

e f f e c t  occu rs  here i n  th a t  th e re  a re  s ig n if ic a n t  d i f f e r e n c e s  between th e  

1,200 and 3 ,000 r .p .m . r e s u l t s .  Table 3*3*2 p re s e n ts  the eq u a tio n s  fo r  

the  re g re s s io n  a n a ly s is ,  where th e  500 r .p .m . r e s u l t s  a re  again  d i s ­

reg a rd ed . , The r e s u l t s  ob ta ined  fo r  1 ,200 and 3 ,000 r .p .m . combined were 

a cc e p tab le  but v is u a l  o b se rv a tio n  suggested  th a t  th e  3 ,000  r .p .m . r e s u l t s  

d iv e rg ed  from those  o f  th e  1,200 r .p .m . and th e re fo re  an ..an a ly s is  was 

c a r r ie d  o u t fo r  th e  in d iv id u a l  speeds. The r e s u l t s  fo r  3 ,000 r .p .m . 

are comparable w ith  th e  combined r e s u l t s  but those o b ta ined  a t 1,200 r.p .m , 

a ie  o f  much lower s t a t i s t i c a l  s ig n if ic a n c e ;  t h i s  may be exp la ined  by th e  

f a c t  th a t  the  r e s u l t s  ob ta ined  a t  1 ,200 r .p .m . do n o t cover a wide 

enough range o f  N. There i s  a need fo r  more r e s u l t s  a t 1,200 r .p .m . 

g iv in g  a g re a te r  range o f  N and th u s  a llow ing  a more thorough a n a ly s is  

o f  th e  in flu en c e  o f  speed .

3*6* Comparison o f  p i t t i n g  t e s t s  w ith  g e a rs  and d is c s

F ig . 3*6.1 re p re s e n ts  on a s in g le  g raph  the v a r ia t io n  o f  the 

number o f  c y c le s  to  p i t  ( n) a s  a fu n c tio n  o f  the  D r a t i o  fo r  both  g e a rs  

and d is c s .  Each se t o f  r e s u l t s  has been d iscu ssed  i n  e a r l i e r  s e c tio n s  

o f  t h i s  th e s i s  so th a t  h e re , fo r  th e  sake o f  c l a r i t y ,  the ex p erim en ta l
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p o in ts  have been om itted  and th e  graphs m erely p re se n t the  re g re s s io n

l in e s  from th e  s t a t i s t i c a l  a n a ly s is .  The f ig u re  shows N a s  a fu n c tio n

o f  D D D and D • The l in e s  o b ta in ed  from r e s u l t s  u s in g  D w i l l  be 
* 3 4 1

om itted  from th e  comparison o f r e s u l t s  b ecau se , as d iscu ssed  e a r l i e r ,  

th ey  show a markedly low er s t a t i s t i c a l  s ig n if ic a n c e .  I t  can now be seen 

th a t  th e  two groups o f r e s u l t s  a re  re p re se n te d  by two f a m il ie s  o f  p a r a l l e l  

l i n e s .  We may th e re fo re  t r e a t  th e  com parison in  t h i s  d is c u s s io n  as th a t  

o f  two s in g le  s t r a ig h t  l i n e s .

The main fe a tu re s  in  F ig u re  3*6*1 which em phasise th e  d if fe re n c e  

between p i t t i n g  in  g ea rs  and d is c s  are  a s  fo llo w s .

a) The p i t t i n g  l i f e  o f  g ea rs  i s  much s h o r te r  th an  th e  p i t t in g  l i f e  

o f d is c s ,  the b a s i s  o f  comparison b e in g  r e s u l t s  o b ta in ed  a t the  same 

v a lu e  o f  th e  D r a t i o .  As an exam ple, the  f ig u re  shows th a t  a f o r e c a s t  

based upon d is c  machine t e s t s  a t  a D r a t i o  o f u n i ty ,  would o v e restim ate  

th e  p i t t i n g  l i f e  o f  g e a rs  by a f a c to r  o f  approx im ate ly  one hundred.

b) The d if fe re n c e  between the  behav iour o f  d is c s  and g e a rs  becomes 

p ro g re s s iv e ly  sm alle r as th e  D r a t i o  i s  in c re a se d ; a s  F ig . 3*6.1 shows, 

t h i s  a r i s e s  from the  f a c t  th a t  the  p i t t i n g  l i f e  o f  d is c s  i s  even more 

c r i t i c a l l y  dependent upon th e  D r a t i o  th an  i s  th e  p i t t i n g  l i f e  o f g e a r s .

Over th e  y e a rs  d i f f e r in g  views have been expressed  upon th e  m e rits  

o f  the  s im u la tio n  o f  g ear behav iour by d is c  machines o r  o th e r  la b o ra to ry  

equipm ent. A f a i r l y  comprehensive in s ig h t  to  th i s  to p ic  may be ob ta ined  

by r e f e r r in g  to  two papers  by Waight (1964, 1968). I t  i s  a p p ro p ria te  

to  con fine  t h i s  d isc u ss io n  to  th e  co n tex t o f  the  t e s t s  in v o lved  in  t h i s  

work and to  seek  the rea so n s  f o r  th e  d ivergence  between th e  p i t t i n g  

behaviour o f  d is c s  and g e a r s .

L et us c o n s id e r f i r s t  th e  p o s s ib le  in f lu e n c e  o f  th e  r e l a t iv e  r a d iu s  

o f  c u rv a tu re . For th e  t e s t s  in  t h i s  t h e s i s  the  d is c s  had a v a lu e  o f  

0.75" ( 16. 5mm) and the  g e a rs  0.43" ( 1 0 .5mm). Dawson ( 1965) p ro v id es  

some in s ig h t  to  t h i s  problem , u s in g  v a lu e s  o f  1 . 2" (30mm) and 10" ( 254mm)
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he found th a t ,  fo r  the  same v a lu e s  o f  th e  D r a t i o  and maximum H e rtz ia n  

s t r e s s ,  th e  in c re a s e  in  l i f e ,  a s  determ ined  fo r  one p a i r  o f  t e s t s ,  was 

approxim ately  f iv e .  I f  the  sm all d if f e re n c e  i n  r a d i i  o f  c u rv a tu re s  fo r  

th e  p re se n t work i s  considered  i n  the  l i g h t  o f th e  much la r g e r  change 

c i te d  i t  seems c le a r  th a t  the  d iv e rg en ce  cannot be a t t r ib u te d  to  t h i s  

c au se , I t  i s  a p p ro p ria te  to  in tro d u ce  here the  f a c t  th a t  Dawson's 

com parison in v o lv ed , in  a s im ila r  manner to  th e  p re se n t work, d i f f e r in g  

d r iv e  r a t i o s  fo r  th e  two ex p erim en ta l c o n d itio n s . I t  i s  th e re fo re  

d e s ir a b le  to  g iv e  some c o n s id e ra tio n  to  th e  in f lu e n c e  o f  th ese  d i f f e r in g  

d r iv e  r a t i o s .

The b u lk  o f the  work in  C hapter 2 on d is c  t e s t s  in c o rp o ra te d  a 1/1 

d riv e  w hereas th a t  o f th e  gear r ig  was 2 9 /3 0 . The f i n a l  r e s u l t s  on the  

d isc  machine (F ig u re s  2 .4 .3 )  suggested  th a t  th e  use o f a h u n tin g  to o th  

reduced th e  l i f e  to  f a i l u r e  i f  no wear to o k  p lace  on th e  t e s t  t r a c k s .

This was a te n ta t iv e  c o n c lu s io n , bu t n e v e r th e le s s  th e  re d u c tio n  in  l i f e  

could a f f e c t  th e  com parison o f  d is c s  and g e a rs . However t h i s  re d u c tio n  

due to  d i f f e r in g  d r iv e  r a t i o  was r e l a t i v e l y  sm all and i t  may be concluded 

th e re fo re ,  from d i r e c t  ex p erim en ta l ev idence , th a t  a  v a r ia t io n  in  th e  

d r iv e  r a t i o  would have o n ly  a minor in f lu e n c e  on th e  p i t t i n g  l i v e s .  At 

t h i s  s ta g e ,  a s  th e re  i s  a  c o n f l ic t  betw een the  r e s u l t s  quoted above and 

a t h e o r e t i c a l  approach, i t  i s  w orthw hile d is c u ss in g  b r i e f ly  th e  concept 

o f  a s p e r i ty  s t r e s s  c y c le s  ( a . s . c )  in tro d u ce d  by S h o tte r  (1961) where

a . s . c .  = (N /t)  X tim e

N being  th e  r .p .m . o f th e  wheel and t  th e  number o f  te e th  in  th e  p in io n . 

I t  would seem th a t  th e  assum ptions upon which t h i s  eq u atio n  i s  based a re  

open to  doub t, fu r th e r  d e t a i l s  a re  g iven  in  C hap ter 6 . Moreover t h i s  

f a c to r  cou ld  no t account f o r  the  d if fe re n c e  in  m agnitudes o f th e  p i t t i n g  

l iv e s  o f g e a rs  and d is c s  observed i n  th ese  experim en ts. I f  F ig u re  3*6.1 

was r e - p lo t t e d  u s in g  ' a s p e r i ty  s t r e s s  c y c le s ' to  re p la c e  N, then  we
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would fin d  th a t  the  d is c  r e s u l t s  would rem ain c o n s tan t because f o r  a 1/1 

d r iv e  N eq u a ls  * a .s .c * .  However, th e  r e s u l t s  from gears  would have a 

s h o r te r  c a lc u la te d  l i f e  as N i s  g r e a te r  th an  *a .s .c *  fo r  a hun ting  to o th  

r a t i o  and th u s  th e  r e s u l t s  would show an even g r e a te r  d iv e rg en ce . In  

a d d it io n , t h i s  concept cou ld  n o t tak e  in to  account th e  d if f e r e n c e s  i n  the  

shapes o f  th e  two N vef&us D g rap h s .

As has been in d ic a te d  e a r l i e r ,  th e re  i s  some evidence th a t  the  

c h a r a c te r ,  and in  p a r t i c u la r  th e  o r ie n ta t io n ,  o f th e  machined f in i s h  may 

have an in flu en c e  upon lu b r ic a t io n  and upon f a i l u r e .  For th ese  re a so n s  

th e  o r ie n ta t io n  o f m achining i n  th e  b u lk  o f  the  d is c  t e s t s  was made 

i d e n t i c a l  w ith th a t  in  th e  g ear t e s t s .  I t  i s  p o ss ib le  t h a t ,  because o f 

th e  methods u sed , th e  c h a ra c te r  o f  th e  machined f in i s h  ob ta ined  fo r  th e  

two ty p es  o f  t e s t  d i f f e r e d .  N e v e rth e le ss  the r e l a t i v e l y  sm all d if f e r e n c e s  

in  p i t t i n g  behavf.our produced in  d is c  t e s t s  by the f a i r l y  rad ica l change 

from a x ia l  to  c irc u m fe re n tia l  g rin d in g  p ro v id es  f a i r l y  c le a r  evidence th a t  

th e  d ivergence  between d is c s  and g e a rs  does no t l i e  i n  any fe a tu re  o f  th e  

machined f in i s h .

One fe a tu re  o f  gear t e s t s  upon which no comment has been made i s  the 

r e l a t i v e ly  sm all s c a t t e r  in  th e  r e s u l t s ;  t h i s  i s  c le a r ly  re v e a le d  by the  

s t a t i s t i c a l  a n a ly s is  and a r i s e s ,  a t  l e a s t  in  p a r t ,  from th e  f a c t  th a t  the  

g ear t e s t  r e s u l t s  re p re se n t th e  average b eh av iou r f o r  29 te e th .  This i s  

i l l u s t r a t e d  by  graphs (F ig . 3*6*2) showing th e  developm ent o f  p i t t i n g  w ith  

time fo r  4 in d iv id u a l  te e th  i n  a  s in g le  experim en t. The s c a t t e r  in  th e se  

graphs i s  c l e a r ly  g re a te r  th an  in  the co rrespond ing  f ig u re  f o r  a  whole 

gear shown in  F ig . 3*4*5* To what e x te n t do th e se  d if f e r e n c e s  between 

d is c s  and g e a rs  a r i s e  fVom t h i s  type o f  c o n s id e ra tio n ?  To make a v a l id  

comparison between gear and d is c  t e s t s  we must a lso  take  account o f  the  

d if f e r e n c e s  o f  th e  e f f e c t iv e  a re a s ,  which i n  p ra c tic e  w i l l  n o t be the  

t o t a l  a re a  o f  to o th  c o n tac t th rough  the  meshing c y c le . As an approxi­

mation we may take  a s  the  e f f e c t iv e  a reas  o f  the  g ea rs  th a t  which i s
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s u sc e p tib le  to  p i t t i n g .  T h is  i s  confined  to  th a t  a re a  below the  p itc h  

l i n e ,  i n  th e  n e g a tiv e  s lid e /sw eep  re g io n , see fo r  example F ig . 2 .1 .2 .  I t  

i s  a lso  known th a t  p i t t i n g  fo r  p a r t i c u la r  m a te r ia ls ,  i s  dependent on some 

c r i t i c a l  H e rtz ia n  s t r e s s  th e re fo re  we must n e g le c t th e  a rea  where t i p  

r e l i e f  and lo ad  sh arin g  reduce markedly th e  p ro p e n s ity  to  p i t t i n g .  Using 

th ese  assum ptions as a b a s i s ,  the  e f f e c t iv e  a re a  o f the  g ea rs  i s  about 

^  o f  the  t o t a l  to o th  fa c e s  and i s  about th re e  tim es th e  d is c  a re a .

I t  i s  now p e rm iss ib le  to  make a v e ry  sim ple c a lc u la t io n  which should 

make i t  p o s s ib le  to  show w hether th ese  c o n s id e ra tio n s  w i l l  make any s ig ­

n i f i c a n t  c o n tr ib u tio n  to  ex p la in in g  th e  d if f e r e n c e s  between the  p i t t i n g  

behav iour in  th e  two ty p es  o f t e n t .  Using F ig . 3 .6 .1  we can o b ta in  

e s tim a te s  o f th e  p i t t i n g  l i v e s  o f  d is c s  and g e a rs  when o p e ra tin g  under 

i d e n t i c a l  c o n d itio n s , i . e .  the same D r a t io -  These v a lu es  can now be 

used in  co n ju n c tio n  w ith  F ig . 3 * 4 .5 .,  which shows th e  r a t e  o f  development 

o f  p i t t i n g ,  to  e s tim a te  th e  number o f  p i t s  which would, i n  p r in c ip le ,  

e x i s t  on th e  g ear su rfa c e s  i f  th e  g e a rs  op era ted  f o r  th e  p i t t i n g  l i f e  o f 

th e  d is c s .  The f ig u re  a rr iv e d  a t  i s  between 10® and 10^; t h i s  i s  

c l e a r ly  u n r e a l i s t i c ,  and i t  becomes c le a r  th a t  th e  c o n s id e ra tio n s  o f  the  

l a s t  pa rag rap h , th e re fo re ,  have no s ig n i f ic a n t  in f lu e n c e  upon t h i s  c a lc u ­

l a t i o n  and cannot be used to  e x p la in  the  d i f f e r e n c e s  between g e a rs  and 

d is c s .  The argument i s  emphasised even more s tro n g ly  i f  F ig . 3*6.2 i s  

used f o r  the  r a t e  o f p i t t i n g  where we now have an e f f e c t iv e  a re a  o f 

approx im ately  one te n th  th a t  o f  th e  d is c s .

T h is  d is c u ss io n  has made i t  q u ite  c le a r  th a t  none o f  th e  f a c to r s  

which have been co n sid ered  w i l l  account f o r  th e  marked d ivergence  between 

the  p i t t i n g  behaviour o f  d is c s  and g e a rs  which has been observed in  th e  

t e s t s  re p o r te d  h e re . T herefo re  i t  would appear th a t  we must seek some 

more fundam ental d if fe re n c e  which i s  in h e re n t in  th e  n a tu re  o f  g ears  and 

d is c s .  I n  p a r t i c u la r ,  c a r e fu l  c o n - id e ra tio n  must be g iven  to  th o se  

f e a tu re s  o f  g e a rs  which a re  n o t reproduced in  th e  s im p lif ie d  c o n d itio n s  

o f  d is c  t e s t s .
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3*7» D iscussion

F or a g iven  com bination o f  m a te r ia ls  (which has been m aintained 

e f f e c t iv e ly  co n stan t i n  th e  experim ents rep o rte d  here) th e  two f a c to r s  

which have th e  g r e a te s t  in f lu e n c e  on p i t t i n g  are th e  film  th ic k n e s s , 

expressed  by the  D r a t i o ,  and the s tre s s #  I t  i s  th e re fo re  a p p ro p ria te  

to  d is c u s s  each o f th e se  f a c to r s  i n  tui-n.

No d i r e c t  experim en tal ev idence e x i s t s  to  show th a t  th e  p re d ic t io n s  

o f e . h . l  th e o ry  apply  to  th e  c o n d itio n s  o f g ear te e th .  R e su lts  p resen ted  

by Ibrahaim  and Cameron (1 9 6 3 ), u s in g  the  v o lta g e  d isch arg e  te ch n iq u e , 

may suggest th a t  d is c re p a n c ie s  do e x is t  b u t th e re  a re  w idespread doub ts 

about the v a l i d i t y  o f  t h i s  method (Dyson 1966). Although Ib rah a im  and 

Cameron c laim  e x c e lle n t  agreement between th e o iy  and experim ent a  c lo s e r  

exam ination o f  t h e i r  r e s u l t s  does suggest th a t  th e y  a re  g e n e ra l ly  lower 

than  the p re d ic te d  f ilm  th ic k n e s s ,  and c o n sid e ra b ly  lower th a n  th e  ex­

perim en ta l r e s u l t s  using  d is c  machines and measured by th e  cap a c itan c e  

tech n iq u e . Secondly, th e  d e v ia t io n  from th e  p re d ic ted  f ilm  th ic k n e ss  

i s  g r e a te r  fo r  the  th ic k e r  o i l  f i lm s . I f  th e se  r e s u l t s  a re  indeed  

c o rre c t th en  th e  g ra d ie n t o f  the  g ear r e s u l t s  in  F ig . 3*6.1 would come 

more i n  l in e  w ith  th a t  o b ta in ed  f o r  th e  d is c  r e s u l t s .  T herefore  th e re  

now e x i s t s  a r e a l  need fo r  some more u n iv e r s a l ly  accep tab le  exp erim en ta l 

in v e s t ig a t io n  c f  th e  lu b r ic a t io n  o f  g ea rs  r a th e r  th an  d is c s .  I n  th e  

f i r s t  in s ta n c e  i t  would be q u ite  a ccep tab le  i f  such an in v e s t ig a t io n  used 

very  smooth g ear s u rfa c e s . W hether t h i s  need might be met by th e  r e lu c ­

tance  techn ique ( Cameron and Gregory (1967/68)) i s  o f co n s id e ra b le  

i n t e r e s t .

I n  a d d itio n  th e re  i s  now w idespread i n t e r e s t  i n  th e  e x ten s io n  o f 

the  e x is t in g  knowledge o f  e . h . l .  to  take  account o f  th e  roughness o f  th e  

s u rfa c e s  used in  en g in ee rin g  p r a c t ic e .  Johnson, Greenwood and Poon 

( 1972) and T a l l ia n  (1972) have produced th e o r ie s  o f  " p a r t i a l  e la s to h y d ro -
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dynamic lu b r ic a t io n " .  I t  has been argued  by Archard (1973), th a t  th ese  

th e o r ie s  apply  on ly  a t  low v a lu es  o f  th e  D r a t i o  and th a t  a t  h ig h e r 

v a lu es  (s a y  D -*• 1) the whole concept o f th e  co n v en tional e . h . l .  th eo ry  

b reaks down because th e  mean se p a ra tio n  o f  th e  su rfa c e s  i s  in c reased  

above th e  va lue  re q u ire d  fo r  e . h . l .  mechanisms to  o p e ra te . At h ig h e r D 

r a t i o s  micro e . h . l  mechanisms may become im p o rtan t. The argument im p lie s  

th a t  a s  th e  D r a t i o  i s  in c re a se d  i t  lo se s  i t s  d i r e c t  p h y s ic a l s ig n if ic a n c e  

b u t could  s t i l l  have an im p o rtan t va lue  a s  a more e m p iric a l param eter; 

t h i s  i s  because th e  f a c to r s  which a re  used to  va ry  h i n  th e  c a lc u la te d  

value o f  D ( e .g .  and U) would s t i l l  have an in flu en c e  upon th e  e f f ic a c y  

o f  the  more complex lu b r ic a t io n  mechanisms which are o p e ra t iv e .

I f  these  co n cep ts  are  v a l id  i t  may be s ig n i f ic a n t  to  note t h a t ,  as 

shown i n  F ig . 3 .6 .1  a l l  the d is c  machine exoerim en ts a re  perform ed i n  one 

regim e w ith D > 1 w h ils t n e a r ly  a l l  th e  g ear t e s t s  were perform ed in  

an o th er regim e, w ith  E < 1 . As shown i n  F ig s . 3 * 5 * 1 a ,b ,c ,d  th e  few 

g ear t e s t s  performed w ith  D > 1 in d ic a te  a d ep a rtu re  from the  behav iour 

o f  the  r e s t  of th e  t e s t s .

P erhaps th e  major d if f e re n c e  between d is c s  and: g e a rs  i s  to  be found 

in  th e  dynamic lo ad s  which a re  an in e v i ta b le  consequence o f  the  kinem at­

i c s  o f  g e a r in g . Because p i t t i n g  i s  c r i t i c a l l y  dependent upon s t r e s s  i t  

seems conce ivab le  th a t  th e  d if f e r e n c e s  shown in  F ig . 3*6.1 a r is e  from 

dynamic lo a d in g . I f  t h i s  i s  an im portan t f a c to r  one would expect i t  to  

become more s ig n if ic a n t  a t  h ig h e r speeds. S ev e ra l au th o rs  have pub­

lish e d  d a ta  on dynamic lo ad in g  o f  gear te e th  and a lthough  th e y  may n o t be 

in  f u l l  agreem ent, th e  b r i e f  rev iew  g iven  by Dudley (1962) su g g es ts  th a t  

t h i s  lo ad in g  does in c re a se  w ith  speed. Thus, fo r  comparable D r a t i o s ,  

p i t t i n g  l i f e  should f a l l  w ith  in c re a s in g  speed. Now th e  shapes o f  th e  

re g re s s io n  l i n e s  f o r  th e  g ea r r e s u l t s  shown in  F ig . 3*6.1 a re  s tro n g ly  

b iased  by the  few r e s u l t s  o b ta in ed  a t low D v a lu e s , a l l  o f  which were 

ob ta ined  a t  the  h ig h e s t speed. T herefore  an im p o rtan t f e a tu re  o f  th e  

dynamic lo a d in g  i s  th a t  i t  could  w e ll e x p la in  th e  d if fe re n c e s  i n  th e
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shapes o f re g re s s io n  l in e s  f o r  th e  d isc  and g ear t e s t s .  These conclu­

s io n s  g a in  some support from re g re s s io n  a n a ly s is  o f r e s u l t s  fo r  each 

speed considered  a lone . The g ra d ie n ts  o f th e se  re g re s s io n  l i n e s  are  

n e a re r  th e  v a lu e s  ob ta ined  from a n a ly s is  o f  th e  r e s u l t s  o f  d is c  t e s t s ,  th e  

p i t t i n g  l i n e s  fo r  3 ,000 r .p .m . be in g  le s s  th an  th e  co rresponding  v a lu es  

f o r  1,200 r .p .m . The la r g e r  g ra d ie n t o b ta in ed  from th e  a n a ly s is  o f  the 

combined r e s u l t s  (F ig . 3*6 .1) i s  c e r ta in ly  cau sed , a t  le a s t  i n  p a r t ,  by 

the f a c t  th a t  a l l  r e s u l t s  fo r  low D r a t i o s  were ob ta ined  a t 3 ,000 r .p .m . 

Thus, w ith in  th e  in e v i ta b le  l im i ta t io n s  imposed by s t a t i s t i c a l  a n a ly s is  

o f  a r e l a t i v e ly  sm all number o f  t e s t s ,  i t  would appear th a t  dynamic load ing  

could  provide a s a t i s f a c to r y  expü.anation o f th e  observed d if f e r e n c e s  

between g e a rs  and d is c s .

In  comparing th e  r e s u l t s  o b ta in ed  w ith  gears  and d is c s ,  we have 

e f f e c t iv e ly  e lim in a te d  c e r ta in  f a c to r s  as major cau ses  o f  th e  d isc re p a n ­

c ie s  i n  behaviour. These f a c to r s  in c lu d e  r e l a t iv e  ra d iu s  o f  c u rv a tu re , 

c h a ra c te r  o f  su rfa ce  topography, d r iv e  r a t i o ,  d if f e r e n c e s  in  e f f e c t iv e  

a re a  and s t a t i s t i c a l  averag ing . I t  seems l i k e l y  th a t  th e  d ivergence  

a r i s e s  from more fundam ental d if f e r e n c e s  between th e  d is c  and gear t e s t s  

and th e se  d if f e r e n c e s  a re  p robab ly  a sso c ia te d  w ith  th e  film  th ic k n e ss  o r 

w ith  dynamic lo a d s .

A lthough su rface  topography has been  e lim in a ted  as a m ajor fa c to r  

in  th e  com parison o f  d isc  and gear t e s t s  i t  rem ains tru e  th a t  i t s  in f lu e n c e  

co n tin u es  to  be an im p o rta n t, and an im p e rfe c tly  u n d e rs to o d , f a c to r  i n  

the  i n i t i a t i o n  o f p i t t i n g .  C hapters 4 and 5 a re  th e re fo re  concerned w ith  

a more d e ta i le d  in v e s t ig a t io n  o f  su rface  topography.
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CHAPTER 4

THE CONTACT OF SURFACES HAVING A RANDOM STRUCTURE 

4*1. In tro d u c t io n

C hap ters  2 and 3 have em phasised the  im p o rtan t ro le  th a t  su rfa ce  

topography p la y s  in  fa t ig u e  f a i lu r e  o f  r o l l in g  e lem en ts  and an under­

s tan d in g  o f  th e  d e t a i l s  o f  su rfa ce  c o n tac t i s  o f  g r e a t  im portance in  many 

such a sp e c ts  c f  tiT .bclogy . T h is  c h ap te r  in te n d s  to  app ly  a model o f  

random su rfa c e s  d e riv e d  by W hitehouse and Archard (1970) to  p rov ide  a 

th e o ry  o f  su rface  c o n ta c t.

I n  e a r l i e r  th e o r ie s  i t  was assumed th a t  the  t ru e  a re a  o f  co n tac t 

a rose  from p la s t i c  defo rm ation  o f a s p e r i t i e s  (Bowden and Taber (1 9 5 4 )), 

bu t in  more re c e n t tim es i t  has become more w idely accep ted  th a t  su rface  

c o n tac t can o f te n  in v o lv e  an ap p rec iab le  p ro p o rtio n  o f  c o n ta c t between 

a s p e r i t i e s  which i s  e n t i r e l y  e l a s t i c .  I n  t h i s  d is c u s s io n , a  p o in t o f  

c r i t i c a l  im portance i s  th e  r e l a t io n  betw een th e  t o t a l  t r u e  a re a  o f con­

t a c t ,  A, and th e  lo a d , W, s in ce  from t h i s  r e la t io n s h ip  a r i s e  th e  laws o f  

bo th  f r i c t i o n  and w ear. I f  i t  be assumed th a t  the d efo rm ation  i s  

p la s t i c  th e  t ru e  a rea  o f  c o n ta c t .  A, i s  p ro p o r tio n a l to  lo a d , W, reg a rd ­

l e s s  o f  the  n a tu re  o f  th e  su rface  topography and th e  consequent sub­

d iv is io n  o f  th e  t ru e  a rea  o f  c o n ta c t. A rchard (1957) f i r s t  showed th a t ,  

i f  m u ltip le  c o n tac t c o n d itio n s  were assumed, the r e la t io n s h ip  between 

a rea  and lo ad  could be c lo se  to  d i r e c t  p r o p o r t io n a l i ty  even i f  i t  were 

assumed th a t  the deform ation  were e n t i r e ly  e l a s t i c .  The model used 

c o n s is te d  o f  superimposed a s p e r i t i e s  o f  d i f f e r in g  s c a le s  o f  s iz e ;  i t  was 

shown, how ever, th a t  the  q u estio n  o f p h y s ic a l  s ig n if ic a n c e  i n  such 

th e o r ie s  was the  way in  which an in c re a s e  i n  the  load  was d iv id ed  between 

the  enlargem ent o f  e x is t in g  a re a s  and th e  c re a t io n  o f  new a re a s .
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Greenwood and W illiam son ( l9 é é )  have d iscu ssed  t h i s  same q u estio n  

u s in g  a s  t h e i r  b a s is  the  evidence derived  from d i g i t a l  a n a ly s is  o f p r o f i l -  

om eter re c o rd s . They have shown th a t  th e  d i s t r ib u t io n  o f h e ig h ts  on many 

su rface  p r o f i l e s  i s  c lo se  to  a G aussian form . Moreover, i t  was shown 

th a t  the  d i s t r i b u t io n  o f  peaks on th ese  same p r o f i l e s  was a lso  G aussian; 

the peak d i s t r ib u t io n  was d e riv ed  u sin g  th re e  p o in t a n a ly s is ,  a peak  ba±i;g 

d e fin ed  when the  c e n tr a l  o f  th re e  su ccess iv e  p o in ts  in  the  d i g i t a l  p resen ­

ta t io n  was th e  h ig h e s t . Based upon t h i s  evidence th ey  used , a s  a model 

r e p re s e n ta t iv e  o f  random su rfa c e s  a s e t  o f  a s p e r i t i e s  having a G aussian 

d i s t r i b u t io n .  T h e ir model was th u s  d e fin ed  by th re e  p a ram eters; cr*, 

th e  s tan d a rd  d e v ia t io n  o f th e  a s p e r i ty  peak d i s t r ib u t io n ,  R , th e  ra d iu s  

o f  c u r /a tu re  o f  the a s p e r i t i e s  (assumed c o n s ta n t)  and 77, th e  d e n s ity  o f 

a s p e r i t i e s  p e r u n i t  a re a . Using t h i s  model Greenwood and W illiam son 

( 1966) showed th a t  th e  r e la t io n s h ip  between A  and W was c lo se  to  d i r e c t  

p ro p o r t io n a l i ty  even i f  i t  was assumed th a t  the  deform ation  was e n t i r e ly  

e l a s t i c .  They a ls o  used th e  model to  c a lc u la te  th e  p ro b a b i l i ty  o f  

p l a s t i c  deform ation . I t  was shown th a t  th e  p ro p o rtio n  o f the  a re a  o f 

c o n ta c t  supported  by p la s t i c  d e fo rm atio n  was la r g e ly  independent c f  th e  

load  but was c r i t i c a l l y  dependent upon a p l a s t i c i t y  index ^  g iven  by

^ = V h A ë J

where H i s  the  hardness o f  th e  m a te r ia l and = E/(1 -  v ^ ) } E i s  the  

Young's modulus o f  the  m a te r ia l  and v  i t s  P o is s o n 's r a t i o .

In  a more re c e n t paper W hitehouse and Archard (1970) have provided 

a more rig o ro u s  a n a ly s is  o f  random s u rfa c e s . A p r o f i l e  o f  such a su r­

face  was reg arded  as a random s ig n a l  (P ek le n ik  (1967-68)) re p re se n te d  by 

a h e ig h t d i s t r ib u t io n  and an a u to c o r re la t io n  fu n c tio n . The p a r t i c u la r  

model used to  re p re se n t the  p r o f i l e  was a G aussian d i s t r ib u t io n  o f  

h e ig h ts  and an e x p o n en tia l c o r r e la t io n  fu n c tio n . I t  was shown th a t  an 

im p o rtan t f e a tu re  o f t h i s  model was th a t  a l l  f e a tu r e s  o f  th e  su rfa ce
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topography could be rep re se n te d  by two p a ram ete rs ; a  ,  th e  s tan d a rd  

d e v ia t io n  o f  th e  h e ig h t d i s t r ib u t io n ,  and (3* , th e  exponent o f  the  

ex p o n en tia l c o r r e la t io n  fu n c tio n  which was c a l le d  the  c o r r e la t io n  d i s ­

ta n ce . The c h a r a c te r i s t i c s  o f  t h i s  type o f  p r o f i l e  o f s ig n if ic a n c e  in  

su rfa ce  c o n ta c t ( th a t  i s ,  th e  d i s t r ib u t io n s  o f  th e  h e ig h ts  and th e  cu r­

v a tu re s  o f the  peaks) d e rived  from the th eo ry  were shown to  be i n  good 

agreement w ith  those  derived  from d i g i t a l  a n a ly s is  o f  a ground s u rfa c e .

I n  t h i s  c h a p te r  th e  r e s u l t s  c f  W hitehouse and A rchard (1970) v d l l  

be used to  d e riv e  a  th eo ry  o f  su rfa ce  c o n ta c t . There a re  a number o f  

f e a tu re s  o f  t h i s  model which make such a th eo ry  d e s i r a b le .  F i r s t ,  i t  

g iv e s  a d i s t r ib u t io n  o f  peak c u rv a tu re s  which i s  dependent upon t h e i r  

h e ig h t ,  th e  in f lu e n c e  o f  t h i s  fe a tu re  upon th e  r e la t io n s h ip  betw een a re a  

o f  c o n tac t arid load  i s  c le a r ly  o f  some s ig n if ic a n c e  i n  th e  development 

o f  id e a s  about tne  n a tu re  o f su rfa c e  c o n ta c t. Second, a s  exp la ined  

above, the  model d e f in e s  th e  su rface  p r o f i le  in  term s o f two param ete rs ; 

one (cr) i s  concerned w ith  th e  h e ig h t d i s t r ib u t io n  and th e  o th e r  (p*) can 

be regarded  a s  be ing  a sso c ia te d  w ith  th e  w a v e le n g th -s tru c tu re . A 

re c e n t development i n  th e  technology  o f  su rfa c e s  I s a  p ro p o sa l (Spragg 

and W hitehouse (1 9 7 0 )  fo r  t h e i r  c h a r a c te r is a t io n  i n  term s o f two such 

p aram ete rs ; th e re fo re  a th eo ry  o f  su rface  c o n tac t based upon s im ila r  

p r in c ip le s  must be o f  some re le v an c e .

B efore proceeding to  a development o f  th e  th eo ry  o f c o n ta c t fo r  

such su rfa c e s  a b r i e f  o u tl in e  o f  the  model i s  p re sen ted ; a more complete 

d isc u ss io n  i s  g iven  by W hitehouse and Archard (l970) in  t h e i r  o r ig in a l  

paper.

4 .2 . The Model

The p r o f i l e  i s  defined  by a h e ig h t d i s t r ib u t io n  and an a u to c o r re l­

a t io n  fu n c tio n . The h e ig h t d i s t r ib u t io n  i s  G aussian  and i s  th e re fo re
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d efin ed  by th e  p ro b a b i l i ty  o f  f in d in g  an o rd in a te  between h and (h  + dh)

f (y )  = e x p (-4 y ^ ), (4 -2 .1 )

where th e  h e ig h t h has been exp ressed  i n  the  norm alized form

y  = iy^er (4 -2 .2 )

S im ila r ly  th e  a u to c o r re la t io n  fu n c tio n  i s  d e fin e d  as

P(P) = -1 / y ( x ) .  y (x  + p)ax (4>2.3)

where y (x ) i s  th e  h e ig h t a t  a  g iv en  co o rd in a te  x  and y(x  + p ) i s  th e  

h e ig h t a t  an a d jac e n t co o rd in a te  (x  + p ) .  I n  th e  model i t  i s  assumed 

th a t

P (p) = e x p (-  p /p * ) (4 . 2 . 4 )
.

where p ’ i s  the c o r r e la t io n  d is ta n c e  and i s  a measure o f  the  r a te  a t  which 

the  c c r r e l a t io n  between e v en ts  on the  p r o f i l e  d e c lin e s  a s  t h e i r  spacing 

in c re a s e s .  When 6 =  2 .3  p* th e  c o r r e la t io n  has ddc lined  to  0.1 and we 

s h a l l  tak e  t h i s  spacing  a s  th a t  a t  which e v en ts  on the  p r o f i l e  have j u s t  

reached th e  co n d itio n  where th ey  can be reg ard ed  as in d ependen t.

Using t h i s  model i t  i s  p o s s ib le  tc  c a lc u la te  the  c h a r a c te r i s t i c s  

o f  the  p r o f i le  which are  d e riv ed  from d i g i t a l  a n a ly s is .  I t  i s  assumed 

th a t  the p r o f i l e  i s  p resen ted  as  a s e r i e s  o f  ev en ts  sep a ra ted  by a 

sam pling i n t e r v a l  1 }  i . e .  th e re  ra c is ts  a  c o r r e la t io n  p(= ex p (- ^ /p * )) 

between su cc e ss iv e  e v e n ts . I t  can  th en  be shown th a t  the p ro b a b i l i ty  

d e n s i ty  fu n c tio n  th a t  any o rd in a te  i s  a  peak o f  cu rv a tu re  C a t  a h e ig h t 

y  i s  g iven  by

For the p a r t ic u la r  example, £ = 2 .3 p * , p 0 , eq u a tio n  (4 *2 . 5) can 

be w r i t t e n  i n  the  s im p lif ie d  form
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exp 1̂ - (y  -  4 c )^ j  e r f ( i c )  (4 -2 .6 )

In  th e se  eq u atio n s  th e  cu rv a tu re  i s  p resen ted  in  non-d im ensional form 

(see  W hitehouse and Archard (1970)) and th e  ra d iu s  o f  cu rv a tu re  o f  a peak 

i s  g iven  by

E = < V c f f  (4 .2.7)

One im p o rtan t fe a tu re  o f  the th e o ry  i s  th a t  e q u a tio n  (4 .2 .5 )  

re v e a ls  th a t  th e  c h a r a c te r i s t i c s  o f  th e  p r o f i l e ,  which emerge from d i g i t a l  

a n a ly s is ,  a re  markedly dependent upon th e  sam pling in te r v a l  employed 

( i . e .  upon the  c o r r e la t io n ,  p , between successive  e v e n ts ) .  This i s  th e  

in e v i ta b le  consecguence o f  the  f a c t  th a t  th e  p r o f i le  c o n s is ts  o f  the  ra n ­

dom s u p e r -p o s i t io n  o f  s t r u c tu r e s  covering  a wide range o f  w avelengths; 

th e  use o f  any ^ v e n  sam pling in te r v a l  t  r e v e a ls  a s t ru c tu re  which i s  

m ainly concerned w ith  the  w avelengths o f  t h i s  same o rder o f  s iz e .  I t  

has been argued by W hitehouse and Archard (1970) th a t  th e  main s t ru c tu re  

o f  the  p r o f i l e  i s  b e s t  re v e a le d , from th re e  p o in t a n a ly s is  o f a d i g i t a l  

p re s e n ta t io n , by u s in g  a sam pling in te r v a l  where su ccess iv e  ev en ts  can be 

regarded  as having j u s t  reached the s i tu a t io n  where th e y  can be tak en  as 

in d ep en d en t. T his i s  achieved by p u tt in g  t  = 2 .3 p* > th en  w ithout undue 

e r r o r  th e  s im p lif ie d  p ro b a b i l i ty  d e n s ity  fu n c tio n  o f  eq u a tio n  (4*2 .6 ) can 

be used.

We a lso  need to  o b ta in  from th e  model a  va lue  o f % , the  d e n s ity  

o f  a s p e r i t i e s  p e r  u n i t  a rea . C onsider here o n ly  th e  case where th e  

p r o f i l e  i s  sampled a t  in te r v a l s  o f  £ = 2 .3  p* and the  ev en ts  a re  e f f e c t ­

iv e ly  independen t. Then, because th e  ev en ts  a re  independen t, th e re  i s  

an eq u a l chance th a t  any one ( i . e .  th e  c e n tr a l)  o f  th e  th re e  e v en ts  i s  

th e  h ig h e s t . The r a t i o  o f peaks to  o rd in a te s  i n  a p r o f i l e  i s  th e re fo re  

one th i r d ;  t h i s  co n c lu sio n  has been f u l l y  j u s t i f i e d  elsew here (W hitehouse 

and Archard (1 9 7 0 ))- S im ila r ly , we can c o n sid e r the  s im p lest p o s s ib le
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ex ten s io n  o f the  th e o ry  to  th re e  d im ensions, th e  topography be ing  d e fin ed  

by a g r id  o f  o rd in a te s  a rranged  in  a simple co o rd in a te  system . A h igh  

p o in t i n  th re e  d im ensions, a summit, i s  then  d efined  in  the  s im p lest 

p o s s ib le  way when i t  i s  h igher th an  i t s  fou r n e a re s t  neighbours. Using 

th e  same sim ple argument a s  b e fo re  th e  r a t io  o f  summits to  o rd in a te s  i s  

th e re fo re  one f i f t h  and a simple e s tim a te  o f the d e n s ity  o f a s p e r i t i e s  

p e r u n i t  a rea  i s  ^

"  = 5  (d?) ( 4 .2 .8 )

A more complete d is c u s s io n  o f th e  problem s involved  i n  the  ex ten s io n  o f 

the  th eo ry  to  th re e  dim ensions i s  g iv en  by W hitehouse (1971)•

There are  two s ig n i f ic a n t  ways in  which the model o f  W hitehouse 

and A rchard (W & A) d i f f e r s  from th a t  o f Greenwood and W illiam son (G & W). 

F i r s t  the  d i s t r ib u t io n  o f peaks ( r e g a rd le s s  o f  th e i r  c u rv a tu re )  i s  no t 

q u ite  G aussian  bu t fo llo w s a d i s t r ib u t io n  d e riv ed  from the assumed 

G aussian d i s t r ib u t io n  o f h e ig h ts ;  fo r  the  main broad so a le  s t ru c tu re  o f 

the  su rfa ce  d e riv ed  u sing  a sampling in terv^al o f  2 .3  p *  th e  p ro b a b i l i ty  

th a t  any o rd in a te  i s  a peak a t  h e ig h t y  i s

f* (y )  = [lAVZw] [1 + e r f ( y / /2 ) ] ^  e x p (-iy ^ ) (4 -2 .9 )

Second, as exp lained  above, the  peak c u rv a tu re s  have a d i s t r ib u t io n  which 

i s  dependent upon th e  h e ig h t ,  th e  cu rv a tu re  o f  th e  h ig h e s t peaks tend ing  

to  have h ig h e r v a lu es  th an  those  a t  low er le v e l s .  I n  th e  th e o ry  which 

fo llow s we s h a l l  re q u ire  th e  p ro b a b i l i ty  d e n s i ty  d i s t r ib u t io n s  o f th e  

peaks. To o b ta in  th e s e , eq u a tio n s  (4 -2 .5 )  (4 -2 .6 )  and (4 -2 .9 )  must be 

norm alized by the r a t i o  o f  peaks to  o rd in a te s ,  N, which i s  g iven  by

/
N = 1  Tan“  ̂ ( ) (4 -2 .1 0 )

^  \1  + P /

For u n c o rre la te d  evente (e q u a tio n s  (4 -2 .6 )  ( 4 .2 .9 ) ) N w i l l  be tak en  as ■!.

I n  what fo llo w s th e  r e s u l t s  ob ta ined  u s in g  the  W & A model w i l l  be
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compared w ith  those  o b ta in ed  by Greenwood and W illiam son. I t  w i l l  be 

im p o rtan t to  d is t in g u is h  between th e  two s ig n if ic a n t  f e a tu re s  which have 

been d iscu ssed  above, and th e re fo re  i t  i s  u se fu l to  in tro d u c e  what w i l l  

be termed an in te rm e d ia te  model; t h i s  w i l l  have an a s p e r i ty  peak h e ig h t 

d i s t r i b u t io n  given  by W hitehouse and A rchard (e q u a tio n  (4 * 2 .9 )) b u t th e  

a s p e r i t i e s  w i l l  have a c o n sta n t r a d iu s  o f cu rv a tu re  a s  in  th e  Greenwood 

and W illiam son model. For t h i s  (and when using  th e  G & W model) th e  

mean cu rv a tu re  fo r  a l l  peaks d e riv ed  from the W hitehouse and A rchard work 

w i l l  be u sed , i . e .

c*= (3 -  fl) (1 -  p ) V 2 N / j r  (4 .2 .1 1 )

where N i s  th e  r a t i o  o f  peaks to  o rd in a te s  and i s  g iven  by e q u a tio n  (4*2.10)

For the  main broad sca le  s t r u c tu r e  o f th e  su rfa ce  we can w rite  p  ^  0  and 

I

C* = 9 / 2 / ( 4 . 2 . 1 2 )

N 1  ; th u s

w h ils t  the ra d iu s  o f  cu rv a tu re  i s  o b ta in ed  from eq u atio n  (4*2 .7 ) w ith  

i  = 2 .3 p * .

I n  d e riv in g  th e  G & W th e o iy  i n  a form s u ita b le  fo r  com parison 

w ith  th e  W & A model i t  i s  a p p ro p r ia te , and most r e v e a lin g , to  choose a 

G aussian d i s t r ib u t io n  o f a s p e r i ty  h e ig h ts  to  g ive th e  c lo s e s t  accord  

w ith  th e  W & A model. S ince c o n tac t o ccu rs  a t th e  h ig h e s t a s p e r i t i e s  a 

f i t  i s  re q 'i ire d  a t  la rg e  p o s it iv e  v a lu e s  o f  y . C o n sid e ra tio n  o f  th e  

peak d i s t r ib u t io n s  shows th a t  t h i s  requ irem en t i s  b e s t  met by u s in g  fo r  

th e  h e ig h t d i s t r ib u t io n  o f  a s p e r i t i e s , th re e  tim es th e  assumed G aussian  

d i s t r i b u t io n  o f  h e ig h ts .

The d i s t r ib u t io n  o f  peak h e ig h ts  d e riv ed  by W & A i s

“  f*(y) = 3 - —i n  [1 + e r f ( y / / 2 ) f  exp(-iy^) (4*2.13)
N 4 / 2 tt

= p& T  ^ ^ (y )  e x p (- iy ^ )
^  2 v
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The cum ulative d i s t r ib u t io n  correspond ing  to  eq u a tio n  (4*2.13) i s

F*(y) =  l J 
y

where t  i s  a  dummy v a r ia b le  f o r  y

F ^ y )  = f  3  # ( t)  ; e x p (-2t  )d t
J
t= y

= [ l  -  ^^(y ) ] (4 *2 . 14)

This may be r e -w r i t te n  i n  th e  convenien t form

5*(y) = [1 -  $ (y ) ]  [1 + $ (y )  + $^(y) ] 

and s in ce  fo r  la rg e  p o s i t iv e  v a lu e s  o f  y

$ (y ) -> 1

th en  i n  t h i s  same range o f  v a lu es  o f  y

ï* (y )  o  3[1 -  $ ( y ) ]  ( 4 . 2 . 13)

The co rrespond ing  d i s t r i b u t io n  o f o rd in a te  h e ig h ts  from which e q u a tio n  

(4 . 2 . 13) i s  derived  i s

f(y) = exp (-4 y ^) (4 .2 .1 6 )

w h ils t  th e  cum ulative d i s t r i b u t io n  o f o rd in a te  h e ig h ts  i s

CO

P (y ) = I  e x p ( - i t^ ) d t

y

= 1 -  $ (y ) ( 4 . 2 . 17)

Comparison o f  eq u a tio n s  (4*2 .15) and (4*2 ,17) shows th a t  fo r  la rg e  

p o s i t iv e  v a lu e s  o f  y

ï^ ( y )  = 3 F (y ) ( 4 . 2 . 18)
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i . e .  fo r  la rg e  p o s i t iv e  v a lu e s  o f  y  th e  peak h e ig h t d i s t r ib u t io n  i s ,  to  

a c lo se  approxim ation , th re e  tim es th e  o rd in a te  h e ig h t d i s t r ib u t io n  from 

which i t  i s  d e r iv e d . F ig . 4»2.1 shows p lo t s ,  on p r o b a b i l i ty  pap er o f 

th e  o rd in a te  h e ig h t d i s t r ib u t io n ,  P (y) (e q u a tio n (4 *2 . 17) ) > th e  peak 

h e ig h t d i s t r i b u t io n ,  P*(y) (e q u a tio n (4 *2 . 14) ) , and th e  approxim ation  f o r  

F*^(y) (e q u a tio n  (4 * 2 ,1 5 )) . I t  w i l l  be seen th a t  th e  approxim ation  i s  

v e ry  c lo se  fo r  y  > 1 .5  and adequate fo r  y  > 1 .0 , I t  i s  shown i n  t h i s  

ch ap te r th a t  th e  approxim ation , when in c o rp o ra te d  in to  the th e o ry  o f 

su rface  c o n ta c t ,  ^ v e s  r e s u l t s  v e ry  c lo se  to  the  W & A peak h e ig h t d is ­

t r ib u t io n  f o r  y  > 1 (see  the  com parison between th e  G- & W model u s in g  

t h i s  G aussian  approxim atior and th e  in te rm e d ia te  m odel). The approxi­

m ation o f  eq u a tio n  (4*2 .18) has been found b o th  when p lo t te d  or; F ig .

4*2.1 o r when in c o ip o ra te d  in to  th e  G & W th e o ry  o f su rface  c o n ta c t ,  to  

give a good re p re s e n ta t io n  o f  th e  W & A peak d i s t r ib u t io n  f o r  v a lu es  o f  

y  > 1. The reaso n  fo r  t h i s  i s  seen by c o n s id e rin g  th e  d e r iv a t io n  o f 

th e  W & A peak d i s t r i b u t io n  f o r  independent ev en ts  which i s  shown in  

F ig . 4*2 .2 . The p r o b a b i l i ty  th a t  the  c e n t r a l  event i s  a  peak o f  he igh t 

between y  and (y  + dy) i s  g iven  by th e  p roduct o f th e  th re e  shaded a re a s . 

Thus, when the c e n tr a l  even t o ccu rs  a t  la rg e  p o s it iv e  v a lu e s  o f  y  the 

p ro b a b i l i ty  th a t  i t  i s  a peak i s  v i r t u a l l y  i t s  own p r o b a b i l i ty  d i s t r i ­

b u tio n . T h is , when norm alized  by  the  r a t i o  o f peaks to  o rd in a te s ,

N = i  , g iv e s  a b e t t e r  f i t  fo r  y  > 2 th an  any o th e r  chosen G aussian 

d i s t r ib u t io n .

4*3* Theory o f su rface  c o n tac t

The a n a ly s is  o f  co n tac t developed below w i l l  fo llow  th e  procedure 

adopted in  most e a r l i e r  th e o r ie s .  The model su rfa ce  w i l l  be con sid ered  

a s  p ressed  a g a in s t  a p e r fe c t ly  smooth r ig i d  f l a t  s u r fa c e . The a re a  o f 

c o n ta c t , A, th e  lo a d , W, and th e  c o n ta c t conductance, G, w il l  be
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d eriv ed  as  a  fu n c tio n  o f th e  s e p a ra t io n , d , o f th e  s u r fa c e s . In  t h i s  

way th e  d e s ired  r e la t io n s h ip s  between A  and W and between G- and W can be 

d e riv e d . The d e ta i le d  d e r iv a t io n  fo llow s c lo s e ly  th e  th e o ry  o f  Greenwood 

and W illiam son (1966), th e  s e p a ra t io n , d , (norm alized  bycr) be ing  th e  

s e p a ra tio n  o f  th e  f l a t  from the c e n tre  l in e  o f th e  rough model su rfa ce  as 

a re fe re n c e . I n  a l l  th e  c a lc u la t io n s  which fo llow  t h i s  re fe re n c e  l in e  

w i l l  be the  c e n tre  l in e  o f the  o rd in a te  h e ig h ts . In  g e n e ra l (Vfhitehouse 

and Archard (1970)) t h i s  i s  n o t id e n t i c a l  w ith  th e  c en tre  l in e  o f  the  

d i s t r ib u t io n  o f peaks, o r a s p e r i t i e s ,  which, a s  might be expec ted , l i e s  

above th e  c e n tre  l in e  o f  the  o rd in a te  d i s t r ib u t io n .

For a  s in g le  a s p e r i ty ,  o f ra d iu s  o f  c u rv a tu re , R, th e  ra d iu s  o f  

the a i e a o f  c o n ta c t, a , th e  c o n tr ib u tio n s  to  the  a re a  o f  c o n ta c t ,  6A , 

to  th e  lo a d , 6¥ , and to  th e  conductance, 6G , are  g iv en  by the eq u a tio n s

a = (Rw)^ Ü

^  = t r R o  b

ÔW = i  e ' r ^ u ' ^  o

3

ÔG = (Rw)^g d

(4 .3*1 )

where w i s  th e  com pliance. =  , where E i s  Young^s modulus
(1 -  ■ /)

and V i s  P o isson*s  r a t i o ;  g i s  th e  s p e c if ic  e l e c t r i c a l  conductance. Then 

u s in g  th e  norm alized  v e rs io n  o f eq u a tio n  (4*2.6) we may w rite  th e  probab le  

a re a  o f  c o n tac t ÔA from a peak a t  h e ig h t y  o f c u rv a tu re  C as

prob [6 A ]^  = ttR w { f* (y ,C )/^ }  (4*3*2)

w here, as exp lained  above, N can be tak en  a s

The c o n ta c t a re a , fo r  a l l  c u rv a tu re s , from peaks a t h e ig h t y  i s  o b ta in ed  

by in te g r a t in g  eq u a tio n  (4*3*2). Then u s in g  eq u a tio n s  (4*2 .2 ) and 

(4 .2 .7 )

[SAyLean = ^(2.3?*)^ (y-a) J  ac ( 4 . 3 . 3 )
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For a s e p a ra tio n  d we must c o n sid e r a l l  le v e l s ,  f r o m  y  = d to  y  = «> 

which c o n tr ib u te  to  th e  a re a  o f  c o n ta c t ,  Ihus

00 00 ^

A = 77 7r ( 2 , 3 P ^ ^ / *  (y -d ) f  i - l M l  dC dy (4 .3*4a)
J o  NCo NC

The t o t a l  number o f  a s p e r i t i e s  on th e  su rface  i s  77 where J-.. i s  th e  

apparen t a re a .

From e q u a tio n s  (4*3*1®) and (4*3*Id ) s im ila r  ex p re ss io n s  may be 

d e riv ed  f o r  th e  t o t a l  lo a d , W, and th e  conductance G, Thus

.00

W = 4 A e '( 2 , 3 P %  [  (y -d )2  f  dC dy (4 .3*5a)
3 Jd. Jo NV C

CO 1 “

G = 2 ,, g A ( 2 .3 § * )  I ( y d ) ^  I  ac dy (4 . 3 . 6a)
'M Jo  Ni/C

These eq u atio n s  may co n v en ien tly  be re -e x p re sse d  in  a form u s in g  the  

fu n c tio n s  F ^ (d ), F ^ (d ) , F^(d) which a re  ta b u la te d  i n  Table 4*3*1• Then 

u s in g  e q u a tio n  (4 *2 , 8)

A ^  i r r ) . A  (2 .3 p * )^  F (d ) = 1  w -A f  (d ) (4*3*4b)
A 3 A

W = i  ,, A E '( 2 .3 ^ ) c r  F (d ) = P (d ) (4 .3 .5 b )
3 15 (2 .3P  ) w

a  = 2  n  g A .  (2 .3 ?* ) p^(d ) = F (d ) (4 .3 .6 b )
^  3 (2 .3 p  ) ^

and s im i la r ly  th e  number o f  c o n ta c ts ,  n , i s  g iven  by

n  = r, P (d ) = . . P (d ) ( 4 .3 . 7)
“  5 ( 2 .3 9 ) 2

where
r  r  * /

F (d ) = /  /  do dy (4*3*8)
^  i  d / 0 N

A n aly tic  form s fo r  th e  i n t e g r a l s  o f  e q u a tio n s  (4*3*4), (4*3*5), (4*3*6), 

(4 *3 *7) ,  (4 *3 *8) could  n o t be found; however th ey  can be ev a lu a ted  by



TABLE 4*3,1 >

d F  (d )  
A

^ ( d ) F j d ) F j a )

0 ,0 0 ,3 8 8 5 0 .6 1 2 0 5 .451 2 , 6

0 ,2 O .3 O85 0 ,4 6 1 7 4 * 5 5 7 2o 4

OJ*. 0 ,2 2 0 2 0 ,3 3 8 1 3 * 6 8 4 2 ,1

0 .6 0 ,1 5 6 8 0 ,2 4 0 3 2 ,8 6 8 1 ,8

0 ,8 0 ,1 0 7 0 0 .1 6 4 7 2 ,1 5 4 1 .5

1 ,0 0 ,7 0 5 0  X 10"1 0 .1 0 9 8 1* 5 5 4 1 ,2

1*4 0 ,2 7 6 0  X 10"'* 0 ,4 3 9 2  X 10"1 7*188  X 10"1 6 .7  X 10"^

1 ,8 0 ,9 3 9 0  X 1 0 "2 0 ,1 5 3 6  X 10“ ^ 2 ,8 4 4  X 10-1 3*1 X 10"'*

2 ,2 0 ,2 8 0 5  X 10“ ^ 0 ,4 6 9 5  X 10" ? 7*695  X 1 0 "2 1 ,2  X 10“ '*

2 ,6 0 ,7 3 6 0  X 10" ^ 0 .1 2 6 6  X 10"2 2 ,9 0 4  X 10~2 3*9  X 10 “ 2

3 * 0 0 ,1 7 1 0  X 1 0 "3 0 ,2 9 8 8  X 10“ ^ 5 ,9 4 0  X 1 0 "3 1 .0  X 1 0 -2

3*5 0 ,2 2 9 5  X 10“ ^ 0 ,4 0 8 3  X 10“ ^ 1 ,1 4 0  X 10"3 1 , 5 x 1 0"-^

4 * 0 0 ,2 4 9 3  X lO"*^ 0 ,4 4 9 4  X 10"5 1 ,3 8 3  X 1 0 "3 1 ,8  X 10" ^

These r e s u l t s  a re  ta b u la te d  w ith  th e  n o rm a lis in g  f a c to r  N in c o rp o ra te d
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computer methods which a re  o u tlin e d  in  Appendix 1 • V alues o f  th e se  

in te g r a l s  a re  l i s t e d  i n  Table 4*3*1»

4*4» P l a s t i c i t y  Index

The p l a s t i c i t y  index o f  Greenwood and W illiam son (e q u a tio n  (4 » 1 .1 )) 

ex p re sses  th e  way in  which th e  p r o b a b i l i ty  o f  p l a s t i c  deform ation  

depends both  upon the  topography o f  th e  su rfa c e s  and th e  m echanical 

p ro p e r t ie s  o f  th e  m a te r ia l . I t  i s  based upon th e  assum ption th a t  a l l  

th e  a s p e r i t i e s  have the  same ra d iu s  o f c u rv a tu re , R, and th a t  th e y  have 

a G aussian d i s t r ib u t io n  o f peak h e ig h ts  c h a ra c te r iz e d  by an rms v a lu e  a*»

On th e  e th e r  hand th e  W hitehouse and Archard model c h a r a c te r is e s  

th e  su rfa c e  i n  term s o f  th e  rms v a lu e  o f  th e  h e ig h t d is t i a b u t io n ,  <j , 

and th e  c o r r e la t io n  d is ta n c e ,  p*. A f i r s t  approxim ate e x p re ss io n  o f  

th e  p l a s t i c i t y  index i n  term s o f the  W & A  model can be o b ta ined  by  

u s in g  the  G & W co n cep ts .

As exp lained  above, th e  tru e  peak h e ig h t d i s t r ib u t io n  (e q u a tio n  

(4 *2 . 9 ) )  can be rep laced  by the o rd in a te  h e ig h t d i s t r ib u t io n  and norma- 

l iz e d  by th e  r a t i o  o f peaks to  o rd in a te s ,  N = —• Also we can use the

mean peak cu rv a tu re  C*"; th e n  using  eq u a tio n s  (4*2.7) and (4*2 .12) we 

may w r ite  R =_ 2 / tt ( 2 . 3 ^ ^
9 or

Thus tfj -  ^ ( 4 *4 *1)

+
which i s  th e  sim ple ex p re ss io n  o f  th e  G & W p l a s t i c i t y  index  i n  term s 

o f or and p* *

For the  sake o f  s im p lic i ty  and a lso  fo r  re a so n s  o f  p h y s ic a l i n ­

s ig h t  (which w i l l  be j u s t i f i e d  l a t e r )  th e  p l a s t i c i t y  index  fo r  th e  

W & A model w i l l  be w r i t te n  as

 ** " ( 5  Xr)_____ .___
+

The r e s u l t  g iv en  in  Table 2 o f W hitehouse and A rchard (l9 7 0 ) i s  in  e r r o r .
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We re q u ire ,  however, a more com plete a n a ly s is  o f  th e  p r o b a b i l i ty  

o f  p la s t i c  defo rm ation  fo r  th e  f u l l  W & A model. To a reaso n ab le  

approxim ation  th e  com pliance co rrespond ing  to  the o n se t o f p l a s t i c  flow 

i s  g iven  by

a  = E (H /e ')^
P

w hich, when norm alized  and u s in g  eq u a tio n  (4 . 2 . 7) g iv e s

"p = f  ( ? ) '  I  (4..4.3)

The a re a s  o f c o n ta c t formed by p l a s t i c  defo rm ation  a re  those  fo r  which

(y  -  d) > 0)* > o r 
P

y  > (d  + «*)
P

Thus, th e  p robab le  a rea  o f  c o n tac t (6A } formed by p l a s t i c  flow  i s
P

d eriv ed  as b e fo re

[ [ ^ p ] c l r ^ a n  = I  (y -d )  dy
d+w*

P
and u s in g  th e  same p r in c ip le s  as in  th e  d e r iv a tio n  o f e q u a tio n  ( 4 .3*4) one 

o b ta in s  th e  t o t a l  a rea  o f  c o n tac t which in v o lv e s  p la s t i c  flow ;
CO 00

A = TT rj ( 2 .3 p ^ ^  / / *  (y -d ) dy dC
P J o  Jd+w N C

F (4 . 4 *4 )

Equation  (4*4*4)> when compared w ith  e q u a tio n  (4 .3 * 4 ) , g iv e s  a complete 

sta tem en t o f  th e  p ro b a b i l i ty  o f  p la s t i c  defo rm ation  w ith  th e  W & A model® 

The in te g r a t io n  o f eq u atio n  (4*4*4) by com puter methods i s  o u tl in e d  in  

Appendix 1. The r e s u l t s  o b ta in ed  are  d isc u sse d  below.

4 . 5 * R e su lts  o f th e  th e o ry

The r e s u l t s  o f th e  th e o ry  a re  p resen ted  assuming s t e e l  s u r fa c e s



FIG. 4.5.1. Area of contact and load as a function 
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FIG. 4. 5 . 3q  Mean pressure at real area of
contact
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having a su rface  topography s im ila r  to  those found (w hitehouse and 

/irehard  (1970)) to  be ty p ic a l  o f ground su rfaces#  The im portan t d i s t i n c ­

t io n  here i s  th a t  i n  the f i r s t  in s ta n c e  i t  w i l l  be assumed th a t  the  su r­

face  topography i s  i s o t r o p ic .  Where a p p ro p r ia te , th e  r e s u l t s  w i l l  be 

p re sen ted  fo r  the  th re e  models which have been d esc rib ed  above. These 

are  th e  o r ig in a l  model o f Greenwood and W illiamson (19 6 6 ), the  model o f  

W hitehouse and A rchard (1970) and th e  in te rm e d ia te  model# The v a lu e s  

o f  th e  c o n s ta n ts  used i n  these  c a lc u la t io n s  a re  l i s t e d  i n  th e  ta b le  o f  

sym bols.

Pig# end Fig* 4*5*2 show the  r e s u l t s  which a re  de riv ed

d i r e c t ly  from the th eo ry . Pig# 4*5*1 shows th e  r e la t io n s h ip s  between

the  a re a  o f  co n tac t and th e  d im ension less  s e p a ra tio n  and between the  load

and the  d im en sio n less  s e p a ra tio n . Prom th e se  r e s u l t s  one can d erive

r e la t io n s h ip s  between a re a  and load and th e se  a re  shown in  Pig# 4*5*2.

Greenwood and W illiam son showed t h a t ,  w ith  t h e i r  model, a  change in  th e
2 2ap p aren t a re a , J 'c  , from 1 cm to  10cm produced a sm a ll, b u t d e te c ta b le  

d if fe re n c e  i n  the a re a  v e rsu s  load r e la t io n s h ip  a t  heavy lo a d s . T h is 

r e s u l t  i s  reproduced , fo r  th e  assumed c o n d itio n s , i n  Pig# 4*5*2. On 

the  o th e r  hand, when the  W & A model i s  used th e  change i n  produces 

such a sm all change i n  th e  a re a /lo a d  graph th a t  i t  i s  n o t d e te c ta b le .

Of th e  graphs shown in  Fig# 4*5*2, th e  W & A model produces an 

a re a  v e rsu s  load  r e la t io n s h ip  which i s  c lo s e s t  to  d i r e c t  p ro p o r t io n a l i ty .  

T h is , and o th e r  a sp ec ts  o f  th e  m odels, are more c le a r ly  e s ta b lis h e d  by 

co n sid e rin g  th e  mean p ressu re  over th e  tru e  a re a s  o f c o n ta c t ,  (p  = W/a) 

P ig . 4*5*3^ shows p a s  a fu n c tio n  o f d im en sio n less  s e p a ra tio n  and Pig# 

4*5*3b shows p as  a fu n c tio n  o f  W# These f ig u r e s  re v e a l th re e  major 

d if f e re n c e s  between the  new W & A model and th e  o ld  G & W model. F i r s t ,  

i n  th e  W & A model the  mean p re s su re s  are more n e a r ly  independent o f 

load  (o r  s e p a r a t io n ) , t h i s  i s  i n  l in e  w ith th e  a re a /lo a d  r e la t io n s h ip  

d iscu ssed  above. Second, the  mean p re s su re s  f a l l  s l i g h t ly  w ith  the
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in c re a s in g  lo a d , o r w ith  d e c rea s in g  s e p a ra tio n . T h ird , i n  th e  W &A 

model the  mean p re s su re s  a re  s ig n i f ic a n t ly  h ig h e r than  those  c a lc u la te d  

from th e  G- & W model; over th e  range o f s e p a ra tio n s  o f most p r a c t ic a l  

s ig n if ic a n c e  they  a re  h ig h e r by between 20 and 8C^*

The le aso n  fo r  th ese  d if f e r e n c e s  between th e  W & A and G & W models 

i s  dem onstrated , q u ite  c le a r ly ,  by co n sid erin g  r e s u l t s  fo r  th e  i n t e r ­

m ediate model which a re  a lso  shown in  F ig s . 4*5*5a and 4*5*3t>* Both 

th e  in te rm e d ia te  model and the  G & W model have a s p e r i t i e s  o f  c o n s ta n t 

c u rv a tu re , the va lue  being  deriv ed  from the mean cu rv a tu re  (C*, eq u a tio n  

( 4 *2 . 12) )  o f  th e  W &A model. S ig n if ic a n t  d if f e r e n c e s  between th e  G & ¥  

model and th e  in te rm e d ia te  model a r is e  on ly  a t  d im en sio n less  s e p a ra tio n s  

betw een 0 and 1 when the  d if f e r e n c e s  between t h e i r  a s p e r i ty  h e ig h t d i s t r i ­

b u tio n s  become a p p a ren t. On th e  o th e r  hand th e  r e s u l t s  fo r  th e  W & A 

model are s ig n i f ic a n t ly  d i f f e r e n t  from those o f  th e  o th e r  two models over 

th e  whole range o f c o n d itio n s , y e t  the  only  d if fe re n c e  between W&A and 

th e  o th e r  two models i s  th a t  i t  in c o rp o ra te s  a d i s t r ib u t io n  o f a s p e r i ty  

c u rv a tu re s .

The s ig n if ic a n t  fe a tu re  o f  t h i s  d is t r ib u t io n  o f c u rv a tu re s  i s  th a t  

as the h e ig h t o f  the  a s p e r i t i e s  in c re a s e s  t h e i r  cu rv a tu re  in c re a se s  

( r a d iu s  d e c re a se s ) . T h is  p o in t re q u ire s  c lo s e r  exam ination . E quations 

( 4 . 2 . 5) and (4 . 2 . 6) show th a t  cu rv a tu re  i s ,  indeed , a fu n c tio n  o f  the 

h e ig h t, y . The p o in t a t  is su e  i s  made more s p e c if ic  by  ta k in g  th e  f i r s t  

moment o f  th e  d i s t r ib u t io n  o f  eq u atio n  (4 . 2 . 5) ,  regarded  as a fu n c tio n  o f 

C. I n  t h i s  way one can o b ta in  the  v a lu e  o f  the  mean peak cu rv a tu re  f o r

a l l  th e  peaks a t a g iven  h e ig h t ,  y . F igu re  4*5*4 shows the  r e s u l t s  o f

such a c a lc u la t io n  f o r  the  case o f i n t e r e s t  i  I  -  2 .3 P* , p = 0 .1 . I t  

w i l l  be seen th a t  the a s p e r i t i e s  o f g r e a te s t  s ig n if ic a n c e  i n  su rface

c o n tac t, th a t  i s  those above the c en tre  l i n e ,  have c u rv a tu re s  rang ing

from v a lu es  s l i g h t l y  below the o v e r a l l  average ( a t  the  c en tre  l in e )  to  

v a lu e s  tw ice the  o v e ra l l  average ( a t  y  = 3)*
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FIG. 4 .5 .6 . A rea  of plastic contact as o function of 
separation
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The consequence o f t h i s  fe a tu re  o f th e  W & Â model i s  t h a t ,  a s  the  

su rfa c e s  a re  p ressed  to g e th e r  under lo ad , th e  new a s p e r i t i e s  which are 

j u s t  being  brought in to  c o n ta c t have sm a lle r c u rv a tu re s  ( l a r g e r  r a d i i )  

th an  those  a lre a d y  invo lved  in  th e  e x is t in g  a re a s  o f  c o n ta c t. T his 

produces e x a c tly  those  consequences which were noted above. Thus when 

th e  h ig h e s t a s p e r i t i e s  a re  in vo lved  the  p re s su re s  a re  h ig h e r th an  those  

c a lc u la te d  u s in g  the mean cu rv a tu re  . M oreover, a s  th e  su rfa c e s  a re  

p re ssed  to g e th e r  the  newly e s ta b lis h e d  a re a s  o f c o n tac t b ear a g re a te r  

p ro p o rtio n  o f  th e  load  th an  i n  th e  G & W model; t h i s  o f f s e t s  th e  s l ig h t  

r i s e  in  mean c o n ta c t p re s su re , p , w ith  in c re a s in g  load  which i s  a fe a tu re  

o f  the  G & W model.

Having e s ta b lis h e d  th e  im p o rtan t p h y s ic a l p r in c ip le s  invo lved  in  

the  d if f e r e n c e s  betw een the  W & model and th e  G & W model, c e r ta in  o th e r  

r e s u l t s  which can be d e riv ed  from th e  models become u n d e rs tan d ab le .

U sing eq u a tio n s  (4*3*5) and (4*3*6) i t  i s  found th a t  the  r e la t io n  between 

e l e c t r i c a l  conductance, G, and le a d ,  W, i s  to  a very  c lo se  approxim ation ,

G oc W Fig*4 ,5*5; over the same range o f lo a d s  th e  G & W model (l966)

g iv e s  G oc

The d if fe re n c e s  betw een th e  two models i s  a lso  im p o rtan t in

p l a s t i c i t y  c a lc u la t io n s .  U sing eq u atio n s  ( 4 .3 .4 )  and ( 4 . 4 . 4 ) i t  i s

p o ss ib le  to  c a lc u la te  v a lu e s  o f th e  t o t a l  a rea  o f c o n ta c t .  A ,  and th e  a re a

formed by p l a s t i c  d e fo rm ation , A , a s  a  fu n c tio n  o f  th e  d im en sio n less
P

s e p a ra tio n , d . Such v a lu e s  o f A as a fu n c tio n  o f  d have been shown i n

F ig . 4*3*1* s im ila r  v a lu e s  o f  A can be c a lc u la te d  f o r  d i f f e r e n t  v a lu es
P

o f the  p l a s t i c i t y  index  as de fin ed  by eq u a tio n s  (4*4*1) o r  (4*4*2). The 

r e s u l t  o f th e se  c a lc u la t io n s  i s  th a t  th e  g raphs o f  ru n « c lo se ly  

p a r a l l e l  to  th e  graph o f  A v e rsu s  d (F ig . 4*5*6)* Thus th e  r a t i o  A^/A 

i s  v i r t u a l l y  independent o f  the  e x te n t to  which th e  su rfa c e s  have been 

p ressed  to g e th e r ;  fo r  a g iven  v a lu e  o f  the  p l a s t i c i t y  in d e x , changes in  

Ap/A occur when th e  s e p a ra tio n  has v a lu e s  between 0 and 1 which corresponds
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2 2to  a very  h igh  nom inal p re ssu re  o f between 10 and 10 kg/mm • Thus, even 

more th an  i s  th e  case  w ith  th e  G & W model, the  p ro b a b i l i ty  o f p l a s t i c  flow 

i s  v i r t u a l ly  independent o f  the  load  and s o le ly  a fu n c tio n  o f the  p la s ­

t i c i t y  index*

However, th e  use o f  th e  W &A model changes the  s ig n if ic a n c e  o f  th e  

m agnitude o f the  p l a s t i c i t y  in d ex . Use o f the Greenwood and W illiam son 

model shows th a t  i f  , a s  de fin ed  by  eq u a tio n  ( 4 . I . I ) ,  has a value 

g r e a te r  than  1 .0 , p l a s t i c  flow w i l l  occur even a t  t r i v i a l  nom inal p re s ­

s u re s . On th e  o th e r  hand, i f  ^  were l e s s  th an  0 .6  p l a s t i c  flow  i s  most 

u n lik e ly  and only  fo r  v a lu e s  o f  ip i n  th e  range 0 .6  to  1 .0  i s  th e  mode o f  

defo rm ation  in  d o u b t. The b a s is  fo r  th ese  s ta tem en ts  i s  shown in  P ig . 

4 . 5*7 i u  which v a lu e s  o f  A^/A as  a fu n c tio n  o f ip a re  shown. We now 

d e riv e  a new ex p re ss io n  f o r  p  based upon th e  W&A model using  th e  mean 

value  o f  the  cu rv a tu re  fo r  a l l  peaks (e q u a tio n  (4 .4 * 1 ))*  Using t h i s  

v a lu e  o f  p  in  the  f u l l  W & A c a lc u la t io n s ,  as o u tlin e d  above, shows th a t  

th e  s ig n i f ic a n t  range o f p  v a lu es  i s  0 .35  to  O.6O. Thus, a s  we would 

expect from the  c a lc u la t io n s  o f c o n ta c t p re s su re s  shown in  F ig s . 4-5*5^ 

and 4 *5 *31̂ ; use o f  th e  W &A model, w ith  i t s  d i s t r ib u t io n  o f  cu n ^ a tu re s , 

r e s u l t s  i n  a m arkedly in c re a se d  p ro b a b i l i ty  o f  p l a s t i c  flow . L ikew ise , 

in  th e  range o f p  v a lu e s  where th e  mode o f  defo rm ation  i s  i n  dou b t, use o f 

th e  G & W model (w ith  a s p e r i ty  c u rv a tu re s  based on mean v a lu es) r e s u l t s  in  

a s ig n if ic a n t  u n d e r-e s tim a tio n  o f  th e  p ro b a b i l i ty  o f  p la s t i c  defo rm atio n .

We have seen th a t  the  change from the  G & W model to  th e  W &A 

model changes th e  s ig n if ic a n c e  o f  p  th rough th e  in tr o d u c t io n  o f a d i s t r i ­

b u tio n  o f  a s p e r i ty  c u rv a tu re s . For t h i s  re a so n , when u s in g  th e  W & A 

model, i t  seems a p p ro p ria te  to  drop the  num erical c o n s ta n t from eq u a tio n  

(4 . 4 . 1) and use a new d e s ig n a tio n , p ^  , (e q u a tio n  (4 * 4 .2 ) ) .  By a fo r ­

tu n a te  co in c id en ce , a s  shown in  F ig . 4*5*7 t h i s  r e s to r e s  th e  p l a s t i c i t y  

index  to  th e  s ig n if ic a n c e  which i t  had in  th e  G & W model. I f  p ^  > 1 .0  

p l a s t i c  flow  occurs even a t  t r i v i a l  lo a d s  and i f  p ^ <  0 .6  p la s t i c  flow i s  

most u n l ik e ly .
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The num erical example chosen to  i l l u s t r a t e  th e  th eo ry  produces 

r e s u l t s  o f  co n sid e rab le  i n t e r e s t .  F ig u res  4*5*3^ and 4*5*5b show th a t  

th e  th eo ry  p r e d ic ts  c o n tac t p re s su re s  i n  th e  range 550-600 Kĝ 'mm f o r  

the  f u l l  W hitehouse and Orchard model and th a t  th e se  a re  very  much 

g r e a te r  th an  th e  s im p lif ie d  models fo r  y  > 1• For f u l l y  hardened s t e e l  

(H A:: 800 Kg/mm^) th e  p l a s t i c i t y  index  ^  v d l l  have a value o f  a p p ro x i­

m ately  2 .2 .  Thus th e  c o n tac t o f  i s o tro p ic  su rfa c e s  o f th e  chcF.en 

c h a r a c te r i s t i c s  would invo lve  s ig n i f ic a n t  p l a s t i c  defo rm ation . I t  can 

be shown th a t  in tro d u c tio n  o f  anisottopy, ty p ic a l  o f  ground s u r fa c e s , w i l l  

modify th e  c o n ta c t p re ssu re  by a f a c to r  in  th e  range 0 .45  to  0.5» For 

an in d ic a t io n  o f th e  tre a tm en t o f  a n iso tro p y , a d e ta i le d  an a ly ~ is  i s  

c a r r ie d  ou t i n  C hapter 5« I t  w i l l  be s u f f ic ie n t  a t  t h i s  s tag e  to  quote 

o n ly  th e  eq u ation  o f  th e  mean c o n tac t p re ssu re  e l l i p s o id a l

a s p e r i t i e s  as a r a t i o  o f  th e  mean p re ssu re  (p ) o b ta in ed  from s p h e r ic a l

a s p e r i t i e s .  _  ^

f s m :  = r , .U  + .6^). (4 .5 .1 )
p 2V2 L E (k ')  K(k')J

where A < B and A / B  i s  th e  r a t i o  o f  the  p r in c ip a l  c u rv a tu re s . K(k^) and 

E(k^) a re  the  com plete e l l i p t i c  i n te g r a l s  o f  the f i r s t  and second kind 

r e s p e c t iv e ly .  A com plete d e f in i t io n  and ex p lan a tio n  o f  th ese  fu n c tio n s  

i s  g iven  in  C hapter 5* The in f lu e n c e  o f  e l l ip s o id a l  a s p e r i t i e s  upon 

mean p re ssu re  as g iv en  by eq u ation  ( 4 '5 ' l )  i s  p lo t te d  i n  F ig . 4«5*3. The 

fu n c tio n  shows th a t  fo r  A / B  in  the  range 10 ^ to  10“^ ,  which i s  ty p ic a l  

o f  ground su rfa c e s  (B e ll  and Dyson (1972)) th e  e l a s t i c  c o n ta c t p re s su re s  

would be reduced by a f a c to r  o f  0 .45 to  0 .55  and c o n s id e ra tio n  o f i t s  

d e r iv a t io n  su g g es ts  th a t  th e  p l a s t i c i t y  index  would be s im i la r ly  reduced. 

I f  Fig# 4"5"8 i s  now considered  i t  would be expected th a t  the c o n tac t o f  

ground su rfa c e s  o f  f u l l y  hardened s t e e l  would show a sm all p ro p o rtio n  o f  

p la s t i c  flow . Moreover an exam ination o f  th e  d e f in i t io n  o f  the  p l a s t i ­

c ity  index  a lso  su g g es ts  th a t  p l a s t i c  flow may n o t n e c e s s a r i ly  be
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reduced by a d ecrease  in  roughness s in ce  t h i s  may w e ll be accompanied by  

a p ro p o r tio n a l change in  An in d ic a t io n  o f th e  v a r ia t io n s  o f  cr and

p *  fo r  p r a c t ic a l  en g in eerin g  s u r fa c e s  has been g iv en  by W hitehouse (1971)« 

One f u r th e r  problem must be co n sid e red  i n  the  a p p l ic a t io n  o f  th e  th e o ry ; 

a s  s ta te d  e a r l i e r ,  the  model assumed was th a t  o f  a  rough su rface  p re ss in g  

a g a in s t  a p e r f e c t ly  smooth non-deform able plane* T his i s  i n  f a c t  th e  

same s i tu a t io n  a s  p re ss in g  one su rfa ce  a g a in s t i t s  own m irro r ima^e and i s  

t o t a l l y  u n r e a l i s t i c  since  i t  im p lie s  th a t  th e  h ig h e s t peaks oppose one 

another* On th e  o th e r  hand f o r  two unsynchronised  s u rfa c e s  t h i s  would 

n o t be th e  case and a s  has been shown by W illiam son (1968) th e  summits o f  

one rough su rfa ce  o f te n  c o n tac t p o in ts  below summits on a n o th e r . Because 

o f  t h i s  th e  va lue  o f  th e  p l a s t i c i t y  index  should be reduced by a f u r th e r  

f a c to r  o f  l /v '2  , fo r  su rfa c e s  having  th e  same su rfa ce  roughness, p ro v id in g  

even l e s s  p l a s t i c  defo rm ation . F or a more d e ta i le d  d is c u s s io n  o f  su rface  

c o n ta c t re p re s e n ta t io n  by use o f  p la n e s  and e q u iv a le n t su rfa ce s  o r two 

d i s t i n c t  rough s u rfa c e s  one may r e f e r  to  Greenwood and T ripp  (197Q /71).

F in a l ly  i t  i s  im p o rtan t to  p o in t o u t th a t  the  c a lc u la t io n s  o f  t h i s  

c h a p te r  based upon th e  W & A model a re  concerned w ith  the main s t r u c tu r e  

o f  th e  su rfa ce  topography. I t  i s  an im p o rtan t fe a tu re  o f  th e  W &A 

model th a t  o th e r  f e a tu r e s  o f  sh o r te r  w avelengths e x i s t  upon th e  s u r fa c e s . 

The presence o f th e se  s t r u c tu r e s  w i l l  tend  f u r th e r  to  in c re a s e  the  

p re s su re s  a t  th e  tru e  a re a s  o f  c o n ta c t;  i t  w i l l  a lso  in c re a s e  th e  proba­

b i l i t y  o f  p la s t i c  flow , a lb e i t  over sm a lle r  re g io n s  o f  th e  s u r fa c e . The 

re lev an ce  o f  th ese  comments i s  shown by experim ents (W hitehouse and 

A rchard , (1970) î W hitehouse (1 9 7 1 )), i n  which i t  has been shown th a t  one 

o f  the  s ig n i f ic a n t  e f f e c t s  o f  rubbing  under c o n d itio n s  o f  boundary l u b r i ­

c a t io n  i s  la rg e ly  to  remove t h i s  sm a lle r  w avelength s t r u c tu r e .
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4*6* D iscu ssio n

A th e o ry  o f  su rfa ce  c o n ta c t has been developed f o r  su rfa c e s  having 

a random s t r u c tu r e ,  and has been compared w ith  the  e a r l i e r  p ioneer s tu d y  

o f  Greenwood and W illiamson* I t  has been shown th a t  the  d i s t r i b u t io n  o f  

a s p e r i ty  c u rv a tu re s  in c re a s e s  the  c o n tac t p re s su re s  and makes them more 

n e a r ly  independent o f  th e  load  and ap p aren t a re a . Also th e  p l a s t i c i t y  

in d ex , which in d ic a te s  th e  p ro b a b i l i ty  o f  p la s t i c  d e fo rm a tio n , has been 

re -d e f in e d  in  term s o f  a  and p* . The g re a t  m erit i s  th a t  the  p l a s t i c i t y  

index i s  now expressed  i n  term s o f su rfa c e  param eters which a re  more e a s i ly  

measured and which form p a r t  o f p ro p o sa ls  (Spragg and W hitehouse ( 1970/71)) 

fo r  a fu tu re  s p e c i f ic a t io n  o f  su rface  topography.

The l im i ta t io n s  o f  t h i s  model have a lso  been d iscu ssed  and the 

r e s u l t s  have shown how s ig n i f ic a n t  d if f e r e n c e s  can  be o b ta ined  by u sing  

d i f f e r in g  d e f in i t io n s  o f the  su rfa ce  model. I t  i s  o f some i n t e r e s t  to

no te  th a t  the  W &A peak d i s t r i b u t io n  has a mean v a lu e , y  , and a s tandard

d e v ia t io n , or*, g iven  by

y*" = 0 .8 5 o r , orW’= 0*75 cr (4*6 ,1 )

I t  i s  th e re fo re  tem pting  to  employ a G aussian d i s t r i b u t io n  w ith  th e  

c h a r a c te r i s t i c s  o f  eq u a tio n  (4*6 .1) i n  a  th e o ry  o f  su rfa ce  c o n ta c t. Such 

a procedure has been adopted by Johnson , Greenwood and Poon (1972) i n  

t h e i r  th e o ry  o f  p a r t i a l  elastohydrodynam ic lu b r ic a t io n .  T his G aussian 

d i s t r i b u t io n  i s  a good approxim ation  to  equation  (4 *2 . 13) over th e  range 

0 < y  < 2 .0  as can be seen from Pig* 4*2 .1 . However i t  d iv e rg es  r a th e r  

m arkedly fo r  la rg e r  v a lu e s  o f  y . At d = 3 o , i t  u n d e re s tim a te s  th e  a re a  

o f  c o n ta c t .  A, and th e  lo a d , W, by th e  fo llo w in g  f a c to r s

n '  = I.O n ; A ' = 0.85A ; W' = O.78W (4*6 .2)

In  th e se  eq u a tio n s  the prim e in d ic a te s  v a lu e s  d e riv ed  from th e  G aussian
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d is t r ib u t io n  w ith  the  c h a r a c te r i s t i c s  o f  eq u atio n  (4*6*1) compared w ith  

those d e riv ed  from equation  (4»2*13)» The d if fe re n c e s , betw een d i f f e r e n t  

a s p e r i ty  h e ig h t d is t r ib u t io n s  becomes o f  more s ig n if ic a n c e  in  th e o r ie s  o f 

co n tac t th rough  lu b r ic a n t f i lm s  where a l l  th e  f a c to r s  o f eq u a tio n  (4 °6 .2 ) 

a re  expressed  d i r e c t l y  i n  te rm s o f  th e  s e p a ra tio n  o f th e  s u r fa c e s . 

T herefore  th e  work to  fo llo w , in  C hapter 5 , has been designed  to  o b ta in  

in fo rm a tio n  about th e  c o n ta c t o f  su rfa c e s  from t h e i r  recorded  p r o f i l e s  

w ithout any i n i t i a l  assum ptions o f th e  su rfa ce  o r i t s  r e la te d  p aram ete rs . 

S p e c if ic a l ly  C hapter 4 i s  m ainly o f use i n  an a ly s in g  un-run  su rfa c e s  

which obey d e fin e d  models; C hapter 5 i s  an a ttem pt to  remove t h i s  severe  

l im i ta t io n .



72

CHAPTER 5

DIGITAL SIMULATION OF SURFACE CONTACT

5*1# In tro d u c tio n

C hapter 4  co n sid ered  a th e o ry  o f  su rface  c o n ta c t using  a d e fin ed  

model o f th e  su rfa c e  topography. To o b ta in  v e r i f i c a t io n  o f th e  a p p li­

c a b i l i t y  o f  the  model used the  su rfa c e  geom etry must be recorded  f o r  as  

many su rfa ce s  and p ro d u c tio n  p ro c e sse s  as p o s s ib le ,  and s t a t i s t i c a l l y  

an aly sed . W hile u n d ertak in g  t h i s  p ro je c t  as  much in fo rm a tio n  as  

p o ss ib le  must be o b ta in ed  from th e  s u r fa c e s , th u s  we should have th e  

requ irem en ts fo r  an a n a ly s is  o f  su rface  c o n ta c t ,  assuming com plete in f o r ­

m ation about th e  a s p e r i t i e s  i s  known. We re q u ire  to  de term ine , by 

d i g i t a l  p re s e n ta t io n  and a n a ly s is  o f su rface  p r o f i l e s  th e  load  borne by 

th e  s o l id  c o n ta c t e i th e r  in  th e  d ry  s i tu a t io n  o r th e  lu b r ic a te d  c a se , 

w hichever regime th e  su rfa ce s  may be o p e ra tin g  u n d e r. With an e la s to ­

hydrodynamic f i lm  in c o rp o ra te d  t h i s  should re v e a l  th e  in te rm e d ia te  

regime o f  lu b r ic a t io n  under which many p r a c t ic a l  a p p lic a tio n s  ( e .g .  g e a rs , 

b e a r in g s  e t c . )  o p e ra te , e i th e r  du rin g  the  i n i t i a l  s ta g e s  o f runn ing  in  

o r throughout t h e i r  l iv e s .  I t  i s  t h i s  re g io n  o f  T ribo logy  where v e ry  

l i t t l e  i s  known and t h i s  ch ap te r hopes a t  l e a s t  to  p rov ide  a tech n iq u e  

which would le a d  to  a b e t te r  p h y s ic a l  u n d ers tan d in g  o f the  s i tu a t io n .

At p re sen t th e re  are  two im p o rtan t p ap ers  th a t  have tak en  s te p s  

in  t h i s  d i r e c t io n ,  th o se  being  Johnson, Greenwood and Poon (1972) and 

B e ll and Dyson (1 9 7 2 ). Both p apers  p rov ide  a n ia n a ly s is  o f  a s p e r i ty  

c o n tac t in  elastohydrodynam ic s i tu a t io n s  b u t th e y  base t h e i r  c a lc u la t io n s  

on r e s u l t s  d e riv ed  from an assumed model o f  su rfa ce  topography. The 

model used was th a t  o f Greenwood and W illiam son (1966) b u t th e  e x p e r i­

ments which th e y  d isc u ss  a re  n o t n e c e s s a r i ly  perform ed w ith  su rfa c e s  

which conform to  t h i s  p a r t i c u la r  model. However th e  au th o rs  do p o in t
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out th a t  th e  a n a ly s is  i s  a p p lic a b le  to  any su rface  model th a t  may be 

de fin ed  the  l im i ta t io n  being  in  the  unw ieldy m athem atics th a t  would occu r. 

I n  c o n tr a s t  th e  advantage o f the method o f  a n a ly s is  p re sen te d  i n  t h i s  

c h ap te r  i s  th a t  i t  i s  a p p lic a b le  to  any form o f su rface  w ithou t reco u rse  

to  d e f in i t io n .

Johnson, Greenwood and Poon showed th a t  the  a s p e r i ty  p re s su re  i s  

determ ined by  th e  r a t i o  o f  th e  th e o r e t ic a l  f i lm  th ic k n e ss  to  th e  combined 

su rfa ce  roughness o f  the two su rfr.ces  ( h ^ c )  and th e y  conclude th a t  an 

in c re a se  i n  lo a d , which only  has a sm all in f lu e n c e  on film  th ic k n e s s , i s  

c a r r ie d  by an in c re a se  o f the f lu id  p re s su re . The th e o ry  was extended 

to  in c lu d e  th e  p l a s t i c i t y  problem and th ey  found th a t  the number o f 

a s p e r i t i e s  th a t  become p l a s t i c  depends on the  r a t i o  o f  the  f ilm  th ic k n e ss  

to  su rface  roughness, and a lso  upon the  p l a s t i c i t y  index d e riv e d  fo r  the  

Greenwood and W illiam son model. The th eo ry  i s  th en  used to  compare 

experim en tal r e s u l t s  o f T a l l ia n  e t  a l  ( I 964) and Poon and H aines (1966/67) 

f o r  th e  no c o n ta c t time f r a c t io n  r  as a fu n c tio n  o f h ^ a  and, having 

chosen s u i ta b le  p a ram ete rs , th e y  show a reaso n ab le  f i t  fo r  th e o ry  and 

experim ent. B e l l  and Dyson i n  t h e i r  a n a ly s is  a lso  used th e  modol 

p resen ted  by Greenwood and W illiam son but th ey  remove the assum ption o f 

s p h e r ic a l  a s p e r i t i e s  and ex tend  the  th eo ry  to  e l l ip s o id s .  They assume 

th a t  the m anufacturing  p ro cess  produces c irc u m fe re n tia l  grooves on th e  

d is c s  and th a t  fo r  a H e rtz ian  th e o ry  long e l l i p t i c a l  c o n ta c ts  are  

ob ta in ed  owing to  the a s p e r i ty  in te r a c t io n s .  The th e o ry  developed i s  

th e n  r e la te d  to  p r a c t ic a l  r e s u l t s  o f f r i c t i o n a l  measurements o b ta in ed  

from a two d is c  machine. C onsidering  the  assum ptions, which th e  au th o rs  

adm it were n e ce ssa ry  in  the  th e o ry  i n  o rd e r no t to  overcom plicate  th e  

a n a ly s is ,  th e y  o b ta in ed  s u rp r is in g ly  good c o r r e la t io n  w ith  t h e i r  p r a c t ic a l  

r e s u l t s .

The in te n t io n  o f  t h i s  ch ap te r i s  in  a sense to  p rov ide  a new 

approach to  th e  problem o f  su rface  c o n ta c t w ithou t r e q u ir in g  the  a id  o f
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a m athem atical model to  d e sc rib e  th e  shape o f  th e  s o l id  su rfa c e . The 

o u t l in e  o f th e  method i s  as fo llo w s .

1) As a f i r s t  sim ple approach i t  w i l l  be assumed th a t  the  su rfa c e s  a re  

covered by s p h e r ic a l  a s p e r i t i e s  o f  v a ry ing  r a d i i  o f c u rv a tu re , t h i s  w i l l  

th en  be extended to  e l l ip s o id a l  a s p e r i t i e s  such as would occur on c i r -  

c u m fe re n tia l ly  ground s u rfa c e s . The s p h e r ic a l  a s p e r i t i e s  no t o n ly  len d  

them selves to  a sim ple m athem atical argument but t h e i r  use i s  f u r th e r  

j u s t i f i e d  on th e  grounds th a t  th ey  enab le  a much g r e a te r  p h y s ic a l in s ig h t  

to  th e  problem , which fo r  a f i r s t  s tag e  o f  development i s  v e ry  d e s irab le *

2) For th e  p h y s ica l argument i t  i s  assumed, a t f i r s t ,  t h a t  a s e r ie s  

o f c lo s e ly  spaced T a ly su rf  p r o f i l e s  a re  a v a ila b le  g iv in g  what amounts to  

alm ost com plete in fo rm atio n  about th e  su rfa ce  a s p e r i t i e s ;  th e  development 

o f the  th e o ry  commences from t h i s  assum ption o f  f u l l  in fo rm a tio n  and a t

a l a t e r  s tag e  i t  w i l l  be argued th a t  such complete in fo rm a tio n  i s  not 

re q u ire d . A ll  th a t  would be needed i s  a s u f f ic ie n t  number o f  p r o f i l e s  

to  g ive in fo rm a tio n  which i s  s t a t i s t i c a l l y ’’ s ig n i f ic a n t .

3) The p r o f i l e s  ob ta ined  a re  p resen ted  i n  d i g i t a l  form and th u s  any 

p a ir  o f p r o f i l e s  from opposing su rfa c e s  can be a lig n e d , moved to g e th e r  

and so in d ic a te  the  re g io n s  o f  c o n ta c t. T h is o p e ra tio n  w i l l  be perform ed 

on the computer w ith  the  argument th a t  when the gap between th e  su rfa c e s  

i s  l e s s  th a n  zero  ( i . e .  n eg a tiv e  sep a ra tio n )  t h i s  w i l l  enab le  a value o f 

’’in te r fe re n c e  a re a ” to  be determ ined ; t h i s  term  should not be confused 

w ith  the  H e rtz ia n  deformed a re a , since  the  in te r f e re n c e  a re a s  do not 

correspond to  th e  a re as  th a t  would be formed by s o lid  c o n ta c t. The a re a s  

o f  so lid  c o n ta c t a re  sm aller th a n  th e  in te r fe re n c e  a re as  due to  th e  

deform ation  o f  th e  su rfa c e s  and so a r e la t io n s h ip  between th e se  a re a s  i s  

d e riv ed  i n  th e  th e o ry .



FIG. 5.2.1 Plan and sectional representation of surface 
showing interference wi9Yhs ^  and clepths
Full circles in 5 .2.1a represent areas of 
solid contact.
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Zf) I f  th e re  a re  *n* p r o f i l e s  a v a ila b le  from each su rface  th en  r ?

p r o f i l e s  w i l l  be a v a ila b le  fo r  com parison in  the  com puter. At th e  o n se t

i t  i s  assumed th a t  th e  movement o f  th e  su rfa ce s  i s  a t  r i g h t  an g les  to  th e
2

d i r e c t io n  o f th e  p r o f i l e s .  A ll th e  n p r o f i l e s  so ob ta ined  do n o t 

re p re s e n t  a s i tu a t io n  which occurs  a t  one moment i n  tim e ; b u t, p rov ided  

th a t  a l l  the n p a i r s  ob ta ined  can  occur a t  some moment i n  tim e , a l l  th e  

in fo rm a tio n  th u s  o b ta in ed  i s  o f  s ig n if ic a n c e  i n  re p re se n tin g  the  tim e 

averaged behav iour.

5) As w ith  th e  p rev io u s  th eo ry  developed i n  C hapter 4  i t  w i l l  be

assumed th a t  th e  defo rm ations ai* a s p e r i t i e s  are  independen t. This im­

p l i e s  th a t  each in te r f e r e n c e  a rea  examined i s  s u f f i c i e n t ly  f a r  removed 

from a l l  o th e rs  such th a t  i t s  deform ation  a r i s e s  s o le ly  from i t s  own 

c o n ta c t s t r e s s e s .

5 .2 . Development o f th e  th e o ry

5 .2 .1 .  Theory o f  s p h e r ic a l  a s p e r i t i e s

S ta r t in g  w ith  the  i n i t i a l  assum ption th a t  com plete in fo rm a tio n  i s  

a v a i la b le  fo r  a n a ly s is ,  th en  we may co n sid e r two s u r fa c e s ,  c o n s is t in g  o f  

an a r ra y  o f s p h e r ic a l  a s p e r i t i e s .  Each su rface  i s  tra v e rs e d  by a s e r ie s  

o f  T a ly su rf  p r o f i l e s  sep a ra ted  by a spacing  6y (where 6y i s  v e ry  much 

l e s s  th a n  any va lue  o f  the  H e rtz ian  c o n tac t ra d iu s  'a* o f  any a s p e r i ty  

be in g  c o n s id e re d ) . The number o f p r o f i l e s  per u n i t  le n g th  on th e  su r­

face  w i l l  be

N =
6y

A p lan  view o f  a su rface  i s  p re sen ted  i n  F ig . 5*2 .1a where two p r o f i le  

l i n e s  bb ' and c c ' a re  shown. The f u l l  c i r c u la r  l i n e s  re p re se n t th e
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a re a s  o f  H e rtz ia n  c o n tac t and th e  broken l in e s  the  co rresponding  a re a s  

o f in te r fe re n c e  d e riv ed  from th e  su rfa ce  p r o f i l e s .  I n i t i a l l y  p r o f i l e s  

o f  both su rfa c e s  a re  a ligned  and th en  brought to g e th e r ,  F ig . 5 * 2 .ib  i s  

one such p a ir  under exam ination. The in te r fe re n c e  re g io n  fo r  one con­

t a c t  w i l l  have a ra d iu s  a  and a dep th  o f  in te r f e r e n c e  w . I t  must o f  

course  be r e a l i s e d  th a t  in  g e n e ra l the  a lig n ed  p r o f i l e s  w i l l  n o t in d ic a te  

the  in te r fe re n c e  which corresponds to  the c e n t r a l  p r o f i l e  where a  and w 

w i l l  have t h e i r  maximum v a lu e s . F ig . 5>2.1c shows one such occurrence  

where the  correspond ing  v a lu es  o f  a  and u  now tak e  t h e i r  maximum v a lu es  

o f  o,Q and .

S ince the  a s p e r i t i e s  are  s p h e r ic a l  the  lo c a l r e l a t i v e  ra d iu s  o f 

c u rv a tu re  R o f  th e  su rfa ce  may be d e fin ed  by

R = 2 I  (5 . 2 . 1)
Zo) 2wq

From H e rtz ia n  th e o ry  (Timoshenko and G-oodier) i t  i s  e a s i ly  shown th a t

)

g iv e s  = R (5*2 .2 ), 2 . 2  
 ̂ 1 -V , 1 - lL

where — = -— 1 +  6 i s  th e  reduced e l a s t i c  modules
E' Eg

where R.j and Rg are th e  r a d i i  o f  th e  two a s p e r i t i e s ,  v  i s  Poisson* s 

r a t i o  and E i s  the e l a s t i c  modulus o f th e  re sp e c tiv e  b o d ie s .

From eq u a tio n s  (5 .2 .1 )  and (5*2 .2) we have th e  im p o rtan t r e l a t io n ­

sh ip  betw een the ra d iu s  o f  th e  H ertz ian  a rea  o f c o n ta c t ,  a ,  and the  

maximum in te r f e r e n c e  ra d iu s  a ^ t

a  = aV  2 ( 5 *2 .3)o
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The r e la t io n s h ip  between a  th e  maximum in te r f e r e n c e  h a l f  w id th  ando
a  i s  g iv en  by mean

“mean = ^ * “ o ^ 5 .2 .4)

S im ila r ly  i t  may be shown th a t  the  r e l a t i o n  between th e  maximum i n t e r ­

fe ren ce  d ep th  and w i s  g iv en  by o mean

V a n  = I  “o ( 5 . 2 . 5)

C onsidering  one a s p e r i ty  w ith  a g iven  re g io n  o f co n tac t d e fin ed  by 
2

A = Tra t h i s  a re a  would be in d ic a te d  in  th e  T a ly su rf  p r o f i l e s  as  an a rea

o f  in te r f e r e n c e  A, = 2A = f  a  ^^ o
Applying th e  H e rtz ia n  e q u a tio n s  the load  W supported  by s o l id  c o n tac t may 

be w r i t te n  as

w = 6  ^  ( 5 . 2 . 6)
3 R

T his  re g io n  would be observed to  occur on n successive  p r o f i l e  p a i r s  o f  

s e p a ra t io n  6y

n = 2 a ^ 6 y  = 2 V2 a /ô y  (5*2 .7 )

Thus the  lo ad  supported  p er in te r fe re n c e  even t observed on th e  p r o f i le s  

i s

4 1 :  = $  4 s . 'ô y  ( 5 . 2 . 8)

u s in g  e q u a tio n s  (5*2 .1 ) and (5*2 .3 ) th e  above eq u atio n  may be re w r it te n

Î  = y  <Uq 6y 

and u s in g  e q u a tio n  (5 .2 .5 )  t h i s  th en  becomes

^  "mean (5*2 .9 )

For p a i r s  o f  p r o f i l e s  spaced a d is ta n c e  6y eq u a tio n  (5*2*9) re p re ­

s e n ts  th e  c o n tr ib u t io n  o f  each in te r f e r e n c e  re g io n  on th e  p r o f i l e s  to  

th e  t o t a l  lo a d , i t  i s  no t a p h y s ic a l d e s c r ip t io n  o f what happens, i t  i s
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FfG. 5.2 .2 Comparison of two interference re gions both 
having the some interference depth. CQp
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th e  r e s u l t  o f sh a r in g  th e  load  W over th e  in te r f e re n c e  a rea  i f  t h i s  were 

p o s s ib le . As h as  been s ta te d  e a r l i e r ,  th e re  are  p a r t s  o f  th e  in te r fe re n c e  

a re a  th a t  do n o t i n  f a c t  form p a r t  o f the a re a  o f  c o n ta c t, bu t even so the  

p r in c ip le  adopted i s  v a l id  because the  e x is ten c e  o f  an in te r f e r e n c e  a re a  

a u to m a tic a lly  im p lie s  the  e x is te n c e  o f  a  c o n ta c t a re a .

E quation  (5*2*9) may be r e w r i t te n  to  in d ic a te  th e  t o t a l  load fo r  

th a t  c o n ta c t a rea  as

W = -L  n a E '  6ymean

o r may be tran sp o sed  to  g ive th e  c o n tr ib u tio n  o f  an in te r f e r e n c e  reg ion  

on the  p r o f i le s  to  the load  per u n i t  le n g th  a t  r ig h t  a n g le s  to  the  

p r o f i l e s

W '= J L  = (5 .2 .1 0 )
n ô y  V2

T h is  i s  a v e r y  n e a t  and ra th e r  s u rp r is in g  r e s u l t ,  i t  im p lie s  th a t  in  the 

proposed system th e  c o n tr ib u tio n  o f  an in te r fe re n c e  re g io n  to  th e  load 

supported  p e r u n i t  le n g th  i s  p ro p o r tio n a l to  the  dep th  w o f th e  i n t e r ­

fe ren ce  reg io n  bu t independent o f  i t s  w idth  2a . I n  support o f  t h i s  

argument co n sid e r the  simple problem  of P ig . 5*2.2 where th e re  a re  two 

re g io n s  having th e  same in te r f e r e n c e  dep th  bu t d i f f e r e n t  in te r fe re n c e  

w id th s  on and cLg"

Assume = 20^

Then from eq u a tio n  (5*2 .1 ) = 41^

and u s in g  e q u a tio n  (5*2*6) = 2Vî

Thus the  lo a d s  p e r  u n i t  le n g th  are

¥., Wg
—  and

2 a^ 2a  2

which a re  eq u al.
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5*2 .2 . A p p lica tio n  to  th e  d isc  machine problem .

C onsider th e  H e rtz ian  zone o f an elastohydrodynam ic c o n tac t between 

two d is c s .  P ig . 5*2.3* The w idth o f  th e  d is c s  i s  2L and th e  w idth o f 

the  H e rtz ia n  band o f  c o n ta c t i s  2D. The motion ta k e s  p lace  i n  th e  y -  

d i r e c t io n  and th e  p r o f i l e s  o f  the su rfa ce  a re  o f  le n g th  1 (where 1< 2L) 

and are  i n  th e  x d i r e c t io n .  Two more assum ptions must now be taken  in to  

account b e fo re  proceeding  w ith  thu  developm ent o f the th e o ry .

1) The defo rm ation  (movement o f  the  su rfa c e s  in  th e  z d i r e c t io n )  

a r is in g  from a s p e r i ty  c o n tac t i s  sm all compared w ith  the defo rm ation  

a r is in g  from the  main H e rtz ia n  p ressu re  d i s t r ib u t io n .

2) The a n a ly s is  may now proceed w ith  the assum ption th a t  the  a s p e r i ty  

c o n ta c ts  can be considered  e q u iv a le n t to  those  betw een a s p e r i t i e s  on two 

f l a t  su rfa c e s  o f dim ensions 2 L x  2D.

Again th e  assum ption th a t  th e re  a re  in  e x is ten c e  s u f f ic ie n t  T a ly su rf  

p r o f i l e s  to  p rov ide  a good s t a t i s t i c a l  average must fo r  th e  p re se n t th eo ry  

be taken  in to  acco u n t. Let th e re  be *m* such p a i r s  o f  p r o f i l e s  o f  len g th  

i ;  th en  the load  p e r u n i t  le n g th  in  th e  y ^ i r e c t i o n  co rrespond ing  to  th e  

t o t a l  p r o f i le  le n g th  m^l may be d e riv ed  from e q u a tio n  (5*2.10) which must 

be summed fo r  a l l  a s p e r i ty  c o n ta c ts ,  i . e .  i t  may be considered  a s  summing 

a l l  the  in te r f e re n c e  dep ths f o r  a  s in g le  e q u iv a le n t p r o f i le  o f  le n g th
p

m l ,  which g iv e s  the  load per u n i t  le n g th  i n  th e  y - d i r e c t io n

where S m i s  th e  sum o f  a l l  in te r f e r e n c e  d ep ths observed  by the  com puter.

Thus th e  e s tim ate  o f  t o t a l  load supported  by the  a re a  2D x  2 L i s  

the  load  p er u n i t  a rea  m u ltip l ie d  by 4D L and becomes

W = 4  D L E/ s 

/ 2 m̂  1

= 2V2JD_L_E'2 y ( 5 . 2 . 12)
m̂  1
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3*2»3» Theory o f  p la s t i c  c o n tac t

C hapter 4  has shown th a t  in  many c o n d itio n s  th e  load  supported  by 

a s p e r i t i e s  invo lved  p l a s t i c  defo rm ation  and so the  p roceed ing  th e o ry  i s  

now extended to  tak e  t h i s  c o n d itio n  in to  account.

Prom H e rtz ia n  th e o ry

P = J L
"‘®“ * va2

Po = 2  Pmean

th e re fo re  p^ = (5 *2» 13)

o r  from eq u a tio n  (3*2-6)

2ra2

P, =

ttR

and using  e q u a tio n s  (5*2 .1 ) and (5*2 .3 ) t h i s  becomes

Po
-  2V2E^ ^   ̂ 2 /2 E ' w 

ir TT a"o

The onset o f  p l a s t i c  flow can be considered  to  have been reached  when th e  

maximum H e rtz ian  p re s su re  s a t i s f i e s  the  eq u atio n

p^ > 0 .6H
th u s  p l a s t i c  flow  h^s occurred  when

ù ) / a  > 0 .6 6 6 h /e ' ( 5 *2 . 14)

T herefore  u s in g  th e  same argum ents as e a r l i e r  th e  t o t a l  load supported  by 

p l a s t i c  defo rm ation  as  d e te c te d  by T a ly su rf  i s  g iv en  by

^  = 2vg..pLK '_ g  ( 5 -2 . 15)
P m2l P

where 2 i s  th e  sum o f  th e  v a lu es  o f  where eq u a tio n  ( 5 *2 . 14) h o ld s  

f o r  th e se  p a r t i c u la r  reg io n s  o f c o n ta c t.
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5»2»4« Theory fo r  e l l i p s o id a l  a s p e r i t i e s

As an i n i t i a l  s t a r t i n g  p o in t th e  s im p le s t case o f  a  rough su rface  

and smooth p lane w i l l  be co n sid e red . The shape o f  a s in g le  a s p e r i ty  may 

then  be d e sc rib ed  as

g = d -  AyZ -  A < B (5 .2 .1 6 )

F ig u re  5 . 2 .4  r e p re s e n ts  such a c ro s s - s e c t io n  o f an e l l ip s o id a l  a s p e r i ty  

through" i t s  summit th e re fo re  , (3  ̂ and a re  a maximum. The p r in c ip a l 

c u rv a t i r e s  o f  the  a s p e r i ty  a re  2 A and 2B (Thomas and ^ e r s c h  1930) and d 

i s  th e  h e ig h t o f  th e  summit above th e  mean le v e l  o f  th e  su r fa c e . I f  a  

smooth f l a t  p lane  i s  now moTed tow ards the e l l i p s o id a l  a s p e r i ty  "to a 

h e ig h t 2 abo/Q th e  mean p lane  o f  th e  rough su rfa c e  we have an in te r fe re n c e  

a re a  c re a te d  w hich, a s  in  th e  p rev io u s  th e o ry , i s  no t th e  same a s  th e  

H e rtz ian  a re a  which would have been c re a te d  by deform able b o d ie s . I t  i s  

re q u ire d  to  f in d  a r e la t io n s h ip  between th e se  two a re a s  so formed and th e  

a p p lied  load  which would cause them.

From th e  H e rtz ia n  th eo ry  fo r  d ry  e l a s t i c  c o n ta c t p resen ted  in  a  

more manageable form by Thomas and H oersch ( 1930) th e  lo ad  W re q u ire d  to  

cause the  deform ation  i s  g iven by

W = 2 * E '(B  + A)"^ (d  -  z )^  f^(A/B) (A/fe < l )  (5 .2 .1 ? )

where (d  -  z) = w th e  com pliance o f the  a s p e r i ty  caused by th e  load W.

As b e fo re  E ' i s  th e  reduced e l a s t i c  modulus o f  the  m a te r ia ls  and

f l ( A / f e )  = ( 3 k ) - ' '  [ B ( k ' ) ] ^  [ K ( k ' ) ] " ^  , ( 5 . 2 . I 8)

where

K (k ')  = f  (1 -  k '^  s i n ^ e ) - 2  38
J o

E(k^) = ^  (1 -  s i n ^ e ) ^  d e
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a re  th e  complete e l l i p t i c  in te g r a l s  o f  th e  f i r s t  and second kind re s p e c -

2 2t i v e ly  and k  = 1 -  k ' where k (< 1 ) i s  th e  a x ia l  r a t i o  o f  the e l l i p s e  o f  

c o n ta c t .  The eq u a tio n  r e la t in g  i t  to  the  r a t i o  A/B i s  g iven  by

-  = — -  £ ( h ',)—  ( 5 . 2 . 19)
B k '2  E ( k ')  -  K (k ')

I f  a  and 6 a re  the  major and minor sem i-axes o f  th e  e l l ip s e  o f  i n t e r -  
o o

fe re n c e , the eq u a tio n s  fo r  th e se  v a lu es  may be w r i t te n  as

a-’- =
O A

B

s u b s t i tu t in g  fo r  in  eq u a tio n  (5 .g .1 ? )

W = — f i ( A/ b)  ( 5 . 2. 20)
(A + B) 2

or = 2 irE 'a o  Uq f2(A/fe) (5 -2 .2 1 )

where fg (A /b) = ( a / b ) ^  (1 * A/fe) * f^(A /k)

R epeating  th e  e a r l i e r  argum ents t h i s  re g io n  o f  the  e l l ip s e  w i l l  be 

observed to  o ccu r on ii su ccess iv e  p r o f i l e s  o f  s e p a ra tio n  6y

„ =
6y

and th e  lo ad  supported  t)er in te r f e r e n c e  even t w i l l  be

Ï  = 6y ÎT fg (A/b)

Also '"mean = f  "o

and th u s
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T herefore  th e  load  supported p e r u n i t  w idth w i l l  be

= A  ° I  (5.2.22)

Comparison w ith  eq u a tio n  (5 .2 ,1 0 )  shows th a t  th e  change from s p h e r ic a l  to  

e l l ip s o id a l  a s p e r i t i e s  m odifies the  eq u a tio n  fo r  th e  load  s o le ly  by in t r o ­

ducing a new c o n sta n t o f p ro p o r t io n a l i ty  which depends only  on th e  assumed 

shape o f  the  a s p e r i t i e s  i . e ,  th e  len g th /w id th  r a t i o ,

5 . 2 , 5 . A p p lica tio n  to  the  d isc  machine

I t  i s  r e le v a n t  to  proceed in  a s im ila r  fa sh io n  to  S ec tio n  5 .2 ,2  as

th e  geom etry th u s  d e sc rib e d  a lthough  n o t g iv in g  th e  same p h y s ica l in s ig h t  

r e p re s e n ts  a  b e t t e r  d e s c r ip t io n  o f  the  su rface  o f c ir c u m fe re n tia l ly  ground 

d is c s  which are  i n  common use in  the in v e s t ig a t io n  o f  elastohydrodynam ic 

phenomena.

As p re v io u s ly  d iscu ssed  consider two d is c s  o f  w id th  2L and H e rtz ian  

band 2D . The motion i s  i n  the y  d i r e c t io n  and the  p r o f i l e s  o f  le n g th  

1 (< 2 L ) a re  ta k en  in  the x  d i r e c t io n .  A ll p re v io u s ly  mentioned

assum ptions hold tru e  b u t fo r  the  fa c t  th a t  a s p e r i t i e s  a re  now e l l ip s o id s

and th e re  a re  m p a ir s  o f t r a c e s .

The t o t a l  lo ad  p e r u n i t  le n g th  i n  th e  y  d i r e c t io n  co rrespond ing  to
2

th e  p r o f i le  le n g th  m 1 i s

W' = w E ' f  (A/B) (5 . 2 . 23)
2 2

where 2m i s  th e  sum o f  a l l  th e  in te r fe re n c e  d ep th s  on th e  p r o f i l e s .

Thus the t o t a l  load  supported  by the  a rea  2D x 2L i s  g iven  by

t o t a l  2 21

t o t a l  —,2nm j.



FIG. 5.2 .5. The function /s  (A/B)

cfi
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T his eq u a tio n  may now tak e  an approxim ated form* The fu n c tio n  f^(A/fe) 

has been ev a lu a ted  by B e l l  and Dyson (1972) fo r  v a lu e s  o f  A / B  from 10"^ 

to  1 and fo r  th e  range from 5 x  10 ^ to  5 % 10**̂  (w ith in  which range the 

a s p e r i t i e s  on ground su rfa c e s  l i e )  t h i s  fu n c tio n  may be re p laced  by a 

c o n s tan t suggested  by B e ll and Dyson equal to  0 .0 6 . Thus th e  c a lc u la te d  

load  i s  no t m arkedly dependent upon the  assumed lengtlv^w idth r a t i o  o f  the 

a s p e r i t i e s .  Then to  an a cc e p tab le  accuracy  eq u ation  (5 * 2 .2S) may be 

w r it te n  as

'" t o t a l  = ^  ( ? . 2.*S )

I n  a s im ila r  fa sh io n  the  a n a ly s is  may be ap p lied  to  determ ine the  r e a l  

a re a  o f  c o n tac t which g iv e s  the  eq u iv a len t eq u a tio n  o f  ( 3 •2 . ^ )  a s

4 o ta l  = ^  ( 5 . 2 .26)

where = k”^[E (fc ')] [K (k ') ] ”  ̂ ( A / B  + 1)~"

and i s  p re sen ted  in  g ra p h ic a l form i n  F igure  5*2.5*

5 . 2 . 6 . P l a s t i c  co n tac t fo r  th e  e l l ip s o id a l  case

The argument f o r  p l a s t i c  c o n ta c t i s  d i r e c t ly  analogous to  th a t  used 

fo r  th e  spherical, c a s e , what rem ains to  be found are  the  v a lu es  o f  semi­

axes o f  in te r fe re n c e  and to  apply  th e  eq u a tio n s  as  b e fo re .

From the H ertz ian  th e o ry  eq u atio n  (5*2 .13) may be w r i t te n  fo r  th e  more 

g e n e ra l case o f  e l l i p t i c a l  c o n ta c ts

1Praean =

> •  ( 5 . 2 . 27)

W
Po

2 w ab

Thomas and prov ide  the  two b a s ic  eq u atio n s  fo r  a n a ly s is  o f

e l l i p t i c  c o n ta c ts
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c l =
W E (k ')

(A + b ) e '  2 7T

The compliance w^is g iven  by th e  eq u ation

(J = —  K (k ')
° 2 a w E '

From equation  (5 -2 .2 7 )

^  ^ 2 (A + B ) r r E '  ^

3  E (k ')

combining eq u a tio n s  (5 -2 . 29) and (5 -2 .5 0 )

th u s

we know

Therefore

w
2 WE' (A + B)
3 E (k ')

2a E (k ')
" 0 " k? ( a + B) K (k ')

1 0,2

A " o (0

1 =  £
B " "0 Ù)

2
a S ( k ')  B

2  a
3 K (k ')

k ^ (A  + B ) K ( k ')•̂ o

o r a =
k

E ( k ' )  B

(A + B) K (k ')

s u b s t i tu t in g  eq u a tio n  (5»2.50) in to  ($ .2 .2 7 )

k  (A + B) E 'a  

"  E (k ')

(5 .2 .2 8 )

(5 .2 .29)

( 5 . 2 . 30)

( 5 . 2 . 31)

( 5 . 2 . 32)

( 5 . 2 .3 3 )



«*»

ID10G) r o

CO
<

ffl

<

V
s z

10

CNJ
LT)

O
Ll

CM CM CM CM CM S '
â



86

Combining eq u a tio n s  (5*2.32) and (5*2.33)

" o  r  (A  V b )p  _ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

°  Pp ^ E ( k ') K ( k ') B

I t  w i l l  be assumed th a t  th e  o n se t o f  p l a s t i c  flow  i s  reached  when th e  

maximum H e rtz ia n  p ressu re  s a t i s f i e s  the  eq u atio n

p > 0.6H

T his l a s t  s ta tem en t i s  n o t s t r i c t l y  t i u e ,  i t  i s  d e riv ed  from the  assump­

t io n  o f  p o in t c o n tac t i* e .  from c o n s id e ra tio n s  o f  sp h e re s . I n  the  

envisaged  use o f th e  th e o ry  the  e l l i p t i c i t y  may w e ll r i s e  to  v a lu es  more 

a c c u ra te ly  regarded as " n e a r - l in e  c o n ta c t" , i n  which case th e  above 

s ta tem en t may w ell n o t hold true*  See fo r  example Merwin and Johnson 

( 1963) where the  maximum H e rtz ian  p re ssu re  fo r  th e  o n se t o f p l a s t i c i t y  

would be O.65H fo r  l in e  c o n ta c t .  Even so i f  th e  assum ption o f  c o n sta n t 

e l l i p t i c i t y  i s  used th en  t h i s  e r ro r  sim ply 1 educes to  a d i f f e r e n t  c o n sta n t 

being  in tro d u ced  in to  th e  f i n a l  eq u a tio n .

The c o n d itio n  fo r  the  o n se t o f  p l a s t i c i t y  may now be w r i t te n  a s

^  > 0 .6  B,
Po E I  (1 + a/ b) j

(5 .2 .3 4 )

Thus p la s t i c  defo rm ation  w i l l  have occurred  i f

2  > 0 .6  5  f  (A/B) ( 5 . 2 . 35)
P E 4

where f  (A /s)
r E (k ')  K (k ') ' 

4 '  ^ I  (1 + A / b )  .

The fu n c tio n  f  { a / b )  has been ev a lu a ted  fo r  v a lu e s  o f  A / B  from 1 to  10 ^ 
4

and i s  shown i n  F ig u re  5*2 .6 . Using a va lue  o f  A/B equal to  one the  

r e s u l t  i s  the  same a s  th a t  d e riv ed  fo r  s p h e r ic a l  a s p e r i t i e s .

I n  th e  same manner as S ec tio n  5*2.3 we may now w rite  down an 

eq u a tio n  fo r  th e  t o t a l  load  supported  by p la s t i c  defo rm ation  a s  determ ined 

from T a ly su rf  t r a c e s .
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W = f  i rE ' f  (iV ^)S0 (5 .2 .5 6 )
P ^ ^ P

where 2 i s  th e  sum o f  th e  v a lu e s  o f com pliance co where eq u ation

(5•2*35) ho lds fo r  th o se  p a r t ic u la r  re g io n s  o f c o n ta c t .

3*3» C onclusions

Thi 8 c h ap te r  has s e t  ou t to  give a g r e a te r  p h y s ica l u n d erstand ing  

to  the problem o f  su rface  c o n ta c t by th e  d i r e c t  use o f p r o f i l e s  d e rived  

from s u rfa c e s  used i n  experim en ts. I t  has provided a sim ple to o l  fo r  

th e  a n a ly s is  o f p a r t i a l  elastohydrodynam ic lu b r ic a t io n  w ith  th e  a id  o f 

simple m athem atics and a com puter. The b eau ty  o f  th e  approach i s  th a t  

no s p e c if ic  model i s  assumed and th e re fo re  i t  avo ids th e  e r ro r s  which 

a r i s e  from th e  f a c t  th a t  many su rfa c e s , p a r t i c u l a r ly  th o se  m odified by 

ru n n in g - in , do no t f i t  th e  th e o r e t ic a l  m odels. The tech n iq u e  d esc rib ed  

here i s  now being  ap p lied  by lÆr. R.T. Hunt to  the a n a ly s is  of su rfa c e s  

derived  from th e  experim en ts o f B e ll and Dyson (1972).

I t  has been  shown th a t  th e  load support from a s p e r i ty  c o n ta c ts  i s  

d i r e c t l y  p ro p o r tio n a l to  the  summation o f  a l l  th e  a s p e r i ty  in te r f e re n c e  

d ep th s  Z w, I t  has a lso  been shown th a t  the load  support in v o lv in g  

p l a s t i c  defo rm ation  can be s im ila r ly  c a lc u la te d  by ta k in g  the  summation 

o n ly  over a s p e r i ty  in te r a c t io n s  o f th e  re q u ire d  s e v e r i ty .  The i n i t i a l  

th e o ry  assumed s p h e r ic a l  a s p e r i t i e s  but i t s  e x te n s io n  to  e l l i p s o id s ,  such 

a s  occur on ground s u r fa c e s , has a lso  been d e r iv e d . The o r ig in a l  

co n clu sio n s  o f  th e  f i r s t  a n a ly s is  s t i l l  hold and th e  on ly  a d d i t io n a l  

assum ption re q u ire d  i s  a mean value  o f the  shape o f  the  e l l ip s o id s  

re p re se n te d  by th e  r a t i o  (a/ b) .

The g re a t m erit o f th e  approach i s  th a t  i t  u s e s  d a ta  from s u rfa c e s  

used in  ex perim en ta l work. Thus checks on some o f  th e  assum ptions 

used i n  the  th eo ry  can  be d e rived  from computer a n a ly s is .  One obvious
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q u estio n  which a r i s e s  from model a n a ly s is  o f two rough su rfa c e s  in  

c o n ta c t i s  th a t  o f  alignm ent o f  opposing a s p e r i t i e s .  Greenwood and 

Tripp ( 1971) pay g re a t  a t t e n t io n  to  th e  problems in v o lv e d , r e a l i s in g  

th a t  i n  g en era l th e  h ig h e s t p o in ts  (summits) would no t co in c id e . I n  

th e  computer a n a ly s is  o f  p r o f i l e s  p re sen te d  here t h i s  problem does not 

a r is e  because th e  a n a ly s is  p roceeds sim ply by observ ing  th e  c o n ta c t as 

i t  o c cu rs , and in  p re lim in a ry  a p p lic a t io n  o f the  method d e sc rib e d  in  

t h i s  ch ap te r.M r. R.T. Hunt has observed th e  e x is ten c e  o f th e se  mis­

alignm ents a s  sm all t i l t s  o f  th e  p lan es  o f  c o n tac t to  th e  mean l in e s  

through th e  c o n ta c tin g  p r o f i l e s .  A lso from  t h i s  p re lim in a ry  work i t  

has become c le a r  th a t  som etim es, under heavy lo a d s , two c o n ta c tin g  

reg io n s  combine to  form one s in g le  re g io n . By cai*eful exam ination  o f 

such ev en ts  means may be found to  take  account o f  t h i s  phenomenon.

The a n a ly s is  a t  the p re se n t i s  p o ss ib ly  on ly  a p p lic ab le  f o r  pure 

r o l l in g  c o n d itio n s  as no accoim t has been tak en  o f  s l id in g  and th e  

p o ss ib le  r e s u l ta n t  w ear. T his problem i s  o f course  in h e re n t in  a l l  

su rfa ce  co n tac t models but C hapter 5 would seem to  have the  g r e a te s t  

p o s s ib i l i ty  o f  m o d if ic a tio n  to  tak e  t h i s  problem in to  accoun t. F u r th e r  

development o f th e  techn ique d e sc rib e d  here must o b v io u sly  aw ait th e  

f u l l  development o f  the  computer programmes, bu t a s  an example o f  i t s  

p o ss ib le  u se , and power, c o n s id e r  th e  fo llow ing  experim ent. Rough 

d is c s  ai’e run  under lu b r ic a te d  c o n d itio n s  and f a i r l y  heavy lo a d s  such 

th a t  marked ru n n in g - in  occurs  w ith  co n sid e rab le  m o d if ica tio n  o f  th e  

su rfa ce  p r o f i l e s  by p la s t i c  defo rm ation  o f the  a s p e r i t i e s .  The 

p r o f i l e s  o f such s u r fa c e s  are  b ro u g h t to g e th e r  i n  th e  computer and th e  

a n a ly s is  o f t h i s  c h a p te r  i s  perform ed fo r  a range o f  s e p a ra tio n s . I t  

would be expected th a t  as the  s e p a ra tio n  i s  decreased  th e re  would, a t  

f i r s t ,  be only  e l a s t i c  d e fo rm ation  o f  th e  a s p e r i t i e s .  As we p ass  

through the s e p a ra tio n  a t  which th e  su rfa c e s  ra n  i n  p ra c t ic e  th e re
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should  be a marked and f a i r l y  ra p id  in c re a se  i n  th e  p ro p o rtio n  o f  

p l a s t i c  defo rm ation . I f  such an e f f e c t  was observed i t  would be 

s tro n g  evidence fo r  assuming th a t  t h i s  s e p a ra tio n  corresponded to  

th a t  which occu rred  in  the experim en ts.

These q u estio n s  and problem s i n  th e  method o u tl in e d  here can 

o n ly  be answered a f t e r  development o f  th e  computer programmes but 

i t  seems p o ss ib le  th a t  the  method d esc rib e d  here may be a pow erful 

to o l  fo r  the in v e s t ig a t io n  o f mizced lu b r ic a t io n  c o n d itio n s .
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CHAPTER 6 

GENERAL DISCUSSION AND CONCLUSIONS

6 .1 . Experim ental Work

I n  C hap ters  2 and 3 the  au tho r has attem pted  to  draw com parisons 

between r e s u l t s  ob tained  fo r  a g e o m e tric a lly  simple d is c  machine simu­

la t in g  l in e  c o n tac t and r e s u l t s  ob ta ined  fo r  a la b o ra to ry  g ear t e s t  r i g .  

I t  can be claim ed th a t  in  broad term s th e  co n c lu sio n s  reached by Dawson 

are a lso  a p p lic ab le  to  g e a r s , bu t th a t  d isc  machine p re d ic t io n s  would 

g ro ss ly  o v e restim a te  the  l i f e  o f  g e a rs .

The main co n clu sio n s  drawn from t h i s  ex p erim en ta l work a re  l i s t e d

below.

1) Both c h a p te rs  su b s ta n tia te d  the  f a c t  th a t  p i t t i n g  fa tig u e  i s  c le a r ly  

dependent on th e  su rface  ro u g h n ess /f ilm  th ic k n e ss  param eter. However 

th e  c o rre c t  d e f in i t io n  o f  combined su rface  roughness i s  s t i l l  n o t p o s i­

t iv e ly  determ ined , but fo r  en g in ee rin g  p ra c tic e  the  most r e l i a b le  

d e f in i t io n  would be tw ice the. su rfa ce  roughness o f  the ha rd er e lem ent.

2) I t  was hoped th a t  C hapter 2 would pro-'âde in fo rm a tio n  about the  

in flu en c e  the  o r ie n ta t io n  o f m achining has on the  l i f e  to  p i t t i n g .  Un­

fo r tu n a te ly  t h i s  work was n o t c a r r ie d  through to  com pletion , bu t the  few 

r e s u l t s  re p o rte d  here suggest th a t  the  l i f e  to  p i t t i n g  o f a x ia l ly  ground 

d is c s  would in  f a c t  be somewhat g re a te r  th an  fo r  those  ground in  th e  more 

con v en tio n a l c irc u m fe re n tia l  d i r e c t io n .

3) The d isc  machine work has shown th a t  the  d r iv e  r a t i o  p lay s  a much more 

im portan t ro le  than  was f i r s t  though t before  the  commencement o f  t h i s  

work. There was a marked in c re a se  in  the  amount o f wear ta k in g  p lace  

when the  d is c s  were d riv en  by a h u n ting  to o th  r a t i o .



91

4) A com parison o f the  r e s u l t s  o f C h ap te rs2 and 3 showed th a t  the  l iv e s
2

o f  d is c s  could o v e restim ate  those  o f g e a rs  by a f a c to r  o f 10 . HBBBt
TV\e ^eneVcjiA-vV.-  ̂ oÇ -Vnvs V\<xs rvoV. V^een &sVicv.\d\-\aVie<̂ . R
d is c u s s io n  to o k  in to  account th e  v a rio u s  p h y s ic a l param eters which could

be c o n tro lle d  by design  and i t  was concluded th a t  th e re  was an in h e re n t

d if fe re n c e  between g ears  and d is c s .  T his reduced l i f e  was p o ss ib ly

a t t r ib u te d  to  doubts about the  a b i l i t y  to  p re d ic t  th e  film  th ic k n e ss

between g ear t e e th  o r th e  e f f e c t s  o f dynamic lo ad in g .

5) The r e s u l t s  o f  C hapter 3 show tu a t  speed in f lu e n c e s  p i t t in g  l i f e  in d e ­

penden tly  o f  i t s  in f lu e n c e  on f ilm  th ic k n e ss . At low speed (500 r.p .m ) 

t h i s  e f f e c t  i s  v e ry  apparen t and s im ila r  to  th a t  re p o rted  by Dawson (1963) 

on d is c s . S t a t i s t i c a l  a n a ly s is  a lso  showed th e  p o s s ib i l i ty  o f  a second­

a ry  speed e f f e c t  fo r  the o th e r  two running c o n d itio n s  again  suggesting

dynamic load ing  p lay s  an im portan t ro le .

The comparison o f d is c s  and g e a rs  has u n fo r tu n a te ly  been, fo r  the  

b u lk  o f  r e s u l t s ,  drawn from two d i f f e r in g  d riv e  r a t i o s .  The argument 

o f  a s p e r i ty  s t r e s s  c y c le s  (S h o tte r  (1961)) has a lre a d y  had some d is c u s s io n  

and as  s ta te d  e a r l i e r ,  i t  i s  the  a u th o r 's  op in ion  th a t  the  ex p lan a tio n  i s  

an o v e r - s im p lif ic a t io n  o f  the problem . B r ie f ly ,  the argument s t a t e s  

th a t  on ly  when a com plete cycle  o f  to o th  c o n ta c ts  has tak en  p lace w i l l  

two opposing a s p e r i t i e s  again  c o n tac t one an o th er. S h o tte r  proposes th a t  

th e  in te r a c t io n s  which have th e  most severe  s t r e s s  c o n d itio n s  w il l  r e s u l t  

In  p i t t i n g  f a i lu r e  and th e se  s t r e s s  c y c le s  w i l l  be a fu n c tio n  o f  the  d riv e  

r a t i o .  The concept in  i t s e l f  i s  indeed  v a lid  fo r  th e  d e te rm in a tio n  o f 

the  number o f  fa tig u e  c y c le s  i f  one c o n s id e rs  only  two p a r t ic u la r  con­

ta c t in g  a s p e r i t i e s  on opposing s u r fa c e s . What t h i s  argument overlooks 

i s  the  p o s s ib i l i t y  th a t  one o f th e se  a s p e r i t i e s  comes in to  c o n tac t w ith  

o th e r  a s p e r i t i e s .  The r e s u l ta n t  s t r e s s e s  may be le s s  than  the  p rev ious 

in te r a c t io n  but s t i l l  s u f f ic ie n t  to  he lp  in  i n i t i a t i n g  fa t ig u e .  Secondly 

the h y p o th esis  overlooks th e  p o ss ib le  in f lu e n c e  o f  th e  m a te r ia l combina- 

c ion . T h is  i s  most im portan t when co n sid e rin g  d efo rm ation . C onsider
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a case  hardened specimen running a g a in s t a r e l a t i v e l y  s o f te r  one, i t  may 

be f a i r  to  approxim ate the  hard specimen to  a non-deform able body. For 

s im p lic i ty  l e t  u s  now assume th a t  th e  hard su rfa ce  i s  rough and the  s o f t  

su rfa ce  smooth. Then fo r  a one to  one d riv e  r a t i o ,  the h ig h e s t a s p e r i ty  

w i l l  have a g r e a te r  p ro b a b i l i ty  th an  o th e rs  o f  i n i t i a t i n g  p i t t i n g  due to  

i t s  h ig h e r c o n ta c t s t r e s s e s .  Let us now in tro d u ce  a hun ting  to o th  d riv e  

w ith  a s im ila r  com bination o f d is c s .  In  t h i s  s i tu a t io n  th e  h ig h e s t a s­

p e r i ty  w i l l  make more th an  one c o n ta c t, dependent on the  hun ting  r a t i o .

I f  th e  s t r e s s e s  so ob ta ined  a re  above the c r i t i c a l  l im i t  then  the  proba­

b i l i t y  o f  i n i t i a t i o n  o f p i t t i n g  w i l l  be even g r e a te r .  We th e re fo re  have 

th e  s i tu a t io n  where th e re  are  l e s s  in d iv id u a l  s t r e s s in g  c y c le s  per a sp e r­

i t y  in te r a c t io n  compared to  c y c le s  ru n , but we have a  g re a te r  number o f  

in d iv id u a l  in te r a c t io n s  which may i n i t i a t e  p i t t i n g .  T his o v e r-s im p lif ie d  

example i l l u s t r a t e s  th a t  the concept o f  'a .s .c *  i s  in ad eq u a te . The 

problem  i s  f a r  more complex, i t  r e q u ire s  a s t a t i s t i c a l  a n a ly s is  and th u s  

a su rface  model a n a ly s is  may be a u s e f u l  to o l  to  h e lp  understand  th i s  

problem . C h ap ters  4 and 5 a re  th e re fo re  re le v a n t to  t h i s  problem , they  

p re se n t two th e o r e t ic a l  app icaches to  the  un d ers tan d in g  o f  su rfa ce  c o n tac t 

o f  the  type encountered  in  the experim en tal work o f  t h i s  t h e s i s ,  and a lso  

o th e r  tr ib o 3 o g ic a l  f a i l u r e s  o f a s im ila r  n a tu re .

6 .2 . T h e o re tic a l  A n a ly sis

C hapter 4  d isc u sse d  the c o n tac t o f  random su rfa c e s  in  term s o f  a 

g e n e ra l th eo ry  o f  such su rfa c e s  p re v io u s ly  desc rib ed  by W hitehouse and 

A rchard (1970). The su rfa ce  was defin ed  by two param eters a  the  r .m .s  

value o f  the h e ig h t d i s t r i b u t io n  and ^  the c o r r e la t io n  d is ta n c e  which 

i s  a sso c ia te d  w ith  th e  major w avelength o f th e  s t r u c tu r e .  The th eo ry  

i s  compared w ith th e  e a r l i e r  s tudy  o f Greenwood & W illiam son (1966) which 

u se s  a th re e  param eter model, and the  in flu en c e  o f a d i s t r ib u t io n  o f



93

a s p e r i ty  c u rv a tu re s  i s  re v e a le d . The concept o f  su rface  models and 

th e i r  l im i ta t io n s  i s  d iscu ssed  and from t h i s  a more g en e ra l approach fo r  

computer a n a ly s is  i s  developed in  C hapter 5» The th eo ry  i s  th e  f i r s t  

approach fo r  the  a n a ly s is  o f such su rfa c e s  and th e i r  r e s u l ta n t  m odifica­

t io n  th roughout t h e i r  runn ing  p ro cess . The main co n c lu sio n s  r e s u l t in g  

from t h i s  work are as fo llo w s.

1) The prim ary in flu en ce  o f  in tro d u c in g  a d i s t r ib u t io n  o f a s p e r i ty  

c u rv a tu re s  i s  to  in c re a se  th e  co n tac t p re s su re s  and a lso  to  in c re a se  the  

p ro b a b il i ty  o f  p la s t i c  flow .

2) The p l a s t i c i t y  index , which in d ic a te s  the  p ro b a b i l i ty  o f  p la s t i c  

defo rm ation , can be re -e x p re sse d  in  term s o f  a two param eter model, 

namely o  and p * . The g r e a t  m erit o f t h i s  r e - d e f in i t i o n  i s  th a t  the 

p l a s t i c i t y  index  i s  now expressed  in  term s o f su rface  param eters  which 

are  more e a s i ly  measured, and which form p a r t  o f p ro p o sa ls  (Spragg and 

W hitehouse (1970/71)) fo r  a fu tu re  s p e c i f ic a t io n  o f su rfa ce  topography.

3) A n  in d ic a t io n  o f  a n iso tro p y , fo r  ty p ic a l  ground s u r fa c e s , i s  given in  

C hapter and i t  r e s u l t s  i n  th e  p l a s t i c i t y  index  f a l l i n g  i n  th e  reg io n  

where th e  p ro b a b i l i ty  o f p l a s t i c  flow  i s  q u ite  sm ell.

4) In  C hapter 5 a b a s ic  th e o ry  fo r  the  a n a ly s is  o f su rface  c o n ta c t, 

based upon computer s im u la tio n , has been p rov ided  in  a form s u ite d  to  

any type o f  su rfa c e , and may th e re fo re  be used fo r  su rfa c e s  m odified by 

i.oinnlng in .

5) Work by R. T. Hunt (unpub lished) su g g es ts  th a t  a r e l i a b le  e s tim ate  

o f load borne by s o lid  c o n ta c t can be ob ta in ed  by t h i s  method.

6.3» S uggestions fo r  F u r th e r  Work

The work c a r r ie d  ou t in  t h i s  th e s i s  has opened up f i e ld s  o f  in v e s t ­

ig a t io n  which now w arran t co n sid e ra b le  a t te n t io n .  A concise  l i s t  o f  

to p ic s  o f the  more immediate problem s i s  p resen ted  below.



94

1) The work has shown th a t  r e s u l t s  o b ta in ed  from d is c s  w i l l  g ro s s ly  

o v e re stim ate  th e  l iv e s  o f g e a rs , and th a t  th e re  i s  some fundam ental 

d if f e re n c e  between th e  two forms o f  specim en. Thus, p i t t i n g  f a i lu r e  

o f g e a r s , a lthough  more c o s t ly ,  can and must be in v e s t ig a te d  u s in g  a 

s im ila r  approach to  th a t  o f d is c s .

2) The in flu en c e  o f a s p e r i ty  o r ie n ta t io n  i n  g rin d in g  may now be f u l l y  

in v e s t ig a te d  w ith  the  a id  o f  a cheap m anufacturing p ro c e ss  d e sc rib ed  

in  C hapter 2.

3) Some thought must be g iven  to  methods o f de term in ing  r e l i a b le  v a lu e s  

o f  f ilm  th ic k n e ss  between g ear te e th .

4) Using the  f a c i l i t i e s  o f (3) i t  may be p o ss ib le  to  s u b s ta n t ia te  the  

e f f e c t  th e  in f lu e n c e  o f speed has on the  r e s u l t s  o th e r  than  the  D r a t i o .

5) The concept o f 'a s p e r i t y  s t r e s s  c y c le s ' should be g iv en  more co n sid ­

e r a t io n .  A programme of d isc  machine t e s t s  w ith v a ry in g  d riv e  r a t i o s  

should  g ive some in s ig h t  to  t h i s  problem. Tliis work may a lso  b e n e f i t  

by th e  in c lu s io n  o f re s is ta n c e  measurement te ch n iq u es .

6) The th eo ry  o f  C hapter 5 i s  now a t  a stage  where ex p erim en ta l r e s u l t s  

a re  re q u ire d . I n i t i a l l y  d is c s  w ith  zero  s lid in g  should be run and 

th e se  resul"*"s may th en  be compared w ith  o th e rs  o b ta in ed  w ith  a sm all 

amount o f  s l id in g  in c o rp o ra te d . I t  may a lso  be o f use  to  in c lu d e  d is c s  

o f unequal hardness.

7) One of the more im p o rtan t t h e o r e t i c a l  in v e s t ig a t io n s  should be the  

developm ent o f  a th eo ry  fo r  micro e . h . l  which may be used in  co n ju n c tio n  

w ith  the  su rface  a n a ly s is  models o f  C hapters 4 and 3 .

At th e  i n i t i a t i o n  o f  t h i s  th e s i s  most o f  th e  to p ic s  l i s t e d  above 

were no t ap p aren t and i t  was in e v i ta b le  th a t  a complete in v e s t ig a t io n  

could no t have been p o s s ib le . U n fo rtu n a te ly  throughout th e  p ro je c t 

tim e was a t  a premium; th e  au thor could do no b e t te r  th an  s u b s ta n tia te  

a sm all p a r t  o f the su b jec t and in d ic a te  th e  v a rio u s  d i r e c t io n s  th a t  

in v e s t ig a t io n s  must now go. N ev erth e le ss  the  p o in ts  above w i l l ,  when
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f u l ly  in v e s t ig a te d ,  go a long  way tow ards th e  u n d ers tan d in g  o f  p i t t i n g  

fa t ig u e  i n  g e a rs ; and h o p e fu lly  a r e l i a b l e  th e o r e t ic a l  model to  help  

in  th e  und ers tan d in g  o f  s e v e ra l form s o f t r ib o lo g ic a l  f a i l u r e s  w i l l  be 

forthcom ing from C hap ters  4 and 5*
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APPENDIX I  

METHODS OF INTEGRATION

We re q u ire  to  e v a lu a te  th e  in te g r a l s  F^, F^ and F^ d e fin e d  by 

eq u a tio n s  (h»3»h), ( 4 .3 .2 ) ,  (4 .3 .6 )  and ( 4 .3 .8 )  o f C hapter 4 . The 

in t e g r a l  F^ i s  th e  cum ulative d i s t r ib u t io n  o f a s p e r i ty  h e ig h ts  'jdiich has 

been g iv en  in  eq u a tio n  (4 .2 .1 4 ) .

Removing th e  c o n s ta n ts  and changing th e  o rd e r  o f in te g r a t io n  f o r  

F^ le a d s  to  th e  form
•O 00

^A *“ /  dy dC . (A1)
0 d

L et I  be th e  in n e r  i n t e g r a l ,  th e n , com pleting  th e  sqiiare i n  th e  e x p o n en tia l 

te rm ,

00

I  = ^  (y-d)exp(-f<y^-JyC ^|C ^)]c3y 

d
00

°  e x p (-n C ^ )  I  ( y - d ) e x p [ - |( y - |c ) ^ ]  dy (A2)
J d

Using th e  s u b s t i tu t io n  Z = -/f- (y -gC ), dz ® ■/f- dy

00
I  =* e x p (-^ G ^ )  f z+ |C -d] ex p (-z^ )d z

T ^ d - | -  0)

■which y ie ld s

I  « - |-ex p (-0 G^) |e x p [ - |( d - |C ) ^ ]  -  ( d ~ ^ ) [ 1 - e r f - / F ( d - ^ ) ] ^

Hence

1^2

:A =.  I  ? [^exp [-K d4C )2 ] -  J f  (d - |C )

[ l - e r f i ^ ( d - |C ) ] l  dC (A3)
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and canno t be reduced  to  a  s in g le  in te g r a l  b u t may be s im p lif ie d  

by changing th e  o rd e r  of in te g r a t io n  and com pleting th e  square f o r  th e  

ex p o n en tia l te rm  a s  above. The s u b s t i tu t io n

z = (y  -  d)

may th e n  be made w ith  th e  fo llo w in g  r e s u l t s

~  e x p (- |y ^ )e x p [ - (y -4 c )^ ]e r f (J C )  dC dy
d

> 00

—  erf(% C )ex p (-^C ^) [  ex p [-^ z + d -^ C )^ ] dz dC (A4)
V*C ^  J 3 3

0 o
00

Tq “  J  (y -d )^  j  ~  e x p ( - jy ^ ) e x p [ - ( y - jc ) ^ ] e r f ( jc )  dC dy 
d o

CO 00

= f  e rf (4 c )e x p (-^ c ^ )  f  z^ex p [-|(z+ d -g C )^ ] dz dC (A2)
J  V C J
0 0

For c o n fu ta tio n , eq u a tio n s  (A3), (A 4), (A2) a re  transfo rm ed  to  g iv e  

l im i t s  from  0 to  1 . may be th u s  transfo rm ed  by th e  use o f

X = 1/(1+C) (A6)

to  g ive
1

h ‘  I
J X 

0

where f ( ^  -  1) i s  th e  in te g ra n d  o f eq u a tio n  (A3)•

S im ila r ly  to  tra n s fo rm  eq u a tio n  (S4) we w r ite

((C ) = —  e r f ( 4 c ) e x p ( - iC ^ )  (A?)
VC

i p ( z , G)  = ^  ex p [-f(» + d -|c )^ ] (A8)
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Then

CO 00

= /  C(C ) I  ÿ (z ,C )  dz dC

0 0 

and u s in g  th e  s u b s t i tu t io n s

X = 1/(1+C) b = 1 /( l+ z )

we o b ta in  th e  r e s u l t

1 1
( ( “ - O j ; ^ ^ | ^ ( ^ - l ) , ( ^ - l ) j d b d x  (A9)

I q may be e v a lu a te d  by  s im i la r  methods re p la c in g  r  by z^ in  eq u a tio n_ #  by z=

(A 8).

The eq u a tio n  f o r  th e  a re a  o f c o n ta c t in v o lv in g  p l a s t i c  flow  i s  

given . by  e q u a tio n  (4 .4 .4 )  C hapter 4  and may be reduced  to  th e  form

where

CO CO

^Ap * j  dC, dy (AlO)
d+ Wp 0

which d i f f e r s  from th e  eq u a tio n  f o r  A (e q u a tio n  ( 4 .3 .4 ) )  by th e  low er 

l im i t  o f th e  o u te r  i n t e g r a l .  Using th e  e a r l i e r  tech n iq u es  we can w rite  

th e  re q u ire d  in t e g r a l  d i r e c t l y
eo

Âp " /  ^  erf(%C).exp(-^C^)|^exp[-^[d+^-Ac]^]
0

(d-|C) [ l - e r f [-\/^(d+^-g-C)]]J dC (A ll)

idiere ~  * ûT and i s  d e fin e d  by eq u a tio n  (4 .4 .3 )*  
b P

The i n t e g r a l  was e v a lu a te d  f o r  v a lu e s  o f ^  3 .2 , 6 .2 ,  8 .2 , 1 1 .0 .

The r e s u l t s  a re  shown i n  F ig . 4 .2 .6 .
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